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A B S T R A C T

In osteochondral defects, oxidative stress caused by elevated levels of reactive oxygen species (ROS) can disrupt
the normal endogenous repair process. In this study, a multifunctional hydrogel composed of silk fibroin (SF) and
tannic acid (TA), the FDA-approved ingredients, was developed to alleviate oxidative stress and enhance osteo-
chondral regeneration. In this proposed hydrogel, SF first interacts with TA to form a hydrogen-bonded supra-
molecular structure, which is subsequently enzymatically crosslinked to form a stable hydrogel. Furthermore, TA
had multiple phenolic hydroxyl groups that formed interactions with the therapeutic molecule E7 peptide for
controlled drug delivery. In vitro investigations showed that SF-TA and SF-TA-E7 hydrogels exhibited a multitude
of biological effects including scavenging of ROS, maintaining cell viability, and promoting the proliferation of
bone marrow mesenchymal stem cells (BMSCs) against oxidative stress. The proteomic analysis indicated that SF-
TA and SF-TA-E7 hydrogels suppressed oxidative stress, which in turn improved cell proliferation in multiple
proliferation and apoptosis-related pathways. In rabbit osteochondral defect model, SF-TA and SF-TA-E7
hydrogels promoted enhanced regeneration of both cartilage and subchondral bone as compared to hydrogel
without TA incorporation. These findings indicated that the multifunctional SF-TA hydrogel provided a micro-
environment suitable for the endogenous regeneration of osteochondral defects.
1. Introduction

Articular cartilage is a transparent connective tissue covering the
epiphyseal surface of articulating bones and protects subchondral bone
from high pressure through effective load distribution. Cartilage defects
and osteoarthritis (OA) are one of the most prevalent musculoskeletal
diseases in clinical practice [1]. An osteochondral defect is the most se-
vere cartilage defect (Grade IV), involving the defect to both articular
cartilage and subchondral bone [2]. Due to the poor spontaneous repair
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capacity of cartilage, as well as the distinct biochemical and biome-
chanical properties of cartilage and subchondral bone, the repair of
osteochondral defects is quite challenging [3]. Physiologically, when an
osteochondral defect occurs and the subchondral bone plate is pene-
trated, a large number of endogenous bone marrow-derived mesen-
chymal stem cells (BMSCs) are released from the bone marrow and
migrate into the chondral and subchondral areas to participate in the
self-repair process [4]. However, the spontaneous repair process
following trauma or microfracture surgery often results in the formation
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of fibrotic tissue, which is mechanically- and functionally-inferior to
normal hyaline cartilage and subchondral bone [5,6].

A crucial reason for the adverse tissue repair is the presence of
oxidative stress in the microenvironment during cartilage injury and
degeneration. Under normal circumstances, low levels of reactive oxygen
species (ROS) are produced in articular chondrocytes to maintain carti-
lage homeostasis by regulating cell apoptosis, gene expression, and ECM
production [7]. When articular cartilage is damaged, the pathological
acceleration of tissue metabolism and the continuous abnormal strain on
the joint cause chondrocytes to produce abnormal levels of ROS through
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [8].
Oxidative stress occurs when there are elevated intracellular levels of
ROS, leading to cellular damage, apoptosis, ECM destruction, and
thereby impairing cartilage homeostasis and regeneration [7,9–11]. To
promote the regeneration of osteochondral defects, it is highly desirable
to create a supportive microenvironment that improves the spontaneous
repair process by recruiting endogenous BMSCs, maintaining cell
viability, and reducing the harmful effects of oxidative stress.

Tissue engineering has emerged as a promising treatment method for
osteochondral defects, since it combines biomaterials and biomolecules
to provide a modified local microenvironment for endogenous self-repair
[12]. Silk fibroin (SF) of Bombyx mori (B. mori) silkworm, a U.S. Food and
Drug Administration (FDA)-approved biomaterial, has been widely used
in tissue engineering applications due to its wide range of properties
including good biocompatibility, excellent mechanical strength, adjust-
able degradation, and non-inflammatory by-products [13–15]. Among
the multiple SF scaffolds developed for osteochondral tissue engineering,
SF hydrogels have gained considerable attention due to their high-water
content and 3D porous structure which are similar to the natural extra-
cellular matrix (ECM) [16,17]. Previous studies have shown that func-
tionalized SF hydrogels could regulate stem cell behaviors such as cell
migration, proliferation, and differentiation [18,19]. Although each
hydrogel shows beneficial effects on its specific purpose, there is still a
lack of hydrogel with multifunctional properties that can provide a
favorable microenvironment for osteochondral regeneration.

In recent years, the application of the FDA-approved drug tannic acid
(TA) in biomedicine has received extensive attention. TA is a polyphenol
molecule found in many plants, showing intrinsic biological properties
such as antioxidation, antibacterial and anti-inflammatory effects
[20–22]. In addition, TA contains multiple phenolic hydroxyl groups,
which endow TA to form networks with other polymers such as bio-
materials and peptides through hydrogen bonds, coordination bonds, and
hydrophobic interactions [23,24]. Recently, we have developed a
TA-mediated E7/P15 peptide-functionalized alginate hydrogel, in which
TA acts as a reactive intermediate between alginate and peptides. The
prime-coating of TA onto alginate hydrogel could enhance peptide
conjugation and sustain the controlled release of pro-migratory and
pro-differentiating peptides, ultimately improving osteochondral regen-
eration [25]. This study reported for the first time the application of TA in
osteochondral defect repair; however, whether the TA functionalized
hydrogel itself stimulates osteochondral repair without bioactive mole-
cules, by regulating the microenvironment through reducing oxidative
stress, has not yet been evaluated.

In the current study, we aim to develop a multifunctional hydrogel
composed of SF and TA, the FDA-approved ingredients, to alleviate
oxidative stress for enhanced osteochondral regeneration (Scheme 1).
Although previous studies have fabricated SF-TA hydrogel as surgical
sealants for hemostasis and wound healing [20,26–28], there are no
studies that evaluate the effect of applying multifunctional SF-TA
hydrogel on the regeneration osteochondral defects. In our developed
SF-TA hydrogel, SF first interacts with TA to form a hydrogen-bonded
supramolecular structure, which is subsequently enzymatically cross-
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inked to form a stable hydrogel with enhanced viscosity and hydrophi-
licity beneficial for osteochondral regeneration. Furthermore, TA has
multiple phenolic hydroxyl groups that formed interactions with thera-
peutic molecule for controlled drug delivery. E7 (EPLQLKM), a recently
identified BMSC-specific affinity peptide, was selected to be incorporated
into the SF-TA hydrogel to recruit endogenous BMSCs [29,30]. SF-TA
hydrogel shows ability to scavenge ROS, thereby maintaining cell
viability, and promoting the proliferation of endogenous BMSCs against
oxidative stress at the defect site. Global proteomic analysis was per-
formed to further investigate the effects of SF-TA hydrogel on BMSCs as
well as the underlying mechanisms. Lastly, in vitro osteochondral defect
model was used to evaluate its biological performance on cartilage and
subchondral bone regeneration. The developed multifunctional SF-TA
hydrogel thus provides a supportive microenvironment, with a unique
combination of properties, for endogenous regeneration of osteochondral
defects and may serve as a promising biomaterial for future clinical
treatment aimed at improving the endogenous healing of osteochondral
defects.

