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ABSTRACT

Osteochondral defects (OCD) cannot be efficiently repaired due to the unique physical architecture and the
pathological microenvironment including enhanced oxidative stress and inflammation. Conventional strategies,
such as the control of implant microstructure or the introduction of growth factors, have limited functions failing
to manage these complex environments. Here we developed a multifunctional silk-based hydrogel incorporated
with metal-organic framework nanozymes (CuTA@SF) to provide a suitable microenvironment for enhanced
OCD regeneration. The incorporation of CuTA nanozymes endowed the SF hydrogel with a uniform micro-
structure and elevated hydrophilicity. In vitro cultivation of mesenchymal stem cells (MSCs) and chondrocytes
showed that CuTA@SF hydrogel accelerated cell proliferation and enhanced cell viability, as well as had anti-
oxidant and antibacterial properties. Under the inflammatory environment with the stimulation of IL-1p,
CuTA@SF hydrogel still possessed the potential to promote MSC osteogenesis and deposition of cartilage-specific
extracellular matrix (ECM). The proteomics analysis further confirmed that CuTA@SF hydrogel promoted cell
proliferation and ECM synthesis. In the full-thickness OCD model of rabbit, CuUTA@SF hydrogel displayed suc-
cessfully in situ OCD regeneration, as evidenced by micro-CT, histology (HE, S/O, and toluidine blue staining)
and immunohistochemistry (Col I and aggrecan immunostaining). Therefore, Ci”TA@SF hydrogel is a promising
biomaterial targeted at the regeneration of OCD.

1. Introduction

local biomechanics and loss of protective ability after cartilage injury
usually induce subchondral bone destruction, termed osteochondral

Cartilage plays an irreplaceable role in the musculoskeletal system
for its lubricating and shock-absorbing properties. Attributed to the
trauma, increasing fitness activity and age-related degeneration, carti-
lage injury is one of the most common types of musculoskeletal injuries.
Clinically, it is of great challenge to repair injured cartilage due to its
unique physical architecture and poor nutrition supplement [1]. Addi-
tionally, cartilage has a close link with the subchondral bone. Changes in
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defect (OCD), which is quite possible to develop into post-trauma oste-
oarthritis in the future. Whereas, the simultaneous regeneration of
cartilage and subchondral bone is of great difficulty as an entirely
different physiological nature of these two layers [2]. Subchondral
drilling, microfracture and autologous chondrocyte implantation (ACI)
are employed in the treatment of cartilage injury at present. Although
these treatments can relieve the patient’s pain and partially restore
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cartilage defects, limited application, donor site morbidity, indistinct
long-term effects and allogeneic rejection are the matters desired to be
solved [3].

To date, it has been established that OCD is not just a disease
confined to the injured site. The onset of defects affects the microenvi-
ronment of the whole joint [4,5]. After OCD, an acute inflammatory
response occurs in the joint [6,7]. Previous studies have identified the
overexpression of interleukin-1p (IL-1p) in the surrounding tissues of the
defect [8,9]. The local inflammatory microenvironment has been proved
to be a barrier to osteogenic and chondrogenic differentiation of
mesenchymal stem cells (MSCs) [10-12]. At the same time, reactive
oxygen species (ROS) are generated and tightly associated with the
presence of the inflammatory microenvironment. Increased intracellular
ROS levels would be detected after inflammatory factor stimulates,
which subsequently contribute to the secretion of matrix-degrading
enzymes, such as matrix metalloproteinases (MMPs) and ADAMTS (a
disintegrin and metalloproteinase with thrombospondin motifs) [11,13,
14]. ROS reduces the efficiency of osteogenic differentiation of MSCs
[15,16] and induces the transition of chondrocytes to a hypertrophic
phenotype [17]. Researchers have found that some antioxidants can
regulate the expression of antioxidant enzymes like superoxide dis-
mutase (SOD) and heme oxygenase-1 (HO-1) through NF-E2-related
Factor 2 (Nrf2) pathway, thus the balance between oxidation and
anti-oxidation in the microenvironment will be maintained [18,19].
Collectively, excessive inflammatory factors and ROS are tightly asso-
ciated with the aggravated microenvironment after OCD, and this will
lead to cartilage extracellular matrix (ECM) degeneration and impede
OCD regeneration. The incidence of post-traumatic osteoarthritis will
increase in this hostile environment [14], causing irreversible damage to
the structure and function of the entire joint. Consequently, it is of great
importance to alleviate ROS and inflammatory factors in the microen-
vironment of OCD for enhanced regeneration.

Recently, tissue engineering methods, by adopting suitable bio-
materials and biomolecules, have shown promises for modifying the in
situ microenvironment, including targeting at ROS and inflammatory
reaction following OCD [20]. Tannic acid (TA), a natural polyphenolic
compound derived from plants, is growingly applied to tissue engi-
neering applications. TA not only can act as a surface modifier through
various chemical bonds like hydrogen bonds, coordination bonds, ionic
bonds and van der Waals forces, but also possess biological properties
such as antioxidant, anti-inflammation and antibacterial effects [21,22].
As a surface modifier, the incorporation of TA could control the
microstructure of the material. He X et al. reported that the addition of
TA to the photo-crosslinked silk fibroin (SF) could reduce the pore size
while improving the mechanical strength of the hydrogel [23].
Furthermore, we and other researchers have found that the surface
modification with TA can enhance the stability of the base materials,
realizing the controlled release of small molecules [24-26].
Plant-derived phenolic acids were also applied to the synthesis of
nanoparticles as a reducing agent. Polyphenolic modified nanoparticles
possess excellent antioxidant activities and have good dispersibility
avoiding cytotoxicity caused by aggregation [27]. It has been reported
that TA can decrease intracellular ROS levels upon hydrogen peroxide
stimulation [28,29], indicating that TA has the potential to protect cells
from oxidative stress-induced harmful effects. Additionally, due to the
rich galloyl group, TA is also considered to be an effective spectral
antibacterial molecule [30].

As a trace element, copper exerts an essential function in the struc-
tural composition and physiological activities of the human body. It has
been reported that copper-containing biomaterials such as hydrogel and
nanoparticles accelerate cell proliferation, thereby promoting tissue
regeneration [31-33]. In addition, copper-containing ceramic contrib-
uted to the polarization of macrophages towards the M2 phenotype and
exerted an anti-inflammatory effect in OCD regeneration [34].
Copper-dependent enzymes, like Cu-ZnSOD and Ceruloplasmin, are
indispensable components of the organism to scavenge ROS under the
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oxidative stress environment [35-37]. Recently, copper-based nano-
materials with enzyme-like activities (nanozymes) have attracted much
attention in the field of biomedicine. Lin et al. designed a metal-organic
framework (MOF) nanozyme that combined copper ion and TA. The
strong coordination interaction between copper ions and the TA organic
ligands enables the formation of a unique crystalline structure with high
stability, exhibiting excellent SOD-like activity for scavenging ROS in
cigarette smoke and reducing oxidative stress-induced lung inflamma-
tion [38]. Hence, we infer that the MOF nanozyme comprising of copper
nanoparticles and TA (CuTA nanozyme) may promote OCD regeneration
through scavenging ROS and moderating inflammation.

In this present study, a silk-based hydrogel incorporated with CuTA
nanozyme, i.e., CuTA@SF hydrogel, was developed to ameliorate
oxidative stress and inflammation to provide a suitable microenviron-
ment for OCD regeneration (Scheme 1). SF is one of the FDA and CFDA
approved biomaterials and has been widely used in tissue engineering
applications [39,40]. Our study tries to take advantage of CuTA nano-
zyme and SF to fabricate a novel multifunction CuTA@SF hydrogel to
promote the in-situ regeneration of OCD. The combination of SF and TA
through hydrogen bond forms a uniform network structure, in which
TA-modified copper nanoparticles can disperse well. The morphological
and physicochemical properties of CuUTA@SF hydrogel were systemati-
cally characterized by a series of in vitro experiments. In addition, the
biological properties of CuTA@SF hydrogel, including cytocompati-
bility, antioxidant activity, pro-differentiation capacity as well as the
activity of modulating the local inflammatory environment, were eval-
uated by using bone marrow-derived mesenchymal stem cells (BMSCs)
and chondrocytes. Proteomic analysis was further performed to detect
the involved pathways and mechanisms of cell behavior affected by the
CuTA@SF hydrogel. Finally, the CuTA@SF hydrogel was implanted into
a rabbit femoral osteochondral defect model to evaluate its ability to
promote OCD regeneration in vivo.

2. Materials and methods
2.1. Preparation of SF solution

First, raw silk fibers (Zhejiang Xingyue Biotechnology Co. Ltd,
China) were boiled in 0.02 M of Na;CO3 (Sinopharm, China) solution for
0.5 h and rinsed in distilled water. The obtained fibroin was dried in an
oven at 37 °C overnight and dissolved in a lithium bromide (Macklin,
China) solution. Then the solution was transferred to a dialysis bag
(Shanghai yuanye Bio-Technology Co., Ltd., China) and dialyzed against
deionized water for two days. Centrifugation was performed twice at
9000 rpm at 4 °C for 20 min. The resulting supernatant was collected
and stored at 4 °C.

2.2. The synthesis and characterization of CuTA nanozyme (Fourier
transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) and
thermogravimetry (TG) analysis)

12.8 mg copper nanoparticles (Sigma-Aldrich) and 10 mg TA (Sigma-
Aldrich) powder were added to 1 ml deionized water. After Shaking at
37 °C for 24 h, the obtained solution was centrifuged to collect the
precipitate. The precipitate was washed thoroughly with deionized
water three times and then dried at 37 °C to get the powder of CuTA.

Copper nanoparticles, TA and CuTA were used for FTIR (Nicolet iS50
FT-IR, Thermo Fisher, USA), XRD (Bruker D8-Advance, Germany) and
TG (SDT-Q600, TA, USA) analysis.

2.3. The coating efficiency and durability of CuTA nanozyme

The coating efficiency and durability of TA were evaluated with the
Enhanced BCA Protein Assay Kit (Beyotime, China) as previously re-
ported [25]. Briefly, we collected the supernatant during the process of
CuTA synthesis and the solution was subsequently detected with a
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Scheme 1. (A) Schematic illustration of the synthesis of CuTA nanozyme. (B) Schematic illustration of the synthesis of enzymatically crosslinked CuTA@SF hydrogel
and the reasonable form of intermolecular connection inside CUTA@SF hydrogel. (C) In the osteochondral defect model of rabbits, the implantation of CuTA@SF
hydrogel promoted cell proliferation, BMSC differentiation and ECM deposition. Moreover, CiUTA@SF hydrogel had antioxidant, anti-inflammation and antibacte-

rial capacities.

microplate reader (BioTek, USA) at 562 nm wavelength. Thus the con-
tent of TA coated on the copper nanoparticles was calculated.

10 mg CuTA nanozyme was incubated in PBS at 37 °C with shaking.
At the designed time point, the supernatant was collected and replaced
with fresh PBS for each sample. The concentration of TA released was
measured with a microplate reader (BioTek, USA) at 562 nm
wavelength.

2.4. Scaffold fabrication

Our silk hydrogel was crosslinked through enzyme-catalyzed cova-
lent bonds. 20u/ml horseradish peroxidase (HRP, Sigma-Aldrich) and
0.01% H»05 (Yuanle, Shanghai, China) were added to 4% SF solution
and then placed at 37 °C for 1 h to form a transparent SF hydrogel.
TA@SF hydrogel contained 50 pg/ml TA and Cu@SF hydrogel con-
tained 64 pg/ml copper nanoparticles. The mixed solution containing
CuTA after the reaction of copper nanoparticles and TA was incorpo-
rated into the 4% SF solution to acquire CuTA@SF hydrogel.

2.5. pH measurement

The pH of SF, Cu@SF, TA@SF and CuTA@SF was measured with a
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pH meter (Aquasearcher, OHAUS).

2.6. Scanning electron microscope (SEM) imaging/mapping and
transmission electron microscope (TEM)

The hydrogels were freeze-dried for 24 h to receive the test samples.
Then samples were sputter-coated with gold and imaged under SEM
(Zeiss supra55, Germany) to observe the microstructure of the material
surface. Energy dispersive spectrometer (EDS) mapping analysis was
conducted on Oxford X-MaxN150 for CuTA@SF hydrogel. The
morphology of CuTA was observed with SEM (JEOL JSM-7900F, Japan)
and TEM (JEOL JEM-1400Flash, Japan).

2.7. The measurement of pore size and porosity

The pore size of the freeze-dried hydrogels was analyzed with ImageJ
software (NIH, USA) using SEM pictures. The porosity was calculated
with the ethanol-exchange method [41]. The dried hydrogel was
weighed (Wh) and immersed in anhydrous ethanol to get the wet weight
(Wa). The porosity of hydrogel was calculated under the following
equation: Porosity = Wa- Wh/pV. p represents the density of ethanol,
and V is the volume of the dried hydrogel.
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2.8. Equilibrium water content

Four groups of hydrogels (1 ml, n = 5) were immersed in PBS for 24
h, and then the resulting gel was lyophilized for 24 h to get a dry gel. The
equilibrium water content was calculated by the reduced weight before
and after lyophilizing weigh using the following equation. Equilibrium
water content = C,;-C4q/Cy, where Cy, and Cq refer to the weight of wet
and dry hydrogels, respectively.

2.9. Swelling ratio

The swelling ratio of our hydrogel was determined by the weight
change at the designed point (0 h, 3 h, 6 h, 12 h, 48 h, 72 h). The
hydrogels (1 ml, n = 5) were freeze-dried overnight and then weigh to
get the beginning weight (Wy,), whereafter the hydrogel was immersed
in PBS at 37 °C so that we could obtain the wet weight (W), and the
swelling ratio was calculated using the following equation: swelling
ratio= (W, - Wp)/Wp,

2.10. In vitro degradation

1 ml hydrogel (n = 5) was lyophilized 24 h to get a dry gel (D0), and
then the gel was fully immersed in 1 ml PBS placed in a shaker at 37 °C
and 100 r. At a designed point, we took out the hydrogel, put it in dH,0
overnight, and placed it in a 37 °C oven to weigh the dry gel (D1)

Weight remains (%) = Dy/ Dy

2.11. SF-TA binding power spectrum analysis and the release of TA from
CuTA@SF

We performed fluorometric titration experiments to analyze the
binding between SF and TA, as previously reported [42]. 50 pg/ml TA
was added to the SF solution and a microplate reader (Thermo Fisher
Scientific) was used to record the emission spectra of the mixture from
270 to 550 nm and the excitation wavelength was fixed at 250 nm.

The CuTA@SF hydrogels were immersed in PBS. Then the superna-
tant was collected and measured with a microplate reader (BioTek, USA)
at 562 nm wavelength using the Enhanced BCA Protein Assay Kit
(Beyotime, China) to evaluate the release of TA.

2.12. X-ray photoelectron spectroscopy (XPS) analysis

XPS was conducted to analyze the elemental composition of the
material surface on the spectrometer (ThermoFisher 250xi).

2.13. Water contact angle

The water contact angle was tested with an optical surface analyzer
(OSA100, L10018A302, Lauda Scientific). 5 pl deionized water dropped
onto the material’s surface, and we recorded the contact angle of water
droplets on the surface when they reached a steady state.

2.14. Evaluation of the rheological property

The assessment of the rheological property was performed using a
rheometer (Anton Paar, Graz, Austria). Dynamic frequency sweep was
performed at 1% strain from 0.1 to 100 rad/s and dynamic strain sweep
was carried out from 0.1% to 100% strain at the speed of 10 rad/s.
Viscosity was obtained at a shear rate of 0.01-1/s.

2.15. Antioxidant study

(a) DPPH radical-scavenging activity
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DPPH working solution containing 250 pM of DPPH (Shanghai Jinsui
Bio-Technology, China) in 95% ethanol was prepared. DPPH solution
was mixed with our hydrogel. Shaking was then carried in the dark on a
shaker under conditions of 200 rpm and 37 °C for 2 h. The absorbance of
each reaction solution was detected at 517 nm with a microplate reader
(Thermo Fisher Scientific). The DPPH radical-scavenging activity was
calculated using the following equation: scavenging efficiency (%) = (A,
- Ap)/Ayp, Here, Ay, is the absorbance value of the blank solution (250 pM
DPPH solution) and A, is the absorbance value of each reaction solution.

(b) Measurement of intracellular ROS

BMSCs and chondrocytes were seeded into a 96-well plate and pre-
treated with extract of the scaffold from each group for 24 h. 1 ng/ml IL-
1B (Genscript, Nanjing, China) or 400 pM Hy0, (Yuanle, Shanghai,
China) was added to the medium to stimulate cells for 20 min or 24 h,
respectively. Then the cells were incubated with a DCFH-DA probe
(Beyotime, China) and Hoechst (Beyotime, China) at 37 °C for 20 min.
Fluorescence images of each group were obtained using an inverted
fluorescence microscope (Mshot, China). Quantification analyses of ROS
intensities were done using ImageJ software (NIH, USA). The cells
incubated only in the growth medium were treated as NTC and incu-
bated in the medium containing 1 ng/ml IL-1p or 400 pM Hy0, were
treated as PTC.

2.16. Cell culture

Primary rat BMSCs were purchased from Cyagen Biosciences (Suz-
hou, China). Mouse chondrocytes were extracted from the joint cartilage
tissue of 5 ~ 6-day-old C57Bl/6 mice as previously reported [43].
DMEM low-glucose (Gibco, Carlsbad, CA) with 1%
penicillin-streptomycin (P/S, Gibco, Carlsbad, CA) and 10% fetal bovine
serum (FBS, Wisent, Canada) was used for cell culture. Cells were
incubated in an incubator at 37 °C with 5% CO», and the medium was
changed every three days.

The extracts SF, Cu@SF, TA@SF, CuTA@SF were prepared as the
following steps: 3 ml hydrogel (height: 3 mm, diameter: 3.5 cm) of each
group was immersed in 26.6 ml culture medium at 37 °C for 24 h. After
removing the hydrogel and filtered with a 0.45 pm filter, the medium
was collected and supplemented with FBS and P/S as needed. The har-
vest medium was stored at 4 °C before use.