2. Materials and methods

2.1. Fabrication of SF-TA hydrogel

SF solution was prepared by the method previously reported [31,32].
8% (w/v) SF solution and 1% (w/v) TA solution (Sigma-Aldrich, St.
Louis, MO) were mixed for final concentrations of 4% (w/v) and 0.005%
(w/v) respectively. To initiate gelation, 20 U/ml horseradish peroxidase
(HRP, type VI, Sigma-Aldrich, St. Louis, MO) and 0.01% (w/w) H2O2
(Yuanle, Shanghai, China) were added to the SF-TA solution, and mixed
by gentle pipetting before setting [33]. For SF-TA-E7 hydrogel, 100
μg/ml of E7 peptide (EPLQLKM, Scilight-Peptide, Beijing, China) was
added to the SF-TA solution before enzymatic crosslinking. The mixed
solution was allowed to react at 25 �C or 37 �C and the gelation time was
recorded. For animal study and cell experiments, TA, HRP and H2O2
solutions were sterile filtered using 0.45 μm polyvinylidene fluoride
(PVDF) syringe filter (Millipore, USA), and hydrogels were sterilized with
75% (v/v) alcohol and stored at 4 �C before use.
2.2. Characterization of SF-TA hydrogel

The microstructure of the lyophilized hydrogels was observed by a
Zeiss EVO 18 Scanning Electron Microscope (SEM, Carl-Zeiss, Oberko-
chen, Germany). The pore area of lyophilized hydrogels was measured
from the SEM images (50 pores/group) using ImageJ software (NIH,
Bethesda, MD). The porosity of hydrogels was calculated using the liquid
displacement method as previously described [34]. The TA content in the
hydrogel was determined using the Enhanced BCA Protein Assay Kit
(Beyotime, China) as reported previously [25]. The pH value of the
hydrogels was measured with a pH meter (INESA, Shanghai, China). The
zeta potential of the hydrogels was evaluated with a Zeta Potential
Analyzer (DT310, Dispersion Technology Instrument, USA). The pyrol-
ysis characteristics of the hydrogels were evaluated using a TGA Q500
thermogravimetric analyzer (TA Instruments, New Castle, DE). The
compressive modulus of SF and SF-TA hydrogels were evaluated using
the compressive testing machine with a 50 N sensor (UTM2502; Sunstest,
Shenzhen, China) as previously reported [25]. Rheological measure-
ments including frequency sweep, strain sweep, and viscosity were per-
formed using an MCR 302 rheometer (Anton Paar, Graz, Austria). The
water contact angle of hydrogel surfaces was measured with an OSA 100
surface analyzer (LAUDA Scientific, Lauda-K€onigshofen, Germany). The
equilibrium water content (EWC) of hydrogels was determined by
measuring the weight of dry (Md) and wet (Mw) hydrogel before and



Scheme 1. Schematic illustration of the fabrication process and implementation of SF-TA hydrogel. (A) SF-TA hydrogel was prepared by pre-mixing SF and TA
to form hydrogen bonds between them, followed by enzymatic crosslinking to covalently crosslink the tyrosine residues in SF to form dityrosine bonds. (B) E7 peptide
was incorporated into SF-TA hydrogel and formed hydrogen bonds with TA. (C) After implantation of the SF-TA hydrogel into osteochondral defect, the hydrogel
provides a supportive microenvironment to alleviate oxidative stress and enhance osteochondral regeneration.
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after incubation in PBS for 24 h. EWC was calculated using the equation
below:

EWC ¼ (Mw-Md)/Mw

2.3. Fluorescence studies

To evaluate the molecular binding interactions between SF and TA,
fluorometric titration experiments were performed by adding 0.005%
(w/v) TA to 1% (w/v) and 4% (w/v) SF solution, as previously reported
[27]. The fluorescence spectra of SF solution and SF-TA solution were
recorded at λexc ¼ 250 nm and λem from 270 to 550 nm on a Vari-
oskan™ LUX multimode microplate reader (Thermo Fisher Scientific,
Madison, WI). The fluorescence intensity at 305 nm was quantified for
comparison between groups.

2.4. In vitro degradation

In vitro degradation of hydrogels was carried out by incubating the
hydrogels in a simulated physiological environment (in PBS at 37 �C with
shaking) [32]. The weight of dry hydrogel before (M0) and after (M1)
degradation at each time point was recorded. The weight remaining was
3

calculated using the equation below:

Weight remaining (%) ¼ M1∕M0 � 100

2.5. Controlled release profile

The evaluation of controlled release profile of hydrogels was per-
formed as previously described [25,32,35]. Each hydrogel was incubated
in 1 ml PBS at 37 �C with shaking. At each designated time point, 300 μl
of supernatant fluid was collected and replaced with the same volume of
fresh PBS for each sample. The concentration of FITC-labeled E7 released
was measured by determining fluorescence intensities at 488/519 nm on
a Varioskan™ LUX multimode microplate reader (Thermo Fisher Scien-
tific, Madison, WI).

2.6. DPPH radical scavenging activity

The DPPH radical scavenging activity of hydrogels was measured as
reported previously [36]. In brief, hydrogels were mixed with DPPH
ethanol solution (2 � 10�4 mol/L, Shanghai Jinsui Bio-Technology,
China), and incubated at 37 �C for 4 h. Consecutive spectra in the
wavelength range of 400–600 nm was recorded on a Varioskan™ LUX
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multimode microplate reader (Thermo Fisher Scientific, Madison, WI).
The radical scavenging activity was measured by monitoring the absor-
bance at 517 nm, and calculated using the equation below:

DPPH radical scavenging activity (%) ¼ [(AControl - ASample)/ AControl] � 100

where AControl refers to the absorbance of the pure DPPH ethanol solu-
tion, and ASample refers to the absorbance of the DPPH solution in which
the hydrogel is incubated.

2.7. Cell culture

Primary rat BMSCs (Cyagen Biosciences, Suzhou, China) were
cultured in DMEM-low glucose media (Gibco, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (FBS, Wisent, Canada) and 1%
penicillin-streptomycin (Gibco, Carlsbad, CA) and placed in a humidified
incubator at 37 �C with 5% CO2. Media was changed every 3rd day until
the cells reached confluence. Where indicated, 1 ng/ml IL-1β (Genscript,
Nanjing, China) or 400 μMH2O2 (Yuanle, Shanghai, China) was added to
themedia to stimulate cells. Cell viability wasmeasuredwith the Calcein-
AM/PI Double Staining Kit (Dojindo, Japan), and cell proliferation was
measured with Cell Counting Kit-8 (CCK8, APExBIO, Houston, TX), as
described previously [5].

2.8. Intracellular ROS scavenging activity

Intracellular ROS scavenging ability of the hydrogels was studied by
using the Reactive Oxygen Species Assay Kit (Beyotime Biotechnology,
Beijing, China) according to the manufacturer's protocol. BMSCs were
seeded into a 96-well plate and treated with 1 ng/ml IL-1β (Genscript,
Nanjing, China) together with various hydrogel-conditioned media for
20 min. After the incubation, the cells were washed in PBS three times
before adding the 20, 70-dichlorofluorescein-diacetate (DCFH-DA) probe,
which can be oxidized by intracellular ROS to fluorescent dichloro-
fluorescein (DCF). DCF fluorescence in cells was observed and images
were collected using fluorescence microscopy (Carl-Zeiss, Oberkochen,
Germany). The fluorescence intensity was measured using ImageJ soft-
ware (NIH, Bethesda, MD). Intracellular ROS scavenging activity was
calculated from the ratio of the DCF fluorescence intensity of each
hydrogel group to the IL-1β group.

2.9. Osteogenic and chondrogenic differentiation

Osteogenic and chondrogenic induction of BMSCs was performed
according to our previous protocol [5]. Positive induction of osteogenesis
was confirmed using BCIP/NBT Alkaline Phosphatase (ALP) Color
Development Kit (Beyotime, China). Positive induction of chondro-
genesis was confirmed using Alcian Blue staining (1%, pH ¼ 2.5,
Macklin, China). Quantification of staining intensity was performed
using ImageJ software (NIH, Bethesda, MD).