2.17. Cell viability

BMSCs and chondrocytes were seeded into a 96-well plate at a
density of 10% cells/well. The medium was replaced with the test me-
dium when BMSCs were adherent to the wall. After incubated for 48 h, a
calcein-AM/PI double staining kit (Dojindo, Japan) was used to measure
cell viability. The test medium should be changed with the working
solution and incubated in an incubator at 37 °C with 5% CO; for 20 min.
Then inverted fluorescence microscope (Carl-Zeiss, Germany) was used
to observe the cell and collect the images. Quantitative analysis of cell
viability was performed using ImageJ software (NIH, USA).

2.18. Cell proliferation

Cell proliferation was measured with the CCK8 kit (APExBIO, USA)
following the producers’ suggestions. Briefly, cells were cultured in 96
well plates for 1, 3, 5 days with a primary density of 10° cells/well. At
the designed point, the test medium was replaced by a 10% CCK8
working solution and was incubated in an incubator at 37 °C with 5%
CO2 for 1 h. The absorbance of the culture medium was measured at
450 nm wavelength employing a microplate reader (BioTek, USA).
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2.19. Osteogenic differentiation

(a) BMSCs were cultured in 96-well plates with a growth medium
(DMEM, 10% FBS, 1% P/S). After adherent to the well, the me-
dium was replaced with an osteogenic induction medium con-
taining 10% FBS, 1% P/S, 10~> M B-glycerophosphate (Gibco,
Carlsbad, CA), 10~> M dexamethasone (Sigma, St. Louis, MO), 50
mg L~! l-ascorbic acid (Sigma, St. Louis, MO). The medium was
changed every three days until seven days. The BCIP/NBT Alka-
line Phosphatase Color Development Kit (Beyotime, China) was
used following the producers’ suggestions to evaluate the positive
induction of osteogenesis. The samples were further stained with
DAPI (Beyotime, China) to calculate the positive-stained cell
number. The image analysis was performed in ImageJ software
(NIH, USA).

1 ng/ml IL-1p was added into the test medium, and the rest of the
procedure was followed as above to assess the ability of the test
medium against the effect of proinflammatory cytokine on
osteogenesis. The BMSCs incubated only in the osteogenic me-
dium were treated as NTC and incubated in osteogenic differen-
tiation medium with 1 ng/ml IL-1p stimulated was treated as
PTC.

b

-

2.20. The deposition of glycosaminoglycan (GAG) in the cartilage ECM

(a) Chondrocytes were cultured in 96-well plates with a growth
medium (DMEM, 10% FBS, 1% P/S). After adherent to the well,
the medium was replaced with L-DMEM containing the extract of
hydrogels. Alcian blue staining (1%, pH = 2.5, Macklin, China)
was used to assess the level of GAG in the ECM of chondrocytes.
Staining was eluted with 6 M guanidine hydrochloride (Sino-
pharm, China), the final dye solution was detected at 630
wavelengths with a microplate reader.

1 ng/ml IL-1p was added into the medium containing the extract
of hydrogels, and the rest of the procedure was followed as above
to assess the ability of hydrogel against the effect of proin-
flammatory cytokine on ECM degradation. The chondrocytes
incubated only in growth medium were treated as NTC and
incubated in L-DMEM combined with 1 ng/ml IL-1f were treated
as PTC.

(b

-

2.21. Antibacterial activity

In this study, Staphylococcus aureus was employed to evaluate our
hydrogel’s antibacterial ability, which is the most common pathogen of
surgical infections. 100 pl bacterial suspension at a concentration of
3.75 x 10° CFU/ml was added to a 10 cm dish prepared with agar
medium. After incubated for 24 h, the bacteria Petri dish was taken out
to measure the antibacterial ring’s diameter to evaluate the antibacterial
properties of the gels.

The microplate proliferation assay was conducted to evaluate the in
vitro antimicrobial activity of CuTA@SF as previously reported [44,45].
Hydrogels were incubated with 500 pl bacterial suspension at a con-
centration of 107 CFU/ml in the 48-well plate at 37 °C for 1 h. Then 200
pl of the resulting soluting was transferred to a new 96-well plate.
Proliferation over 12 h was observed with a microplate reader (BioTek,
USA) at 630 nm wavelength.

2.22. Western blot (WB)

WB was conducted to evaluate the protein expression level after
culturing BMSCs and chondrocytes with hydrogels for 7days or 5 days.
The protein of the cells was extracted with a Total ProteoExtract Kit
(KeyGEN, Nanjing, China). After measuring the concentration with a
BCA Protein Assay Kit (KeyGEN, Nanjing, China), the proteins were
separated with SDS-PAGE electrophoresis and transferred to PVDF
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membranes. Blocking with 5% BSA for 1 h, the PVDF membranes were
incubated with the primary antibodies at 4 °C. The antibodies applied
include anti-SOX-9 (Proteinteck, China), anti-COL-2 (Abcam, UK), anti-
RUNX2 (Proteinteck, China), anti-COL I (Proteinteck, China), GAPDH
(KeyGEN, Nanjing, China). After washing in Tris buffered saline-Tween
(TBST), the blots were developed with an HRP-conjugated secondary
antibody and visualized with ChemiDoc MP Imaging System (Bio-rad).
Protein band intensity was quantified using ImageJ and normalized to
the corresponding GAPDH bands (NIH, USA).

2.23. Proteomics analysis

BMSCs were cultured with an osteogenic induction medium con-
taining the extract of SF and CuTA@SF hydrogels exposed to 1 ng/ml IL-
1p for 7 days. Chondrocytes were cultured with L-DMEM containing the
extract of SF and CuTA@SF exposed to 1 ng/ml IL-1f for 5 days. At the
designed time point, samples (n = 3/group) were collected to extract
protein for further reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC). The result of mass spectra underwent qualitative and
quantitative analysis on MaxQuant/Andromeda software (version
1.3.0.5). Further data analysis was conducted on DAVID, String, Cyto-
scape and OmicStudio (OmicStudio tools at https://www.omicstudio.
cn/tool). Differentially expressed proteins were defined as P < 0.05.
The proteomics data were deposited in the iProX database (htt
ps://www.iprox.cn/, protein ID: IPX0004122000).

2.24. Animal model

The ethical inspection committee of the Nanjing first hospital
approved the study protocol. Fifteen New Zealand white rabbits were
used in this study. We prepared the hydrogels and preserved them in a
wet environment before surgery. After general anesthesia, OCD surgery
(height: 4 mm, diameter:5 mm) was performed on the femoral condyle
to implant the four pre-formed hydrogels (SF, Cu@SF, TA@SF,
CuTA@SF). The defect region had no treatment designed as a control
(CTL), and every group had six parallel samples. All rabbits received the
intramuscular injection of the antibiotic drug for three days. After 12-
week post-operation, all animals were sacrificed, and the femur
condyle was collected for further study.

2.25. Macroscopic and histological assessment

Firstly, the samples were observed with a stereoscope. Para-
formaldehyde was used to fix tissue and samples were immersed in
EDTA at 37 °C for one month to decalcify. After being embedded in
paraffin and sliced, the sections were stained with hematoxylin-eosin
(HE), safranin O/fast green (S/0), and toluidine blue staining to deter-
mine the type of the neo-tissue. Immunohistochemistry was used to
specifically analyze the expression of type I collagen (COL I) and pro-
teoglycan (AGG) in the osteochondral region. According to the estab-
lished histological scoring system, we conducted -cartilage and
subchondral bone evaluation [46].

2.26. Micro-CT evaluation

The knee samples were scanned and imaged with a micro-CT scanner
(SkyScan1176, Bruker, Germany). The Source Voltage and Source Cur-
rent of the scanning were 70 kV and 329pA. The obtained image under
the resolution of 9 pm was analyzed with CTan (Bruker, Germany) to get
data including bone mineral density (BMD), bone volume/total volume
(BV/TV), trabecular thickness (Tb. Th) and trabecular numbers (Tb. N).
Then the 3D reconstruction was performed with the software Data-
Viewer (Bruker, Germany) and CTvox (Bruker, Germany).


https://www.omicstudio.cn/tool
https://www.omicstudio.cn/tool
https://www.iprox.cn/
https://www.iprox.cn/

Z. Cao et al.

2.27. Total RNA isolation and quantitative real-time reverse
transcriptase-polymerase chain reaction (QRT-PCR)

BMSCs and chondrocytes were cultured with the test medium for 5 or
7 days. Total RNA extraction was performed using an RNA prep Pure
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Cell/Bacteria Kit (Tiangen, China), following the product’s instructions.
Then the concentration of RNA was measured and reverse transcriptase
was performed to get cDNA. qRT-PCR was conducted with an SYBR
Green qPCR Kit (Accurate Biotechnology Co., Ltd., China). Primer
sequence of target genes (Genscript, China) are:
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Target gene species forward reverse

GAPDH Rat/Mouse GCAAGTTCAACGGCACAG CGCCAGTAGACTCCACGAC
COLI Rat TGGATGGCTGCACGAGT TTGGGATGGAGGGAGTTTA
RUNX2 Rat CCAACTTCCTGTGCTCCGTG GTGAAACTCTTGCCTCGTCCG
COL-2 Mouse CCTCCGTCTACTGTCCACTGA ATTGGAGCCCTGGATGAGCA
SOX-9 Mouse CGGCTCCAGCAAGAACAAG GCGCCCACACCATGAAG
ADAMTSS Mouse GCCATTGTAATAACCCTGCACC TCAGTCCCATCCGTAACCTTTG
NRF2 Mouse TAGATGACCATGAGTCGCTTGC GCCAAACTTGCTCCATGTCC
SOD-1 Mouse AACCAGTTGTGTTGTCAGGAC CCACCATGTTTCTTAGAGTGAGG
HO-1 Mouse GATAGAGCGCAACAAGCAGAA CAGTGAGGCCCATACCAGAAG

2.28. Statistics

Statistical analysis was conducted using one-way ANOVA with
Tukey’s multiple comparisons and comparisons between 2 groups were
evaluated by t-test. All data were expressed as means + standard devi-
ation (SD). Differences were considered statistically significant when p
< 0.05.

3. Result and discussion
3.1. Fabrication and characterization of CuTA@SF hydrogel

CuTA nanozyme was fabricated by modifying copper nanoparticles
with TA to form a CuTA coordination framework (Scheme 1A), and its
nano-structure was revealed by the SEM and TEM images with an
average diameter of 470.42 + 140.21 nm (Fig. 1A-C). Quantitative re-
sults showed that the particle size of copper nanoparticles (440.00 +
124.26 nm) had no significant difference compared with that of CuTA
nanozyme (Figs. SIA and B). We further used BCA assays to determine
the amount of TA coated on the surface of copper nanoparticles. 18.19%
TA i.e., 1.819 mg was firmly coated on copper nanoparticles when
immersed in 10 mg TA solution for 24 h. From the FTIR spectrum of TA
(Fig. 1D), the broad absorption peak at 3280 cm ™! was —~OH vibration
and C=O stretching vibration appeared at 1710 cm™!. The absorption
peaks at 1610 cm™!, 1530 cm ™! and 1440 cm™! represented benzene
ring skeleton and C—=C vibration. C-H stretching vibration appeared at
1310 eml. 1190 em ™! and 1020 em ™! were the vibrations of C-O-C.
755 cm ™! was the vibration peak of the C-H on the side chain benzene
ring. The above characteristic absorption peaks were consistent with the
characteristic structure of TA [47-50]. TA could be adsorbed on the
surface of nanoparticles, possibly by interaction with x electrons and
carbonyl groups as previously reported [27,51,52]. In the spectrum of
CuTA (Fig. 1D), we could find some notable absorption peaks in contrast
to original copper nanoparticles including at 1480 cm™}, 1340 cm™},
1190 em™}, 1075 ecm ™! and 756 cm ™!, which are the characteristic ab-
sorption peak of TA, indicating the interaction between the copper
nanoparticles and the benzene ring, C-H, C-O-C of TA. Therefore,
copper nanoparticles were successfully modified with TA to form CuTA
nanozyme. The XRD pattern of CuTA nanozyme showed sharp peaks at
diffraction angles 43.3°, 50.55° and 74.29°, which are the characteristic
diffraction angles of copper [53] (Fig. 1E). The thermal stability of the
CuTA nanoparticles was higher than TA and lower than the original
copper nanoparticles shown in TG curves (Fig. 1F). 10 mg CuTA nano-
zyme was further immersed in PBS solution to evaluate the release of TA.
About 0.51 mg of the TA was released on the first day. The release curves
displayed about 0.96 mg of the TA release into the PBS solution after 6
days of incubation (Fig. S2). The prepared CuTA nanozyme was subse-
quently incorporated into SF solution, followed by enzymatic cross-
linked via HRP and H30> to form a stable CuTA@SF hydrogel (Scheme
1B). HRP and H,0, were adopted to promote crosslinking of tyrosine
residues of SF, leading to a transparent appearance and stable structure
of hydrogel [54]. The transition before and after gelation was shown in
Fig. 1G and the pure silk hydrogel was clear and transparent. The color
of SF hydrogel turned brown and yellow with the incorporation of
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copper nanoparticles, TA or CuTA nanozyme. It has been reported that
the residual HyO, content in the enzymatically crosslinked SF hydrogel
was quite low and non-toxic [55], implicating that our hydrogels will
not cause additional oxidative stress after being implanted to the injury
site.

Pore size and porosity are critical criteria in the design of scaffold.
Proper pore size and porosity can provide a favorable microenvironment
for the migration and proliferation of cells without reducing the me-
chanical properties of the scaffold [56,57]. Scanning electron micro-
scopy (SEM) was used to observe the microstructure of the hydrogel. It
was observed that the pore morphology was changed with the incor-
poration of copper nanoparticles, TA or CuTA nanozyme (Fig. 1H).
Cu@SF had the largest pore size (156.1 + 11.44 pm) compared with the
other three groups. The existence of copper nanoparticles might affect
the structure of silk fibroin causing larger porous structures. The same
phenomenon was reported in previous research where Villanueva et al.
found that the starch hydrogel incorporated with copper nanoparticles
displayed an increased pore size [58]. While with the addition of TA, the
pore size of TA@SF became smaller (122.0 + 10.05 pm, p < 0.0001)
compared with that of SF (140.4 + 19.66 pm, Fig. 1I). The formation of
hydrogen bonds between SF and TA resulted in the smaller pore size and
uniform structure of TA@SF. The pore size of the CUTA@SF hydrogel
(131.9 4+ 11.10 pm) was not significantly reduced as compared with that
of SF hydrogel (Fig. 11). The porosity of CuTA@SF (23.34 + 5.70%) was
higher than that of other hydrogels such as SF (17.95 + 3.40%), Cu@SF
(19.56 + 2.73%) and TA@SF (17.56 + 4.49%), although there was no
statistically significant difference between groups (Fig. 1J). It has been
observed in previous studies that the pore size of scaffold with a diam-
eter of 100-160 pm was beneficial for the regeneration of cartilage and
bone [59-61]. Hence, our silk-based hydrogels are suitable for the repair
of OCD.

The elemental mapping verified that the copper element was suc-
cessfully located on the surface of CW”TA@SF hydrogel (Fig. 2A). The
existence of copper nanoparticles was further confirmed by XPS, and the
copper content of the CuTA@SF and Cu@SF was 0.21% and 0.19%,
respectively (Fig. 2B). The difference in the content of C, N, O between
Cu@SF and CuTA@SF was negligible. To observe the interaction be-
tween SF and TA, we performed fluorometric titration experiments [42].
In the fluorescence emission spectra, the wave peak of 1% and 4% SF
solution was located at 305 nm. And the intensity at 305 nm was
significantly decreased with the incorporation of 50 pg/ml TA, con-
firming the formation of the chemical bond between SF and TA in the
hydrogel (Fig. S3). The BCA assay was also used to measure the release
of TA from CuTA@SF. After incubation in PBS for 3day, the release of TA
(15.94 £ 0.72 pg, 31.89 + 1.44%) reached a steady state (Fig. S4). The
pH value of the hydrogel solutions showed no significant difference
between the groups: SF (6.21 + 0.04), Cu@SF (6.21 + 0.05), TA@SF
(6.18 + 0.04), CuTA@SF (6.24 + 0.05) (Fig. S5).

TA, a widely-used natural surface modifier, could improve the hy-
drophilicity of base materials like sodium alginate, polycaprolactone
and polyvinylidene [25,28,62]. Therefore, we compared the hydrophi-
licity of the prepared hydrogels through water contact angle and equi-
librium water content. CuTA@SF and TA@SF exhibited a smaller water
contact angle at 5° and 18° compared with SF (40°) and Cu@SF (27°),
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Fig. 2. (A) The EDS-mapping analysis of CuUTA@SF hydrogel. (B) Surface elemental analysis of Cu@SF and CuTA@SF hydrogels with XPS. (C) The water contact
angle of SF, Cu@SF, TA@SF and CuTA@SF hydrogels using deionized water. (D) The Equilibrium water content of SF, Cu@SF, TA@SF and CuTA@SF hydrogels. (E)
The swelling ratio of SF, Cu@SF, TA@SF and CuTA@SF hydrogels in PBS at 37 °C. (F) In vitro degradation curves of SF, Cu@SF, TA@SF and CuTA@SF hydrogels in
PBS at 37 °C. (G) Dynamic modulus of SF, Cu@SF, TA@SF and CuTA@SF hydrogels at varying stains from 0.1% to 100%. (H) Dynamic modulus of SF, Cu@SF,
TA@SF and CuTA@SF hydrogels at varying angular frequency from 0.1 to 100 rad/s. (I) Viscosity-shear rate curves of SF, Cu@SF, TA@SF and CuTA@SF hydrogels.
Results were shown as mean + SD, ****p < 0.0001.

which indicated the better hydrophilic properties of the material surface
as the addition of TA (Fig. 2C). The equilibrium water content of TA@SF
(92.65 + 0.147%, p < 0.0001) and CuTA@SF (92.89 + 0.148%, p <
0.0001) were also increased compared with SF (90.68 + 0.074%),
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implying that TA@SF and CuTA@SF could absorb more water under the
equal condition (Fig. 2D). The better hydrophilic property indicated that
TA@SF and CuTA@SF could absorb more nutrition in the communica-
tion with the surrounding liquid environment and recruit more BMSCs
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following the infiltration of bone marrow blood [63,64].