2.10. Proteomic analysis

BMSCs were treated with SF, SF-TA or SF-TA-E7 hydrogel (n ¼ 3/
group) for 3 days and were extracted by lysis, followed by sonication and
centrifugation. 200 μg protein samples from the cells were counted by
BCA assay. Then, the protein samples were reduced by DTT and alkylated
by iodoacetamide. All crude protein extracts were precipitated by
acetone precipitation at �20 �C for 2 h, then the precipitated protein
samples were re-dissolved in 200ul TEAB buffer. Finally, trypsin was
added (trypsin/protein, 1:50), and the solution was incubated at 37 �C
for 12–16 h. Digestion was stopped by the addition of 2% trifluoracetic
acid. The tryptic digests were desalted with C18 solid-phase cartridges.
Peptides were separated by HPLC focusing into 9 fractions.

Reverse-phase high-performance liquid chromatography (RP-HPLC)
was performed. Briefly, the first dimension RP separation by micro-LC
4

was performed on a U3000 HPLC System (Thermo Fisher Scientific,
USA) by using a BEH RP C18 column (5 μm, 300 Å, 250 mm � 4.6 mm
i.d., Waters Corporation, USA). The mass spectrometer was programmed
to acquire in a data-dependent mode. The peptides were detected, iso-
lated, and fragmented to produce a tandem mass spectrum of specific
fragment ions for each peptide [37].

Mass spectra were analyzed using MaxQuant computational platform
version 1.3.0.5 and Andromeda against the Uniprot FASTA rat database.
The search included cysteine carbamidomethylation as a fixed modifi-
cation and N-acetylation of protein and oxidation of methionine as var-
iable modifications. A false discovery rate (FDR) of less than 0.01 for
proteins and peptides and a minimum peptide length of 7 amino acids
were required. Proteome quantification was performed in MaxQuant
using the XIC based inbuilt label-free quantification (LFQ) algorithm.
Label-free intensities were logarithmized and empty values were
imputed with random numbers from a normal distribution, whose mean
and standard deviation (SD) were chosen to best simulate low abundance
values close to the noise level. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium (http://proteo
mecentral.proteomexchange.org) via the iProX partner repository with
the dataset identifier PXD030026. Bioinformatic analysis was performed
using DAVID, Cytoscape, and the OmicStudio tools at https://www.omi
cstudio.cn/tool. Only proteins with a p value of <0.05 were included
within the gene ontology (GO) enrichment analysis and network
formation.

2.11. Animal experiment

The animal experiment was performed according to the previous
methods [25,32]. The study protocol was approved by the Animal
Experimental Ethical Inspection Committee of Southeast University.
Before surgery, SF, SF-TA, SF-E7 and SF-TA-E7 hydrogels (diameter: 5
mm, height: 4 mm) were prepared and maintained in the wet state. Adult
male New Zealand white rabbits (~2.5 kg) were used and randomly
divided (n ¼ 3/group). After general anesthesia, the knee joint was
opened with a medial parapatellar approach. The patella was dislocated
laterally to expose the patellar groove. Osteochondral cylindrical defects
(diameter: 5 mm, height: 4 mm) were created on the patellar groove on
both the left and right limbs using an electric surgical drill, and then
implanted with different hydrogels. After surgery, rabbits were allowed
to move freely and fed with standard food and water. All the animals
were sacrificed at 12 weeks post-operation.

2.12. Macroscopic and histological assessment

Samples of each group were examined with a stereo-microscope
(SZ61, Olympus, Japan) for macroscopic evaluation according to the
International Cartilage Repair Society (ICRS) macroscopic assessment
scale, including “degree of defect repair”, “integration to border zone”,
“macroscopic appearance”, and “overall repair assessment” subscores
(Table S1) [38]. Samples were fixed in 4% (v/v) paraformaldehyde, and
then decalcified in 10% (w/v) EDTA for 4 weeks under gentle shaking.
After decalcifying, samples were embedded in paraffin and cut into 7 mm
sections. Hematoxylin and eosin (H&E), safranine-O, and toluidine blue
staining was performed for the evaluation of cell morphology and ECM
production. Histological evaluation was performed based on an estab-
lished histological scoring system, including cartilage evaluation (within
the upper 1 mm of the defect), subchondral bone evaluation (within the
bottom 2 mm of the defect) and total evaluation (Table S2) [39].

2.13. Micro-CT evaluation

Samples were scanned using a Micro-CT scanner (Bruker Sky-
Scan1176, Billerica, MA), and high-resolution micro-CT images were
collected. Reconstruction and analysis of bone volume/total volume (BV/
TV), and trabecular numbers (Tb.N) were carried out by concentrically

http://proteomecentral.proteomexchange.org
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placing a cylindrical region of interest (ROI, diameter: 5 mm, height: 5
mm) in the center of the original defect region with the threshold of
350–1080 for cartilage analysis, and >1080 for bone analysis [5].

2.14. Statistics

The quantitative data were presented as mean � SD. Student's t-test
was used when comparing 2 groups. One-way ANOVA with Tukey's
multiple comparisons was performed when comparing between more
than 2 groups. Differences were considered statistically significant at a p
value of <0.05.

3. Results and discussions

3.1. Fabrication and characterization of SF-TA hydrogel

SF-TA hydrogels have previously been developed using high con-
centrations of TA to crosslink SF to allow the self-assembly into a
hydrogel [26,27]. Bai et al. found that 30% (w/v) TA solution was able to
co-assemble with SF to form a hydrogel sealant [26]. Jing et al. reported
that TA with final concentrations from 0.1 to 0.7 wt % acted as a gelation
binder to induce the gelation of SF by pH change, vortex, and gentle
heating [27]. However, we and other groups have reported that high
concentrations of TA had cytotoxicity [25,40,41]. Free TA with a con-
centration of >0.003% (w/v) was toxic to BMSCs, while 0.01% (w/v)
TA-coated hydrogels showed good biocompatibility both in vitro and in
vivo [25]. In this present study, SF-TA hydrogel was prepared by
pre-mixing the 4% (w/v) SF and 0.005% (w/v) TA solutions followed by
enzymatic crosslinking (Scheme 1A). To ensure its cytocompatibility, the
concentration of TA used in this current system was within the safety
limits and was significantly reduced as compared with the
previously-reported SF-TA hydrogels [26,27]. The phenolic hydroxyl
groups in TA form hydrogen bonds with amide groups in SF, resulting in
a SF-TA complex with supramolecular network [24,25]. Due to the low
TA concentration, this SF-TA complex did not self-assemble into a
hydrogel, which is different from the previously-reported self-healing
SF-TA hydrogels [26,27]. Hence, the purpose of using TA in the current
system is to improve the biological activity of SF hydrogels rather than
crosslinking. Subsequently, through the enzymatic reaction of
HRP/H2O2, tyrosine residues in SF were covalently crosslinked to form
dityrosine bonds, resulting in stable, highly elastic, and optically clear
hydrogel (Scheme 1A) [33].