The swelling ratio results demonstrated that all hydrogels reached a
swelling equilibrium state after 72 h, with no obvious difference be-
tween groupsat 3h, 6 h, 12h, 48 h and 72 h (Fig. 2E). Next, we observed
the degradation of hydrogels in the PBS solution. The CuTA@SF
hydrogel underwent continuous degradation with 87.9% remaining at
70 days (Fig. 2F). Concretely, the stability of the hydrogels ensures the
early support for tissue regeneration, while the slow degradation of the
hydrogels could give space for the growth of neo-tissues [65,66]. The SF
hydrogel before and after degradation were examined with FTIR anal-
ysis to detect the change in secondary structure. From the FTIR spectra
of SF hydrogel before degradation, the C-N stretching at 1234 cm ™!
remained unchanged. The C=0 stretching at 1634 cm™! was shifted to
1625 cm ™! and the N-H bending at 1514 cm ™! was shifted to 1527
cm’l, which were attributable to the formation of p-sheet structure [67]
(Fig. S6). Moreover, the characteristic structure induced by the p-sheet
structure cannot be clearly detected in the FTIR spectra of SF hydrogel
after degradation, indicating the destruction of the secondary structure.
However, the degradation of the hydrogel in PBS in vitro cannot fully
imitate its degradation in vivo. Further precise degradation systems,
such as enzymatic degradation, are needed to simulate the degradation
process in vivo.

Then we conducted the rheological experiment to evaluate the flow
and deformation of the prepared hydrogel under external force. From
the strain sweeps, the incorporation of TA, copper nanoparticles or
CuTA nanozyme did not change the linear-viscoelastic (LVE) region
(Fig. 2G). The storage modulus (G') at 0.1-100 rad/s of SF, Cu@SF,
TA@SF and CuTA@SF were higher than the loss modulus (G”), indi-
cating the stable mechanical strength of hydrogels (Fig. 2H). Previous
studies confirmed that adding copper into base materials like bioceramic
and alloy would achieve elevated mechanical properties [68,69].
However, the addition of 64 pg/ml copper nanoparticles did not
significantly change the mechanical properties of the SF hydrogel in this
current study. One reasonable explanation is that the amount of copper
nanoparticles we used was relatively low to enhance the crosslinking of
the hydrogel. The incorporation of TA could not enhance the mechanical
properties of hydrogels from the result of the rheological experiment
(Fig. 2G and H). However, previous studies have reported the improved
mechanical properties of scaffold as the incorporation of TA [23,70].
Unlike those studies using TA as a cross-linking agent, the crosslinking of
our hydrogel was mediated by HRP/H202 system and TA is mainly
acting as a bioactive molecule. The viscosity-shear rate curve showed
that CuTA@SF, TA@SF and Cu@SF had higher viscosity values
compared with SF (Fig. 2I). TA contains a high density of polyphenol
groups, which allows it to interact with other molecules via hydrogen
bonding and display significant surface adhesion [71]. Metal nano-
particles such as copper and silver might participate in the dense
crosslinking network of hydrogel [58,72], resulting in increased vis-
cosity. When implanted into the defect area, enhanced viscosity would
facilitate the connection between the hydrogel and surrounding tissues
[73,74].

Through the above experiments, we have demonstrated the suc-
cessful fabrication of CuTA@SF hydrogel and revealed the different
physicochemical properties of SF, Cu@SF, TA@SF and CuTA@SF
hydrogels.

3.2. The cytocompatibility and antibacterial activity of CuTA@SF
hydrogel

In order to evaluate the cytocompatibility of CuTA@SF hydrogel, we
first performed live/dead staining assay. BMSCs and chondrocytes were
incubated in a growth medium containing the extract of hydrogels for 3
days. The viability of BMSCs reached over 90% in Cu@SF, TA@SF and
CuTA@SF, which was significantly higher than that of SF hydrogel
(Fig. 3A and B). In the group of chondrocytes, TA@SF (90.78 + 4.34%),
Cu@SF (93.66 + 3.97%) and CuTA@SF (96.07 + 1.87%) also showed
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higher cell viability compared with SF (85.97 + 4.54%), implying
enhanced cytocompatibility as the incorporation of TA, copper nano-
particles or CuTA nanoparticles (Fig. 3D and E).

The proliferation of cells over time was evaluated by CCK8 assay. The
results of BMSCs showed that cells cultivated in Cu@SF, TA@SF and
CuTA@SF grew significantly faster at day 1 compared with SF. Besides,
Cu@SF and CuTA@SF had higher proliferation rates compared with SF
and TA@SF on day 3 and 5 (Fig. 3C). As for chondrocytes, it was
observed that TA@SF significantly promoted cell proliferation at day 1
compared with SF and Cu@SF. Compared with SF, the functionalized
hydrogels (Cu@SF, TA@SF and CuTA@SF) showed no promoting effect
on cell proliferation on day 3 but had a significant pro-proliferation
ability on day 5 (Fig. 3F). Consequently, the incorporation of copper
or CuTA nanoparticles significantly increased the proliferation of BMSCs
and chondrocytes. Consistent with previous research [75], as copper is a
cofactor for many critical metabolic enzymes in the body and encour-
ages the release of essential growth factors like IGF [76],
copper-containing material possessed pro-proliferation capacity. Be-
sides, TA can promote the proliferation of chondrocytes at an early
stage, which was possibly caused by the polyphenol structure covalently
interacting with the ECM of chondrocytes [77]. In conclusion, the
incorporation of 50 pg/ml TA and 64 pg/ml nano-copper into SF-based
biomaterial was safe enough for OCD regeneration. And CuTA@SF
significantly accelerated the proliferation of BMSCs and chondrocytes.

Infections often lead to delayed healing of bone defects and surgery
failure, which is a major obstacle to the application of orthopedic im-
plants. Especially for implants in the joint cavity, once infection occurs it
will cause irreparable damage to the function of the entire joint, and
revision surgery is needed ultimately. The antibacterial activity of
copper nanoparticles was associated with membrane damage, plasmid
DNA degradation and oxidative stress in a dose-dependent manner [78].
TA was applied to antibacterial material increasingly due to the rich
galloyl group [30,79]. Since TA and copper are well-known antibacterial
molecules, the antibacterial ability of Cu”TA@SF hydrogels was evalu-
ated with Staphylococcus aureus, one of the most common bacteria in
surgical infections. In the agar diffusion experiment, CUTA@SF exhibi-
ted the largest diameter of the antibacterial ring (16.50 + 2.29 mm, p <
0.05 for CuTA@SF vs SF, Fig. 3G and H). TA@SF and Cu@SF also
exhibited antibacterial activity compared with SF in the gross view of
the antibacterial ring, but there was no statistically significant difference
between these three groups (Fig. 3G and H). As antibacterial activity is
positively correlated with the concentration of antibacterial molecules,
the concentration of TA and copper nanoparticles in this study was not
enough to show an antibacterial effect alone in the agar diffusion
experiment. The microplate proliferation assay was further carried out
to evaluate the antibacterial activities of hydrogels for 12 h. The results
indicated that Staphylococcus aureus grew slowly incubated with Cu@SF,
TA@SF and CuTA@SF hydrogels compared with SF hydrogels.
CuTA@SF displayed the best capacity to suppress bacterial growth for
12 h (Fig. 3I). Hence, CuTA@SF is a suitable candidate to eliminate
pathogenic microorganisms that may exist in the microenvironment
after OCD.

3.3. Effect of CuTA@SF hydrogel on BMSCs differentiation and
deposition of cartilage ECM

After confirming that the developed hydrogels have favorable cyto-
compatibility, we next evaluated their capacity to influence BMSCs
differentiation. Alkaline phosphatase (ALP) is an important indicator for
early bone formation and we conducted ALP staining for BMSCs
culturing with the induction medium containing the extract of hydrogels
for 7 days. BMSCs treated with CuTA@SF had the highest staining in-
tensity and area compared with the other three groups (Fig. 3J). Further
quantitative analysis showed that CuUTA@SF enhanced the staining in-
tensity and possessed the most positive-stained cells compared with
other groups (Fig. 3K and L). Cu@SF and TA@SF did not alter the
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Fig. 3. (A) Cell viability of BMSCs cultured in the extract of SF, Cu@SF, TA@SF and CuTA@SF hydrogels was evaluated with Live/dead staining. (B) Quantification
of BMSCs viability with the image of Live/dead staining. (C) The proliferation of BMSCs cultured in the extract of SF, Cu@SF, TA@SF and CuTA@SF hydrogels at
1,3,5 days was evaluated with CCK-8. (D) Cell viability of chondrocytes cultured in the extract of SF, Cu@SF, TA@SF and CuTA@SF hydrogels was evaluated with
Live/dead staining. (E) Quantification of chondrocytes viability with the image of Live/dead staining. (F) The proliferation of chondrocytes cultured in the extract of
SF, Cu@SF and CuTA@SF hydrogels at 1,3,5 days was evaluated with CCK-8. (G) The image of SF, Cu@SF, TA@SF and CuTA@SF hydrogels were placed on the agar
medium containing Staphylococcus aureus. (H) The anti-bactericidal activity of SF, Cu@SF, TA@SF and CuTA@SF hydrogels were evaluated with the inhibition halo
diameters against Staphylococcus aureus. (I) The antibacterial activity of SF, Cu@SF, TA@SF and CuTA@SF hydrogel was evaluated by microplate proliferation assay.
(J) Stereoscope and microscopic images of BMSCs co-stained with ALP and DAPI. (K) Quantification of ALP staining with stereoscope images. (L) The number of ALP
positive-stained cells. (M) Alcian blue staining for chondrocytes cultured in the extract of SF, Cu@SF, TA@SF and CuTA@SF hydrogels. (N) Quantification of Alcian
t‘)lue staining. Results were shown as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

staining intensity and positive-stained cell number compared with SF,
indicating the addition of copper nanoparticles and TA alone could not
facilitate the production of ALP on day 7 (Fig. 3K and L). BMSCs
differentiate into specific lineages following the early activation of
BMSC:s to the defect site, which is critical to OCD regeneration. Copper
could stimulate the differentiation of mesenchymal stem cells into os-
teoblasts and improve the biological process essential for endothelial
cell proliferation by upregulating the expression of vascular endothelial
growth factor (VEGF) [80-82]. TA was frequently employed as a
particularly ideal coating to reinforce the bone-implant interface due to
its microenvironment improved capabilities [83,84]. The combination
of copper nanoparticles and TA would achieve a better performance in
the osteogenesis of BMSCs, which implied that the novel CuTA@SF
hydrogel had the potential to promote the osteogenic differentiation of
BMSCs.

The content of GAG produced by chondrocyte was evaluated by
Alcian blue staining after 3-day culturing. The staining intensity of
CuTA@SF and Cu@SF was stronger than that of the TA@SF and SF as
shown in Figure 3M. Subsequent quantitative analysis at 630 nm
wavelength confirmed that the staining intensity of CuTA@SF and
Cu@SF was significantly higher than that of SF and TA@SF, indicating
that copper-containing hydrogels increased the GAG production from
chondrocytes. CuTA@SF had the highest content of GAG compared with
SF, Cu@SF and TA@SF, accelerating the deposition of GAG (Figure 3N).
Previous studies have established that copper was essential for the ho-
meostasis of cartilage ECM through GAG deposition and copper-
dependent enzyme lysyl oxidase-mediated collagen -cross-linking
[85-87]. Hence, CuTA@SF hydrogel is a potential biomaterial for
cartilage injury healing.

3.4. The antioxidant activity of CuTA@SF hydrogel

The in vitro antioxidant activity of CuTA@SF hydrogels was evalu-
ated by DPPH radical scavenging experiment. DPPH solution shows a
deep purple color with active free radicals and the color will turn yellow
when antioxidants exist. As shown in Fig. 4A, the DPPH solution con-
taining SF and Cu@SF hydrogels still exhibited deep purple. However,
the solution turned yellow in the group of TA@SF and CuTA@SF.
Further quantitative analysis at 517 nm wavelength showed that the
DPPH elimination rate of TA@SF and CuTA@SF both reached 60%,
significantly higher than that of SF (10.9%) and Cu@SF (10.8%)
(Fig. 4B), indicating that TA or CuTA nanozyme can efficiently scavenge
DPPH while copper nanoparticles alone did not possess in vitro anti-
oxidant ability.

Due to the tight connection between ROS and inflammatory factors,
we tried to detect the intracellular ROS level of BMSCs and chondrocytes
after being stimulated with inflammatory factors, IL-1p. Fluorescent
staining showed an elevated level of intracellular ROS in the simulated
inflammatory environment of PTC compared with NTC (Fig. 4C). The
ROS fluorescence intensity of the BMSCs and chondrocytes pretreated
with the extract of Cu@SF, TA@SF and CuTA@SF was significantly
decreased compared with that of SF (Fig. 4C, E, F). Cu@SF exhibited
excellent performance in scavenging intracellular ROS different from
the DPPH experiment. As copper nanoparticles cannot directly react
with ROS in vitro shown in the DPPH experiment, we speculated that the
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release of copper may strengthen the activity of antioxidant enzymes in
the cells to modulate oxidative stress, and this function can only be re-
flected in living cells.

H50,, a stable form of ROS, can promote the generation of intra-
cellular ROS [88]. To further verify the antioxidant activity of CUTA@SF
hydrogel, BMSCs and chondrocytes were treated with HyO5 containing
the extract of SF, Cu@SF, TA @SF and CuTA@SF hydrogels for 24 h. The
strong green fluorescence could be observed in BMSCs and chondrocytes
after HyO, was treated (Fig. 4D). The Cu@SF, TA@SF and CuTA@SF
groups showed negligible green fluorescence compared with SF (Fig. 4D,
G, H), indicating that Cu@SF, TA@SF and CuTA@SF could effectively
scavenge intracellular ROS upon H,05 stimulation.

Overall, copper nanoparticles, TA and CuTA nanozyme played their
respective roles in scavenging ROS. The application of CuTA@SF could
efficiently resist oxidative stress not only by directly reacting with ROS
such as DPPH and H,0; but also by regulating inherent antioxidant
capacity.

3.5. The activity of modulating the local inflammatory environment

The initiation of acute inflammation would trigger a healing cascade
which may act as a pro-repair factor when an osteochondral defect oc-
curs. However, chronic inflammation would develop if the homeostasis
of inflammation and anti-inflammation was not maintained well [89,
90]. It is crucial to fabricate a material that could modulate the local
inflammatory environment and promote the regeneration progress at
the same time [91], especially in critical size osteochondral defects in
which the spontaneous regeneration capacity is insufficient. The over-
expression and release of inflammatory factors in the local microenvi-
ronment after injury, such as IL-1p, hinder the differentiation of MSCs
and accelerate the degradation of the ECM. In our study, we used 1
ng/ml IL-1B to simulate the local environment in the joint after OCD.
BMSCs were incubated in an osteogenic medium containing extract of
hydrogels and simultaneously exposed to 1 ng/ml IL-1p. The degree of
osteogenesis was evaluated by ALP staining after 7 days of induction.
The results demonstrated that ALP staining intensity was obviously
decreased after being stimulated with IL-1f, implying that inflammatory
factors inhibited the early osteogenic differentiation of BMSCs (Fig. 5A).
SF, Cu@SF and TA@SF presented the weakened ALP staining compared
with NTC, indicating the poor ability of these hydrogels against IL-1f
that impede osteogenesis (Fig. 5A, C). However, the ALP staining in-
tensity of CuTA@SF reached the level of NTC, demonstrating that the
incorporation of CuTA nanozyme significantly alleviated the microen-
vironment that inhibited osteogenesis under the existence of inflam-
matory factors (Fig. 5A, C). Although the ALP staining intensity was not
significantly improved, CuTA@SF enhanced the ALP positive-stained
cell number as compared with that of PTC. Besides, Ci”TA@SF had the
highest ALP positive-stained cell number compared with SF, Cu@SF and
TA@SF (Fig. 5D). Therefore, CiUTA@SF could reverse the inhibitory
effect of IL-18 on BMSC osteogenesis.

The expression levels of osteogenic genes COL I and RUNX2 were
evaluated with q-PCR under the same treatment. The CuTA@SF showed
a higher gene expression of COL I (2.4-fold, p < 0.0001) at day 7
compared with PTC. The Cu@SF and TA@SF also exhibited higher
expression levels of COL I about 1.91-fold (p < 0.05) and 1.92-fold (p <
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Fig. 5. (A) Stereoscope and microscopic images of BMSCs stimulated with 1 ng/ml IL-1p co-stained with ALP and DAPI. (B) Images of chondrocytes stimulated with
1 ng/ml IL-1p stained with Alcian blue. (C) Quantification of ALP staining. (D) The number of ALP positive-stained cells. (E) Quantification of Alcian blue staining.
Gene expression levels of osteogenic associated genes COL I (F) and RUNX2 (G) were measured at day 7. The grayscale maps of western blots for BMSC (H) and the
corresponding quantification for Col I (I), RUNX2 (J) at day 7. Gene expression level of chondrocyte phenotype associated genes COL-2 (K) and SOX-9 (L) was
measured with qPCR at day 5. The grayscale maps of western blots for chondrocyte (M) and the corresponding quantification for Col-2 (N), SOX-9 (O) at day 5. Gene
expression level of ECM degradation-related enzyme ADAMTS5 (P) was measured with qPCR. Gene expression levels of Nrf2 pathway-related genes NRF2 (Q), SOD-1
(R) and HO-1 (S) were measured with qPCR at day 5. (T) The proposed model for the protective effect of CUTA@SF in OCD, wherein it inhibited ECM degradation
induced by IL-1p via the Nrf2/SOD-1, HO-1 pathway. The effects of CUTA@SF on BMSCs osteogenesis and chondrocyte phenotype maintaining. Results were shown

as mean =+ SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

0.05) compared with PTC, respectively (Fig. 5F). The expression of
RUNX2 for CuTA@SF, TA@SF and Cu@SF was significantly higher than
that of SF (Fig. 5G). Osteogenic differentiation markers (Col-1, RUNX2)
were also evaluated with WB analysis. Consistent with the PCR result,
the expression level of Col I and Runx2 were elevated with the treatment
of CuTA@SF at day 7 (Fig. 5SH-J). Taken together, CUTA@SF hydrogel
showed excellent pro-osteogenic potential under the inflammatory
environment as evidenced by both ALP staining and osteogenic gene
expression.