By gross observation, the pure SF hydrogel was colorless and trans-
parent, while the SF hydrogel with TA incorporation was light yellow due
to the color of TA molecule (Fig. 1A). By measuring the gelation time of
the two hydrogels at different temperatures, it was observed that there
was a significant difference in the gelation time of the two hydrogels at
25 �C (4.69 min for SF and 13.80 min for SF-TA, p < 0.001) and 37 �C
(4.18 min for SF and 9.47 min for SF-TA, p < 0.001) (Fig. 1B). SF-TA
hydrogels require longer gelation time than SF hydrogels, probably
because the higher molecular weight of the SF-TA complex leads to an
expanded spatial structure that decreases the interaction between the
tyrosine residues of SF, thereby reducing the enzymatic crosslinking
density and slowing down the gelation of SF hydrogel. The acquired SEM
images of the freeze-dried hydrogels showed that the SF and SF-TA
hydrogels were both highly porous, and the pores were interconnected
and homogeneous (Fig. 1C). This interconnected porous structure is
beneficial for defect repair because it could facilitate the transportation
of nutrients and oxygen between the pores, as well as enhance cell dis-
tribution and tissue ingrowth [42]. The pore area of the SF-TA hydrogel
(25.33 � 7.40 � 102 μm2) was significantly lower than that of the SF
hydrogel (31.04 � 10.07 � 102 μm2, p < 0.01) (Fig. 1D). However, the
porosity of the hydrogel did not change significantly after the incorpo-
ration of TA (Fig. 1E). Additionally, TA had no significant effect on the
pH value (Fig. 1F), but reduced the zeta potential of SF hydrogels
(Fig. 1G).
5

The BCA assay indicated that 83.52%, i.e., 41.76 μg/ml TA was
successfully incorporated into the SF-TA hydrogel. Through the ther-
mogravimetric analysis (TGA), it was observed that the residual mass of
SF-TA hydrogel was 46.70%, which was greater than that of SF hydrogel
(43.28%), indicating that TA has been incorporated into the SF-TA
hydrogel (Fig. 1H). In addition, we used the fluorescence quenching
method to evaluate the molecular binding interactions between SF and
TA. Fluorescence emission spectra showed broad fluorescence peaks of
SF (1% and 4%) with the peak maximum at 305 nm (Fig. 1I), due to the
intrinsic fluorescence of SF protein. After TA was added, the fluorescence
intensities of both 1% and 4% SF at 305 nm were obviously quenched
resulting from the physical interactions between TA and SF molecules
(Fig. 1I and J), as previously reported [27].

The mechanical properties of both SF and SF-TA hydrogels were
evaluated by compressive and rheological tests. The SF hydrogel had a
compressive modulus of 33.19 kPa, which is slightly higher than that of
the SF-TA hydrogel (29.24 kPa), but no significant difference was
detected (Fig. 1K). Rheological measurements were performed with SF
and SF-TA hydrogels, as shown in Fig. 1L–N. The frequency sweeps of
both SF and SF-TA hydrogels showed that the storage modulus (G0) was
higher than the loss modulus (G00), and the G0 was >103 Pa in each case,
indicating the formation of stable hydrogels (Fig. 1L). The strain sweeps
revealed that the length of the linear-viscoelastic region (LVR) was not
significantly altered by the incorporation of TA, while the flow point
shifted from 12.12% in SF hydrogel to 15.90% in SF-TA hydrogel
(Fig. 1M). Both frequency sweeps and strain sweeps indicated that the G0

of SF hydrogel was slightly higher than that of SF-TA hydrogel, indicating
that TA incorporation decreased the mechanical strength of the hydrogel,
which is consistent with the previous report [43]. As mentioned above,
the incorporation of TA reduced the enzymatic crosslinking density and
thus slightly decreased the mechanical properties of the SF hydrogel.
Through the analysis of the viscosity of the two hydrogels, it was
observed that the SF-TA hydrogel had higher viscosity than the SF
hydrogel, since the TA in the SF-TA hydrogel had a large number of
catechol groups which had strong dopamine-like adhesion [43] (Fig. 1N).
The high viscosity of SF-TA hydrogel can provide good adhesion of the
hydrogels to the tissue surface, which is beneficial for osteochondral
regeneration since it can improve the integration of hydrogels with the
host tissue at the defect site, and prevent the detachment of
newly-formed cartilage [44,45].

The in vitro degradation behavior of SF and SF-TA hydrogels were
compared in a simulated physiological environment (in PBS at 37 �Cwith
shaking). In the course of 88 days, both hydrogels were slowly degraded
and showed similar degradation curves (Fig. 1O). On day 88, the mass
loss of SF hydrogel was about 15.78%, while that of SF-TA hydrogel was
about 14.64%, but no significant difference was detected (Fig. 1O). The
hydrophilicity of SF hydrogel and SF-TA hydrogel was evaluated by
measuring the EWC and water contact angle of the two hydrogels. The
data demonstrated that the EWC of SF-TA hydrogel was significantly
higher than that of SF hydrogel (Fig. 1P), and the mean water contact
angle of SF-TA hydrogel (68.9�) was smaller than that of SF hydrogel
(84.8�) (Fig. 1Q), which collectively suggested that SF-TA hydrogel had
better hydrophilicity. The large amount of phenolic hydroxyl groups in
TA form strong hydrogen bonds with water, thereby increasing the hy-
drophilicity of SF-TA hydrogel [46]. Such enhanced hydrophilicity of
hydrogel is beneficial for the absorption of bone marrow blood in the
initial stage of osteochondral defect repair, which may improve the
infiltration of BMSCs and growth factors into the hydrogel, and ulti-
mately promote osteochondral regeneration [5].

E7 is a BMSC-specific affinity peptide, which has been identified with
pro-migratory effect on BMSCs both in vitro and in vivo [29,30]. Besides,
we and other groups have reported that the implantation of E7
peptide-functionalized scaffold enhanced endogenous osteochondral
regeneration [25]. As observed from the in vitro scratch assay, the sup-
plement of 100μg/ml E7 peptide into culture medium significantly
improved BMSCs migration as compared to the control group, as



Fig. 1. Fabrication and characterization of SF-TA hydrogel. (A) Gross morphology of SF and SF-TA hydrogels before and after gelation. (B) Gelation time of SF and
SF-TA hydrogels at 25 �C and 37 �C. (C) SEM images of lyophilized SF and SF-TA hydrogels. The lower panels represent higher magnification images (scale bars ¼ 10
μm) of the corresponding orange boxes in the upper panels (scale bars ¼ 100 μm). (D) Pore area of SF and SF-TA hydrogels. (E) Porosity of SF and SF-TA hydrogels. (F)
pH value of SF and SF-TA hydrogels. (G) Zeta potential of SF and SF-TA hydrogels. (H) TGA plot of SF and SF-TA hydrogels. (I) Fluorescence emission spectra of 1%
(w/v) and 4% (w/v) SF titrated with 0.005% (w/v) TA. (J) Quantitative comparison of the fluorescence intensity at 305 nm between groups. (K) Compressive modulus
of SF and SF-TA hydrogels. (L) Frequency sweeps of SF and SF-TA hydrogels from 0.1 to 100 rad s�1 at 1% strain. (M) Strain sweeps of SF and SF-TA hydrogels from
0.01% to 100% strain at 10 rad s�1. (N) Viscosity of SF and SF-TA hydrogels. (O) In vitro degradation curves of SF and SF-TA hydrogels in PBS at 37 �C. (P) Equilibrium
water content of SF and SF-TA hydrogels. (Q) Water contact angle images of SF and SF-TA hydrogels. Results are shown as mean � SD. **p < 0.01, ***p < 0.001.
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evidenced by image analysis and migration area quantification (Fig. S1).
After being incorporated into the SF-TA hydrogel, hydrogen bonds were
formed between amino groups in E7 peptide and phenolic hydroxyl
groups in TA (Scheme 1B). These interactions facilitated the controlled
and sustained release of E7 from SF-TA hydrogel. In a simulated physi-
ological environment (in PBS at 37 �C with shaking), the SF-TA hydrogel
revealed a gradual release of E7 in more than 500 h (Fig. S2). As
compared to SF hydrogel, the incorporation of TA into the SF-TA
hydrogel inhibited the initial burst release and reduced the release for
the remaining period. The ratio of E7 released from SF-E7 hydrogel and
SF-TA-E7 hydrogel at day 21 was 63.92% and 43.84%, respectively
(Fig. S2B). This is consistent with our previous study, where TA promoted
the prolonged release of E7 from alginate-TA hydrogel [25].

3.2. Antioxidant activity and effect on cell viability of SF-TA hydrogel

In osteochondral defects, oxidative stress caused by changes in the
microenvironment and elevated levels of ROS can disrupt the normal
endogenous repair process [9]. In addition, the introduction of antioxi-
dants into the defect may improve the repair of the osteochondral defect
[47]. TA, the FDA-approved drug, is well-known to exert antioxidant
activity; thus, the SF-TA hydrogel could be able to scavenge ROS and
reduce the harmful effects of oxidative stress [20,27]. To evaluate the
antioxidant activity of SF-TA hydrogel, we first measured the inhibitory
effect of the hydrogels on DPPH free radicals. Following incubation for
150 min, the DPPH solution in the SF-TA and SF-TA-E7 hydrogel groups
turned from purple to yellow, indicating that DPPH free radicals were
scavenged in the solution (Fig. 2A). The radical scavenging activity was
determined by measuring the absorbance decrease at 517 nm, revealing
DPPH elimination rates of 76.34% and 67.61% for the SF-TA and
SF-TA-E7 hydrogels, respectively, which were significantly higher than
that of the SF hydrogel (35.86%, p < 0.001) (Fig. 2B and C).

We also evaluated the intracellular ROS by DCFH-DA, a probe that
can detect ROS activity within the cell (Fig. 2D). Under fluorescence
microscope, green fluorescence due to DCF was observed in BMSCs of the
control group (without IL-1β), and the fluorescence intensity was
strongly increased in the cells upon IL-1β stimulation. Proinflammatory
cytokines such as IL-1β have been reported to increase ROS and mediate
the pathogenesis of joint diseases [48]. The cells treated with IL-1β
together with various hydrogel-conditioned media showed decreased
DCF fluorescence as compared to the IL-1β group, while the
TA-incorporated hydrogels (SF-TA and SF-TA-E7) substantially
decreased the DCF fluorescence as compared to the pure SF hydrogel thus
indicating efficient scavenging of intracellular ROS by TA. Further
quantitative analysis also proved that SF-TA hydrogel had a significant
ROS scavenging ability (Fig. 2E). The ROS scavenging ability of the
SF-TA and SF-TA-E7 groups were significantly increased as compared to
that of the SF group (p < 0.001). The highest ROS scavenging activity
was shown by the SF-TA-E7 hydrogel with 95.52% inhibition relative to
the IL-1β group, followed by SF-TA hydrogel with 89.94% of inhibition
(Fig. 2E).

Since SF-TA hydrogel shows ability to scavenge ROS, we next eval-
uate whether it can protect BMSCs from oxidative stress-induced cell
death. First, we evaluated the cell viability and proliferation under
normal cell culture condition. Live/dead staining after 3 days of cell
culture showed that the majority of the BMSCs cultured in each group
remained viable, with healthy spindle shape of BMSCs (Fig. 2F). Micro-
scopically, some dead cells could be observed in the SF group and neg-
ligeable number of dead cells in the SF-TA and SF-TA-E7 groups (Fig. 2F).
According to the quantification of live and dead cells, the SF-TA and SF-
TA-E7 groups showed viability of >95%, which was significantly higher
than that of the SF group (89.16%, p< 0.001) (Fig. 2G). Cell proliferation
was evaluated by CCK8 assay (Fig. 2H). In each group, the proliferation
rate changed over time with a 4~5-fold increase between day 1 and day
3. The proliferation rate of all groups was comparable on day 1. However,
on day 3, the proliferation rates of the SF-TA and SF-TA-E7 groups were
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significantly higher than that of the SF group (p< 0.01 for SF-TA vs SF; p
< 0.001 for SF-TA-E7 vs SF) (Fig. 2H).

Next, the influence of SF-TA hydrogel on cell viability and prolifer-
ation were investigated under more harsh cell culture conditions. Upon
the stimulation of proinflammatory cytokines IL-1β, the cell viability of
the SF group was reduced to 80.52%, and was significantly lower than
those of the SF-TA group (87.01%, p < 0.05) and SF-TA-E7 group
(89.02%, p < 0.01) (Fig. 2I and J). CCK8 assay revealed that as compred
to the normal culture condition (Fig. 2H), BMSCs proliferation deceler-
ated under the proinflammatory environment (Fig. 2K), as expected since
IL-1β induces the generation of ROS which impedes cell proliferation
[11]. The cell proliferation rate after 3 days of culture with SF-TA or
SF-TA-E7 was still significantly higher than that of the SF group (Fig. 2K,
p < 0.001). To better simulate the oxidative stress status, H2O2 was used
to stimulate cells to promote the generation of intracellular ROS. Under
the treatment of H2O2, fewer cells were observed compared with the
normal culture condition, indicating the inhibitory effect of H2O2 on cell
growth. All the three groups showed a decreased cell viability of �85%,
but the SF-TA-E7 group had a significant higher cell viability (85.00%) as
compred to the SF group (75.20%, Fig. 2L–M, p < 0.01). Similarly, CCK8
assay showed that the SF-TA-E7 group had the highest cell proliferation
rate among the three groups (Fig. 2N). The above results indicated that
SF-TA and SF-TA-E7 hydrogels significantly improved cell viability and
proliferation against harmful oxidative stress, as compared to pure SF
hydrogel. Previous studies have confirmed the pro-proliferative effect of
E7 on BMSCs [49]. The mechanism by which TA increases cell viability
and proliferation is to inhibit oxidative stress that induces cell death [7].
Interestingly, the SF-TA and SF-TA-E7 hydrogels showed comparable
effect on cell viability and proliferation under normal or IL-1β-treated cell
culture conditions (Fig. 2F–K); however, SF-TA-E7 hydrogel exhibited
better effect than SF-TA on protecting BMSCs against the more harsh
H2O2-stimulated condition (Fig. 2L–N). We speculated that the release of
E7 form SF-TA-E7 hydrogel may strengthen the activity of antioxidant
enzymes in the cells to modulate oxidative stress. This hypothesis needs
to be tested in future studies. Additionally, as we mentioned above, it has
been found that high concentrations of TA are cytotoxic [25,40,41], and
therefore the concentration of TA should be adjusted so that it reduces
ROS and induces cell proliferation but avoids cytotoxicity.

Previous studies have reported that the elevated levels of ROS
inhibited osteogenic and chondrogenic differentiation of MSCs [10,50];
therefore, our developed SF-TA hydrogel may have the potential to
improve BMSCs differentiation by scavenging ROS. The osteoinductive
and chondroinductive abilities of SF-TA hydrogel on BMSCs were eval-
uated by representative staining assays. After being cultured in osteo-
genic media for 7 days, the SF, SF-TA, and SF-TA-E7 groups exhibited
comparable ALP staining intensity (Fig. S3A). Similarly, alcian blue
staining and quantitative analysis showed that after 14 days of culture in
chondrogenic media, the TA incorporated hydrogels did not significantly
enhance GAG deposition as compared to SF hydrogel (Fig. S3B). These
results suggested that the incorporation of TA with/without E7 had no
significant effect on BMSCs osteogenesis and chondrogenesis.