To explore whether CuTA@SF could maintain chondrocyte pheno-
type under the inflammatory environment, primary chondrocytes were
cultivated with the growth medium containing the extract of hydrogels
with the stimulation of 1 ng/ml IL-1f to evaluate the protective effect for
chondrocyte ECM. Alcian blue staining was used to compare the depo-
sition of ECM for different groups after 5 days of induction. The staining
images and further quantitative analysis showed poorer staining of PTC
with the stimulation of 1 ng/ml IL-1p compared with NTC (Fig. 5B, E),
consistent with previous studies that inflammatory factors promoted the
degradation of ECM [11,13,92]. CuTA@SF exhibited the strongest
staining in contrast to SF, Cu@SF and TA@SF (Fig. 5B), which was
further verified by quantitative analysis at 630 nm wavelength (Fig. 5E).

The expression levels of chondrocyte markers, ECM degradation
enzyme and Nrf2 pathway-related genes were evaluated with q-PCR.
The results showed that the expression of ADAMTS5, a pivotal ECM-
degrading enzyme of cartilage, for CuTA@SF was downregulated
compared with that of PTC (p < 0.0001), SF (p = 0.0638) and Cu@SF (p
< 0.01) (Figure 5P). And there was no significant difference between the
group of SF, Cu@SF and TA@SF. The gene expression of COL-2 and SOX-
9 of CuTA@SF was 2.365-fold and 1.562-fold respectively compared
with that of PTC, although no significant difference was observed.
TA@SF showed the highest gene expression of COL-2 (4.45-fold for
TA@SF vs PTC, p < 0.001) and SOX-9 (2.93-fold for TA@SF vs PTC, p <
0.01) (Fig. 5K and L), indicating TA as a biomolecule possesses the po-
tential to maintain chondrocyte phenotype. Despite its excellent po-
tential for cartilage phenotype maintenance, the matrix deposition
performance of TA@SF manifested in GAG was inferior to that of
CuTA@SF. We further explored the chondrogenic proteins (Col-2, SOX-
9) expression affected by hydrogels with WB analysis. The expression of
Col-2, SOX-9 was significantly upregulated in CuTA@SF compared with
PTC and SF at day 5 (Fig. 5SM — O), confirming the chondroprotective
effect of CuTA@SF following the IL-1p-induced inflammatory environ-
ment. These results collectively indicated that CuTA@SF could rescue
the degradation of ECM under inflammatory environment and the po-
tential mechanism would be discussed in the following experiment.
Nrf2, a member of the capncollar-basic leucine zipper (CNC-bZIP)
transcription activator family, exists in the cytoplasm in an inactive state
under physiological conditions. Under the oxidative stress and inflam-
mation environment, the configuration of Nrf2 changes and Nrf2 will
transfer to the nucleus to combine with antioxidant response elements
(ARE) to regulate the expression of antioxidant enzymes SOD-1 and HO-
1. Previous works have shown that the Nrf2 pathway protected the
cartilage ECM from degradation caused by inflammatory factors and
oxidative stress [13]. We performed qPCR to evaluate the mRNA
expression level of NRF2, SOD-1 and HO-1. The data revealed that the
expression levels of NRF2, SOD-1 and HO-1 were elevated with the
incorporation of CuTA nanozyme. Cu@SF (1.69-fold, p < 0.05 for
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Cu@SF vs PTC), TA@SF (2.00-fold, p < 0.01 for TA@SF vs PTC) and
CuTA@SF (1.95-fold, p < 0.01 for CuTA@SF vs PTC) presented a higher
mRNA level of NRF2 (Figure 5Q), indicating the activation of this
pathway. Expression levels of the downstream gene (SOD-1, HO-1)
exhibited the same trend (Figure 5R, S) in the CuTA@SF group, which
was consistent with the detection of intracellular ROS levels (Fig. 4C and
D).

ROS was also considered to be associated with the cell death of post-
traumatic injury [93]. The excellent antioxidant capacity of CUTA@SF
may protect the cell from ROS-induced cell death, thereby promoting
cell proliferation, which was corresponding to the CCK8 result showing
CuTA@SF had the highest proliferation rate compared with other
groups. We further evaluated the proliferation of BMSCs and chon-
drocytes in a simulated injury microenvironment (1 ng/ml IL-1 and 400
pm Hy05) for 3 days. Under the stimulation of IL-1p, CuTA@SF dis-
played an increased proliferation rate compared with SF in BMSCs and
chondrocytes (Figs. S7A and B), suggesting its superior ability to
modulate inflammatory environments. In addition, H,O, was employed
to generate oxidative stress in cells. As previously noted, TA could
reverse HyOq-induced cell damage [94]. TA@SF and CuTA@SF had a
greater proliferation rate than SF, according to the CCK8 results of
BMSCs (Fig. S7C). After 3 days of culturing, TA@SF and CuTA@SF also
demonstrated increased proliferation compared to SF in chondrocytes,
although there was no significant difference between the four groups
(Fig. S7D).

Taken together, ROS was generated under IL-1f induction, leading to
ECM degeneration. CuTA nanozymes improved the antioxidant capacity
through Nrf2 pathway to modulate oxidative stress. Furthermore, CuTA
nanozymes promoted osteogenic gene expression (COL I and RUNX2)
and maintain the chondrocyte phenotype under inflammatory micro-
environments (Figure 5T). Overall, CuTA@SF hydrogel was able to
modify the local microenvironment in the presence of inflammatory
factors, thereby holding promises for OCD regeneration.

3.6. The proteomics analysis of CuTA@SF hydrogel on BMSCs and
chondrocytes

Proteomics analysis was conducted to detect the underlying mech-
anism of cellular behavior influenced by CuTA@SF hydrogel. We
compared the influence of SF and CuTA@SF hydrogels on BMSCs and
chondrocytes in the presence of IL-1f. Heatmap showed differential
protein expression (Fig. 6A and B). The samples of Ci”TA@SF possessed
different protein expressions compared with SF in principal component
analysis (Fig. 6D, F). In the group of BMSCs, 2134 proteins were iden-
tified. In Fig. 6C, the volcano map showed 97 differentially expressed
proteins including 48 up-regulated and 49 down-regulated proteins,
marked in red and blue respectively. In the group of chondrocytes, there
were 2762 identified proteins and 146 differentially expressed proteins
including 74 up-regulated and 72 down-regulated proteins (Fig. 6E).

We performed GO enrichment analysis to further evaluate the
pathways affected by CuTA@SF. In BMSCs, the up-regulated proteins
were enriched in “tissue migration”, “chemical homeostasis”, “smooth
muscle cell migration”, “regulation of vasculature development” and
“muscle contraction”, which were closely related to the process of
osteogenesis. In vitro experiments showed that the CuTA@SF could
eliminate intracellular ROS and counteracted the inflammatory
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microenvironment under the stimulation of IL-1p (Fig. 4C-H, Fig. 5A-S).
Some items related to inflammation and antioxidant were also enriched
such as “cellular response to interleukin-1”, “cellular response to
hydrogen peroxide” and “negative regulation of extrinsic apoptotic
signaling pathway” (Fig. 6G). The down-regulated proteins were
enriched in “cell death” and “apoptotic process”, which corresponded to
the previous CCK-8 and Live/dead staining (Fig. 3A-F) that CuTA@SF
promoted proliferation and maintained cell viability (Fig. 6I). In chon-
drocytes, the most up-regulated proteins were enriched in “tissue
development”, “metal ion homeostasis” and “chondrocyte proliferation”
(Fig. 6H). The down-regulated proteins were enriched in “membrane
protein proteolysis” and “response to other organisms”, indicating that
CuTA@SF had the potential to promote cartilage regeneration after
injury via maintaining microenvironmental homeostasis (Fig. 6J). The
molecular function part of GO enrichment analysis was further dis-
played in enrichment chord analysis. In BMSCs, up-regulated proteins
were enriched in “oxidoreductase activity”, “metal ion binding” and
“catalytic activity”. Pathway-related proteins were displayed in
Fig. S8A. The enrichment chord analysis of chondrocytes demonstrated
that up-regulated proteins were involved in the “enzyme activator ac-
tivity”, “enzyme regulator activity”, “nitric-oxide synthase binding” and
“cytoskeletal protein binding” (Fig. S8B).

Differentially expressed proteins were employed to map protein-
protein interaction (PPI) networks. In the group of BMSCs, the result
verified that EGR1, TAGLN, CSRP1 were up-regulated proteins exerting
important functions (Fig. SOA). EGR1 is a transcription factor regulating
cell differentiation and growth. And previous research confirmed that
EGR1 substantially contributed to the osteogenesis of stem cells and
tissue repairment after injury [95,96]. TAGLN acts as an
actin-crosslinking/gelling protein that regulates the cytoskeleton for cell
proliferation, migration and differentiation to adapt to external stimuli
[97]. CSRP1 is a cysteine-rich protein that effectively promotes the
growth and development of the skeletal system [98-100]. In the group
of chondrocytes, FN1, Uqcrfsl, Ndufb10, ATP5D, Cox17 were hub
up-regulated proteins in the PPI network (Fig. S9B). FN1(fibronectinl) is
a biomolecule located in the ECM involving cell migration and adhesion
via cell-ECM interaction [101]. The up-regulation of Uqcrfs1l, Ndufb10
and ATP5D may have contributed to the increase in electron transfer and
energy production in the mitochondrial respiratory chain. Cox17 was
thought to transport intracellular copper ions and protect the cell from
oxidative stress [102].