3.3. Proteomic analysis of SF-TA hydrogel on BMSCs

To gain a global view of the cellular activity and the affected signaling
pathways of SF-TA hydrogel on BMSCs, LFQ-based proteomic analysis
was performed, which identified 2167 proteins in total (Fig. S4,
Table S3). The hierarchical clustering of differentially expressed proteins
revealed significant changes in the expression level of 241 proteins
(Fig. 3A, Table S4, p < 0.05). Principal component analysis (PCA) was
performed on the proteomic data set of 9 samples, which revealed clear
grouping of replicate samples for the SF, SF-TA or SF-TA-E7 groups,
indicating similar protein expression between samples within a group
(Fig. 3B). Venn diagrams showed the overlaps of significantly regulated
proteins across each pairwise comparison against the SF group (Fig. 3C).
The SF-TA and SF-TA-E7 hydrogels induced robust changes in the protein



Fig. 2. Antioxidant activity and effect on cell viability of SF-TA hydrogel. (A) Gross view of SF, SF-TA, and SF-TA-E7 hydrogels in DPPH assay. (B) Consecutive
spectra of DPPH solution with addition of different hydrogels in the wavelength range of 400–600 nm was recorded, and DPPH radical scavenging activity was
measured by monitoring the absorbance at 517 nm. (C) DPPH radical scavenging activity of SF, SF-TA, and SF-TA-E7 hydrogels. (D) Fluorescence microscope images of
DCF fluorescence in BMSCs treated with various hydrogel-conditioned media. Ctrl indicates control group (without IL-1β). Scale bars ¼ 50 μm. (E) Intracellular ROS
scavenging activity of SF, SF-TA, and SF-TA-E7 hydrogels. (F) Live/dead staining of BMSCs in normal cell culture condition for 3 days. Calcein-AM for live cells (green)
and PI for dead cells (red). Scale bars ¼ 50 μm. (G) Quantification of live/dead staining in normal cell culture condition. (H) CCK8 was used to detect the proliferation
of BMSCs in normal cell culture condition for 1 and 3 days. (I) Live/dead staining of BMSCs in IL-1β-treated condition for 3 days. Scale bars ¼ 50 μm. (J) Quantification
of live/dead staining in IL-1β-treated condition. (K) CCK8 was used to detect the proliferation of BMSCs in IL-1β-treated condition for 1 and 3 days. (L) Live/dead
staining of BMSCs in H2O2-treated condition for 3 days. Scale bars ¼ 50 μm. (M) Quantification of live/dead staining in H2O2-treated condition. (N) CCK8 was used to
detect the proliferation of BMSCs in H2O2-treated condition for 1 and 3 days. Results are shown as mean � SD. *p < 0.05, **p < 0.01, ***p＜0.001.
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Fig. 3. Quantitative proteomic analysis revealing distinct protein signatures in different hydrogel groups. (A) Hierarchical clustering analysis of 241 LFQ-
protein intensities (log2) that were quantified in three repeats of SF, SF-TA, and SF-TA-E7 groups and showed at least p < 0.05 in their abundance between at
least two groups. Heatmap of z score- and log2-transformed LFQ protein intensities where proteins were grouped using unsupervised hierarchical clustering. (B) PCA
plot of proteomic data with three groups and three biological replicates each. (C) Venn diagrams showing the overlaps of significantly regulated proteins across each
pairwise comparison against the SF group. (D–E) Volcano plots compare three groups as indicated in the plot. Groups with p value < 0.05 were considered as
significantly differential expression. The scatter plot depicts the difference score of these terms versus the �log10-transformed p value which is shown with red (UP)
and blue (DOWN). (F–G) GO enrichment analysis for the category of up-regulated and down-regulated proteins between SF-TA and SF groups. (H–I) GO enrichment
analysis for the category of up-regulated and down-regulated proteins between SF-TA-E7 and SF groups.
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expression profile of BMSCs, with 168 and 155 differentially expressed
proteins, respectively. The read count for protein expression was
modeled by volcano plots to determine the expression profile among the
groups. As shown in Fig. 3D, there were 97 up-regulated proteins and 71
down-regulated proteins between SF-TA and SF groups; while the SF-TA-
E7 group showed fewer altered proteins which had 84 up-regulated
proteins and 71 down-regulated proteins (Fig. 3E).
9

In order to determine the pathways significantly affected by SF-TA
hydrogel, we utilized GO enrichment analysis to identify specific bio-
logical processes (BP). While SF-TA treatment showed enrichment for
396 GO terms (p < 0.05), SF-TA-E7 treatment resulted in 503 GO terms
(p < 0.05). Under oxidative stress, high levels of ROS induce cellular
damage and cell death [7]. For SF-TA group, as expected, the
up-regulated proteins were mainly enriched in cell cycle, metabolic
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processes, regulation of extent of cell growth, and cytoskeleton organi-
zation (Fig. 3F, Table S5), while the down-regulated proteins were
significantly enriched in programmed cell death, apoptotic process,
catabolic processes, and cellular response to extracellular stimulus,
verifying that the antioxidant SF-TA hydrogel could enhance cell viability
and proliferation (Fig. 3G, Table S5). Analysis of SF-TA-E7 vs SF revealed
that the up-regulated proteins were significantly enriched in tissue
migration, regulation of cell morphogenesis, cellular developmental
process, and cell adhesion (Fig. 3H, Table S5); key terms specific to
response to oxidative stress, programmed cell death, cellular response to
steroid hormone stimulus and apoptotic process were negatively regu-
lated which affected cell proliferation and cell viability in SF-TA-E7
group (Fig. 3I, Table S5). Steroid hormones regulate a wide variety of
physiological and developmental functions. They have been shown to
affect apoptosis and proliferation in osteoblasts, chondrocytes, cardiac
cells, as well as cancer cells [51,52]. These GO enrichment analyses are
consistent with the cell experiments that SF-TA and SF-TA-E7 hydrogels
induced an enhanced effect on cell viability and cell proliferation as
compared to SF hydrogel (Fig. 2F–H).

To further screen for the most significant hub proteins, an overview of
regulated enriched protein sets is presented in Fig. 4A and B. We
uploaded these hub proteins to the Cytoscape database for network
analysis. The results in the SF-TA group demonstrated that the abundance
links were directed to Guanine monophosphate synthase (GMPS),
Exportin 1 (XPO1), Neural precursor cell expressed developmentally
down-regulated protein 8 (NEDD8) and Cytoplasmic dynein complex 1
(DYNC1) family in the up-regulated proteins (Fig. 4A). GMPS and XPO1
are involved in the de novo synthesis of guanine nucleotides which are
not only essential for DNA and RNA synthesis, but also provide GTP,
which is involved in a number of cellular processes important for cell
division [53]. XPO1 also affects oxidative stress by regulating STAT3
[54]. While NEDD8 promotes ubiquitination of proteins associated with
apoptosis [55], DYNC1 family regulates apoptosis and autophagy of cells
[56]. Taken together, these proteins show improvements in cell viability
and proliferation, verifying the GO enrichment analysis that the most
significant signature pathways of regulation of extent of cell growth,
cytoskeleton organization, negative regulation of cell death and
apoptotic process, and so on (Fig. 3F and G). We also showed these hub
proteins of SF-TA-E7 group for a network that was related to cell pro-
liferation, migration, cellular developmental process and so on (Fig. 4B).
The Chaperonin Containing TCP1 (CCT) family proteins CCT2 and CCT5
were up-regulated, which are documented to promote mitotic cell cycle
process and inhibit apoptotic process [57,58]. Except for CCT family,
T-Complex 1 (TCP1), Protein phosphatase 1 catalytic subunit alpha
(PPP1CA) and Poly(ADP-ribose) polymerase 1 (PARP1) also promote cell
proliferation and migration [59,60]. Tropomyosin (TPM) family plays an
important role in the growth of many tissues [61,62]. Myosin light chain
(MYL) 9/12 has been reported to suppress inflammation by interacting
with Cluster of differentiation 69 (CD69) in the recruitment of activated
T cells into the inflammatory tissues [63,64], indicating the potential of
SF-TA-E7 hydrogel in the modulation of inflammation.

Due to the limitations of differential expression proteomic analysis,
we performed gene set enrichment analysis (GSEA) for all proteins,
which is routinely used to analyze and interpret coordinate pathway-
level changes. First, hub proteins with high connectivity were screened
out from the brown module (Fig. 4C and D). As expected, GSEA of SF-TA
group strongly implicated that pathways related to oxidative stress, such
as response to oxygen radical, cellular oxidant detoxification, detoxifi-
cation of reactive oxygen species, and NADH metabolic process were
significantly down-regulated (Fig. 4C). Moreover, GSEA revealed cell
cycle and cytoskeleton organization as the main biological process up-
regulated by SF-TA treatment (Fig. 4C), Notably, Rho GTPase and
MAPK pathway were up-regulated, which have been reported to regulate
the cellular redox state and function in multiple biological processes,
including cell growth, motility, polarity, and apoptosis [65,66]. In the
SF-TA-E7 group, up-regulated pathways in the GSEA included
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cytoskeleton organization, cell morphogenesis involved in differentia-
tion, positive regulation of cellular component organization, Rho GTPase
and ROCK signaling (Fig. 4D). ROCK is a kind of Rho-associated kinase,
originally identified as an effector of the small Rho GTPase, playing a
variety of functions including the regulation of cell proliferation,
morphology, contraction, motility, and polarity, etc [67].

Deep analysis of the proteomic data further evidenced that
proliferation-related proteins and apoptosis-related proteins were
significantly regulated with SF-TA or SF-TA-E7 treatment. Both SF-TA
and SF-TA-E7 treatments promoted proliferation, but the proliferation-
associated signaling pathways were different (Fig. 4E and F). For
example, in SF-TA group, integrin-linked kinase (ILK) has multiple
functions in cells, such as cell-extracellular matrix interactions, cell cycle,
apoptosis, cell proliferation and cell motility, which are associated with
the interacting partners of ILK and downstream signaling pathways [68].
Fatty acid synthase (Fasn) has been reported to affect cell proliferation
and apoptosis [69]. Proprotein convertase subtilisin/kexin type 9
(PCSK9) regulates the NODAL signaling pathway and cellular prolifera-
tion in human induced pluripotent stem cells [70]. Topoisomerase I
(TOP1MT) is required for mitochondrial DNA homeostasis and tissue
regeneration [71]. Calcium/calmodulin-dependent protein kinase type II
subunit delta (CAMK2D) enhances cell proliferation by combining
non-coding RNA [72,73]. Meanwhile, in SF-TA-E7 group, MYH family
and serine/arginine-rich splicing factor 2 (SRSF2) promote the prolifer-
ation, migration, invasion, and sphere formation of cells [74,75]. CAPZ
family also controls cell survival and proliferation via regulating
non-coding RNA [76].

Taken together, these proteomic analyses further verified that the SF-
TA hydrogel suppressed oxidative stress and improved cell viability
through multiple proliferation and apoptosis-related pathways; that is,
providing a supportive microenvironment for osteochondral
regeneration.

3.4. Effect of SF-TA hydrogel on osteochondral regeneration in vivo

The in vitro results indicate that the developed SF-TA hydrogel has a
variety of biological properties, such as antioxidant activity, cell viability
maintenance, pro-proliferative effects, and sustained release of the
therapeutic molecule E7 which enhances cell migration. Lastly, we aim to
investigate whether SF-TA hydrogel can regulate the microenvironment
of osteochondral defects and enhance endogenous regeneration. SF, SF-
TA, and SF-TA-E7 hydrogels were implanted into a rabbit osteochon-
dral defect model, and the regenerative effect was compared (Fig. 5A).
After 12 weeks of implantation, specimens were collected for macro-
scopic, micro-CT, and histological evaluation. The macroscopic images
were shown in Fig. 5B and C. The defect area in SF group was larger than
that of the other groups with a clear cavity in the center. The in vivo
macroscopic results of the SF group are consistent with previous studies
by ours or other groups that unfunctionalized SF scaffolds were not
sufficient to promote osteochondral regeneration, possibly due to the
lack of bioactivity of SF biomaterials [5,77]. The regenerated cartilage
surface in SF-TA and SF-TA-E7 groups was superior to that of the SF
group. The defect area in SF-TA group was filled with a large amount of
white newly-formed tissue, and the repair was relatively complete. In
SF-TA-E7 group, the cartilage surface was almost regenerated with small
areas of cracks remained. After 12 weeks of implantation, the hydrogels
in SF-TA and SF-TA-E7 groups degraded faster than those in SF group
(Fig. 5C), although there was no significant difference between SF
hydrogel and SF-TA hydrogel in the in vitro degradation experiment
(Fig. 1O).

According to the ICRS scoring system, the score for “degree of defect
repair” of SF group (2.58 � 0.14) was significantly lower than those of
SF-TA group (3.89 � 0.19, p < 0.001) and SF-TA-E7 group (3.61 � 0.19,
p< 0.001) (Fig. 5D). The scores for “integration to border zone” of SF-TA
group (4.00 � 0.00) and SF-TA-E7 group (3.61 � 0.10) were higher than
that of SF group (3.08 � 0.29, p < 0.01 for SF-TA vs SF; p < 0.05 for SF-



Fig. 4. Functional effects of the SF-TA hydrogels on BMSCs. (A) Network of differentially expressed proteins between SF-TA and SF groups. Red and green nodes
indicate up-regulated and down-regulated molecules, respectively. (B) Network of differentially expressed proteins between SF-TA-E7 and SF groups. (C) SF-TA: GSEA
of the proteins associated with oxidative phosphorylation, NADH metabolic process, Rho-GTPases, cytoskeleton organization, and cell proliferation related pathways.
(D) SF-TA-E7: GSEA-enrichment plots of representative protein sets: cytoskeleton organization, cell morphogenesis involved in differentiation, cellular component
organization, Rho-GTPases and ROCK signaling. (E–F): Heatmap of the distinct proliferation-related and apoptosis-related proteins of SF-TA vs SF, and SF-TA-E7 vs SF,
respectively.
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Fig. 5. Macroscopic and Micro-CT evaluation of SF-TA hydrogel into osteochondral defect at 12 weeks after implantation. (A) Schematic illustration of the
animal model. (B) Gross morphology of joint specimens in the three groups collected at 12 weeks postoperatively. (C) Cross-sectional views of osteochondral repair at
12 weeks postoperatively. (D–G) Quantitative sub-item scores of the three groups according to the ICRS scoring system. (H–J) Micro-CT images in coronal, axial, and
sagittal planes. Quantitative analysis of the regenerated subchondral bone by micro-CT, including (K) BV/TV (%) and (L) Tb. N. The white dotted circles and boxes in
(B–C) and (H–J) indicate the original defect borders. Results are shown as mean � SD. *p＜0.05, **p < 0.01, ***p＜0.001.
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TA-E7 vs SF) (Fig. 5E). The SF-TA group had a full score of 4.00, indi-
cating that the repaired tissue was smoothly connected with the sur-
rounding tissue (Fig. 5E). Through the previous measurement of
hydrogel viscosity, it was observed that TA increased the viscosity of SF
hydrogel (Fig. 1N), which facilitated the material to adhere to the tissue
surface, thereby promoting the connection between the neo-tissue and
the defect border [45]. Regarding the score for “macroscopic appear-
ance”, there was no significant difference in the visual observation scores
of the repaired surface among the three groups (Fig. 5F). For the “overall
12
repair assessment” score, the repaired SF-TA group had the highest
average score (10.78� 1.07), which was significantly higher than that of
the SF group (8.17 � 1.13, p < 0.05, Fig. 5G).

Subsequently, the regeneration of subchondral bone was evaluated by
micro-CT. The two-dimensional reconstruction images in the coronal
plane (Fig. 5H), axial plane (Fig. 5I), and sagittal plane (Fig. 5J) showed
that SF-TA group and SF-TA-E7 group hadmore bone tissue formed in the
defect area as compared to SF group. The bone structural parameters,
including BV/TV and Tb. N were obtained from micro-CT scanning
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images (Fig. 5K-L). Among the three groups, SF-TA group had the highest
BV/TV (16.23 � 1.38) and Tb. N (0.97 � 0.25) values, while SF group
had the lowest BV/TV (10.37� 4.10) and Tb. N (0.68� 0.23) values. The
BV/TV (14.68 � 1.08) and Tb. N (0.95 � 0.084) of SF-TA-E7 group were
slightly lower than those of SF-TA group, but no significant difference
was detected.

Histological evaluation was further performed to evaluate the quality
of the osteochondral defect repair (Fig. 6). In SF group, a large part of the
cartilage and subchondral bone remained unrepaired (Fig. 6A). In
contrast, the defects treated with SF-TA and SF-TA-E7 hydrogels were
completely filled with newly-formed tissue which was smoothly inte-
grated with the surrounding tissue both in the chondral and subchondral
area (Fig. 6B and C). It can be seen from the cell morphology and ECM
production that the newly-formed tissue in the chondral area of SF group
was mainly composed of weakly stained fibrocartilage (Fig. 6D and G).
On the contrary, the chondral area in the SF-TA and SF-TA-E7 groups had
strong safranine-O and toluidine blue staining, indicating that the newly-
Fig. 6. Histological evaluation of SF-TA hydrogel into osteochondral defect at
and (G–I) toluidine blue staining of the regenerated osteochondral tissue at 12 wee
(scale bars ¼ 100 μm) of the corresponding black dotted boxes in the upper panels (s
(L) histological total score of the repaired tissue according to the established histolo
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formed tissue consisted mainly of hyaline cartilage (Fig. 6E and F, 6H–I).
Typical round chondrocyte morphology and enhanced ECM production
could be observed in the repaired cartilage tissue in the SF-TA and SF-TA-
E7 groups, while mainly fibroblast morphology and less GAG was shown
in the SF group (Fig. 6D–I). In the subchondral area, the repaired tissue of
the SF group was mainly composed of loosely arranged fibrous tissue. In
contrast, the SF-TA and SF-TA-E7 hydrogels promoted the enhanced
regeneration of subchondral bone with abundant hyaline cartilage-like
tissue and bony tissue (Fig. 6D–I). Furthermore, the histological score
for cartilage evaluation showed that SF-TA (17.00 � 2.65) and SF-TA-E7
(17.00 � 2.00) groups had significantly enhanced scores than that of the
SF group (7.33 � 3.06, p < 0.01) (Fig. 6J). SF-TA-E7 group showed the
highest subchondral bone score, but no significant difference was
detected among all groups (Fig. 6K). Regarding the histological total
score, the SF-TA-E7 group showed the highest score (31.00 � 4.36)
which was significantly higher than that of the SF group (13.67� 6.81, p
< 0.05). Also, the histological total score of SF-TA group (29.33 � 4.16)
12 weeks after implantation. (A–C) H&E staining, (D–F) safranine-O staining,
ks after implantation. The lower panels represent higher magnification images
cale bars ¼ 1 mm). (J) Cartilage sub-score, (K) subchondral bone sub-score, and
gical scoring system. Results are shown as mean � SD. *p＜0.05, **p < 0.01.
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was significantly higher than that of SF group (p < 0.05) (Fig. 6L).
The results of the animal studies collectively indicate that compared

with SF hydrogel, SF-TA and SF-TA-E7 hydrogels have a superior repair
effect on osteochondral defects, highlighting the vital role of TA in the
repair process. Due to the lack of bioactivity of SF biomaterials,
unfunctionalized SF scaffolds are inadequate to support osteochondral
regeneration [5,77]. TA as a bioactive molecule, can alleviate oxidative
stress by scavenging ROS, maintain cell viability and promote cell pro-
liferation, thereby modifying the local unfavorable microenvironment of
repair following osteochondral defects and enhancing tissue regenera-
tion. We and other groups have previously reported that
E7-functionalized scaffolds (hydrogel, porous matrix, or 3D printed
scaffold) outperformed the unfunctionalized scaffolds with enhanced
reparative efficacy in the treatment of osteochondral defects [25,32,78,
79]. Indeed, in the current study, it was observed that SF-E7 hydrogel
(i.e. E7-incorporated SF hydrogel) had better repair performance
compared to the unfunctionalized hydrogel (SF hydrogel) (Fig. 6 and S5).
However, the repair efficacy of SF-E7 hydrogel was inferior to that of the
TA-functionalized hydrogels (SF-TA and SF-TA-E7 hydrogels) (Fig. 6 and
S5), and SF-TA and SF-TA-E7 hydrogels showed comparable regenerative
effect on osteochondral defects, suggesting that TA is more effective than
E7 in the promotion of osteochondral regeneration. A possible explana-
tion for this is that during osteochondral repair, recruiting BMSCs by
pro-migratory molecules is not a crucial step since endogenous BMSCs
can themselves migrate into the defect site. In contrast, providing a
suitable microenvironment for reducing the harmful effects of ROS
thereby maintaining cell viability and promoting cell proliferation, play a
more important role in the repair of osteochondral defects, which is
achieved by the incorporation of the bioactive TA molecule into the
hydrogel.

It has been reported that the increased ROS reduces osteogenic and
chondrogenic differentiation of MSCs [10,50]. However, in our study,
the SF-TA hydrogel did not significantly improve the osteogenic and
chondrogenic capacity of BMSCs (Fig. S3). In addition, the proteomic
data indicated that SF-TA hydrogel had no significant effect on osteo-
genesis or chondrogenesis-related proteins or pathways (Figs. 3–4).
Therefore, the enhancement effect of SF-TA hydrogel on osteochondral
regeneration is mainly due to its suppression of oxidative stress by
eliminating ROS, thereby maintaining cell viability and promoting cell
proliferation, rather than directly promoting the dual-lineage differen-
tiation of BMSCs. In the future, we may be able to load other types of
peptides, such as osteoinductive and chondroinductive factors to
improve BMSCs differentiation in the SF-TA hydrogel to achieve better
repair effects [25,32]. In addition, we also found that in the SF-TA group,
the regeneration of subchondral bone is not complete, which may be
related to the weak mechanical properties of the hydrogels. Indeed, the
high mechanical strength of the scaffold can improve stem cell-mediated
bone regeneration [80]. We have recently developed a SF-laponite
hydrogel, in which laponite as a nanoclay can increase its mechanical
properties and dual-lineage bioactivity of the hydrogel [5]. The incor-
poration of laponite into the current SF-TA hydrogel will be considered in
our future studies.

4. Conclusions

In conclusion, this study fabricated a multifunctional polyphenol-
based SF hydrogel to alleviate oxidative stress and provide a support-
ive microenvironment for osteochondral regeneration. The SF-TA
hydrogel with a supramolecular crosslinking structure exhibited
enhanced viscosity and hydrophilicity beneficial for osteochondral
regeneration, as well as a multitude of biological effects to eliminate
ROS, protect BMSCs from oxidative stress-induced cell death, and sustain
drug delivery. Notably, the proteomic analysis indicated that SF-TA
hydrogel suppressed oxidative stress, which in turn improved cell pro-
liferation in multiple proliferation and apoptosis-related pathways. When
implanted into rabbit osteochondral defects, SF-TA hydrogel
14
significantly facilitated simultaneous regeneration of both cartilage and
subchondral bone at 12 weeks after in vivo implantation. Thus, the SF-TA
hydrogel developed in this study provides a suitable microenvironment
for osteochondral regeneration. Since the materials (SF and TA) used in
this hydrogel have been approved by FDA, the SF-TA hydrogel shows
great promise for future clinical treatment of osteochondral defects.
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