We also conducted gene set enrichment analysis (GSEA) to detect
subtle protein expression changes. In the group of BMSCs, the results of
GSEA showed that CuTA@SF up-regulated ECM related pathways under
osteogenic induction such as “type I collagen synthesis in the context of
osteogenesis imperfecta”, “collagen formation”, “ECM organization”,
“ECM regulators”, “collagen biosynthesis and modifying enzymes” and
“ECM proteoglycans” (Fig. S9C). Consistent with the PCR results under
osteogenic induction (Fig. 5G), GSEA also exhibited enhanced RUNX2
expression and activity (Fig. S9C), which is crucial for osteoblast dif-
ferentiation and bone morphogenesis. TGFp1 and WNT signaling path-
ways, which are traditional osteogenesis-related pathways, were found
to be up-regulated under the incubation of CUTA@SF in GSEA analysis
(Fig. S9C). HO-1 (HMOX-1), a downstream regulatory gene of the Nrf2
pathway, plays the role of antioxidant and protecting cells from oxida-
tive stress. HO-1 related pathways like “regulation of HMOX-1 expres-
sion and activity” and “cytoprotection by HMOX-1" exhibited an upward
trend (Fig. S9C). Consistent with GO analysis, the term “apoptotic
execution phase” was down-regulated in GSEA (Fig. S9C). In the group
of chondrocytes, the GSEA analysis of “interleukin-1 signaling” and
“interleukin-1 family signaling” (Fig. S9D) indicated that CuTA@SF
could reduce the unfavorable effect of IL-1p, which confirmed the po-
tential mechanism that CuTA@SF could protect the ECM of cartilage
under the inflammatory factor stimulation. There were up-regulated
pathways such as “G2 M cell cycle”, “cell cycle genes in IR response
24hr”, “apoptosis modulation and signaling” and “EGR 2 targets up”

236

Bioactive Materials 20 (2023) 221-242

(Fig. S9D), which implied that the CuTA@SF hydrogel could accelerate
cell proliferation compared with SF.

Collectively, the proteomic analysis has confirmed that CuTA@SF
hydrogel elevated the expression of the proteins of osteogenesis-related
pathways and influenced apoptosis signaling pathways to facilitate cell
proliferation. Moreover, the antioxidant properties were also enhanced
and the inflammatory factor signal was down-regulated with the treat-
ment of CuUTA@SF hydrogel, thus CuTA@SF hydrogel is excellent in
modulating the undesired microenvironment and improving OCD
regeneration.

3.7. In vivo evaluation of CuTA@SF hydrogel for OCD repair

Hydrogels were implanted into the rabbit OCD and samples were
collected at 12 weeks post-implantation to evaluate the efficiency of
OCD regeneration. The gross observation revealed that the SF-based
hydrogels were biocompatible since there was no purulent exudation
or inflammatory response in the joints of each sample. The defect areas
of each group were filled with white neo-tissue and cracks existed in the
regeneration area of CTL, SF, Cu@SF and TA@SF groups. However, the
repaired tissue in CuTA@SF had a regular surface and was well inte-
grated with surrounding tissues (Fig. 7A). Cross-sectional views showed
that TA@SF and CuTA@SF hydrogels were almost completely degraded
(Fig. 7B). Previous studies have reported that the degradation rate of silk
hydrogel in vivo was associated with the enzymatic hydrolysis and hy-
drophilic reaction in the implant area as well as the microstructure of
hydrogels [103]. The incorporation of TA enhanced the hydrophilicity
of the SF-based material, thus may accelerate the hydrolysis and enzy-
matic hydrolysis process and facilitate the proper degradation of
CuTA@SF and TA@SF hydrogels in vivo. In contrast, most of SF and
Cu@SF hydrogels still existed in the defect area, hindering the growth of
new tissue, which would be further displayed in histological staining
and CT images.

In the micro-CT images (Fig. S10), it was found that a large void
remained in the center of the defect region in CTL, indicating that the
spontaneous regeneration of BMSC is insufficient in the repair of critical-
size defects. In marked contrast, there were calcified tissues filled and
formed a bony connection with surrounding subchondral bone in
Cu@SF, TA@SF and CuTA@SF (Fig. S10). Three-dimensional recon-
struction also exhibited that the area of regenerated trabecular bone was
the largest in CuTA@SF (Fig. 7C). To further evaluate the efficiency of
subchondral bone regeneration in different groups, we performed a
quantitative micro-CT analysis. The BMD of CuTA@SF reached 0.24 +
0.05 g/cm®, which was higher than that of CTL (0.13 + 0.02 g/cm®, p <
0.01 for CuTA@SF vs CTL), SF (0.13 + 0.03 g/cms, p < 0.01 for
CuTA@SF vs SF), Cu@SF (0.18 + 0.03 g/cms, p = 0.0785 for CuTA@SF
vs Cu@SF) and TA@SF (0.17 + 0.02 g/cms, p = 0.0874 for CuTA@SF vs
TA@SF) (Fig. 7D). Although the improvement was not significant, the
BMD of Cu@SF and TA@SF was higher than CTL, implying the im-
plantation of hydrogels facilitated the growth of subchondral bone. The
unfunctionalized SF hydrogel had a weak ability to promote the
regeneration of subchondral bone which showed the value of BMD
similar to that of CTL. The results of BV/TV and TB.N showed a unani-
mous trend between groups as BMD (Fig. 7E and F). CuTA@SF possessed
the highest values of BV/TV and TB.N compared with other groups.
TA@SF and Cu@SF performed better than CTL and SF in the regener-
ation of subchondral bone as evaluated by the above analysis. The
subchondral bone regeneration effect of CuTA@SF was the best, which
was consistent with the in vitro results of ALP staining (Fig. S3J). There
was no apparent difference in TB.Th between groups (Fig. 7G), which
indicated that the thickness of the regenerated trabecular bone was
similar. Hence, the results of BMD, BV/TV and TB.N demonstrated that
CuTA@SF improved the quality of trabecular bone regeneration
compared with other hydrogels.

Subsequently, the sections of the femoral condyle sample were
stained with HE (Fig. S11). In HE staining, all samples had no occurrence
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Fig. 7. General view (A) and cross-sectional view (B) of the femoral condyles of rabbit osteochondral defect model in CTL, SF, Cu@SF, TA@SF and CuTA@SF at 12
weeks after surgery. The residue hydrogels were marked by an asterisk. (C) Three-dimensional reconstruction images of three planes (coronal, axial, sagittal) using
the micro-CT data of CTL, SF, Cu@SF, TA@SF and CuTA@SF. The green color stands for newly formed subchondral bone. Bone mass analysis of the obtained samples
with quantitative micro-CT for (D) bone mineral density (BMD), (E) bone volume/total volume (BV/TV), (F) trabecular numbers (Tb. N) and (G) trabecular thickness
(Tb. Th). Results were shown as mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 8. (A) S/O staining image of regenerated osteochondral samples at 12 weeks after surgery. The evaluation of cartilage (B) and subchondral bone (C) regen-
eration using the established histological scoring system. Immunohistochemical staining of regenerated osteochondral tissue for AGG (D) and Col I (E) at 12 weeks

after surgery. Results were shown as mean + SD, *p < 0.05, **p < 0.01.
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of osteoarthritis. Although the defect region of each group had more
than 50% neo-tissue filling, the physical stratified structure of cartilage
and subchondral bone was varied. The clear boundary between cartilage
and the subchondral bone area was lost in CTL, SF and Cu@SF, espe-
cially in the middle of the defect. In contrast, the cartilage and sub-
chondral bone structure of TA@SF and CuTA@SF were clear, and the
tide line was visible (Fig. S11). The samples were further stained with S/
O (Fig. 8A) to evaluate the distribution of GAG in newly formed tissue.
Previous studies demonstrated that uncontrolled self-repair via endog-
enous stem cells often leads to the production of fibrocartilage [67]. In
S/0 staining, the regenerated disorganized fibrous tissue filled the
cartilage layer and subchondral bone layer in CTL, demonstrating
limited and inefficient autonomous regeneration. In SF, the subchondral
bone region of the defect was filled with positive safranin O-stained
tissue and the cartilage region of the defect was covered with fast
green-stained fibrous tissue, which revealed immature and incomplete
regeneration by pure SF hydrogel. Efficient repair of subchondral bone
provides sufficient blood supply and structural support for articular
cartilage. In line with previous in vitro studies, the extract of SF and
Cu@SF have insufficient ability to stimulate osteogenic differentiation
(Fig. 3J). There were only fiber tissue and few trabecular bones formed
in the subchondral bone area of SF and Cu@SF. In TA@SF, the boundary
between cartilage and subchondral bone was distinct. But the charac-
teristic of hyaline chondrocytes was not obvious in the newly formed
cartilage of TA@SF. Notably, CuTA@SF exhibited excellent repair per-
formance, showing the formation of neo-cartilage tissue with a typical
round shape of articular chondrocyte. Newly formed cartilage tightly
integrated with the adjacent host cartilage in CuTA@SF. The sub-
chondral region of the defect was filled with newly formed subchondral
bone and had scattered positive safranin O-stained tissues, indicating
the orderly tissue repair in the endochondral ossification process sup-
ported by CuTA@SF hydrogel (Fig. 8A). The histological score based on
S/0 staining was carried out to assess the regeneration of cartilage.
CuTA@SF had the highest score (15.40 + 2.61) compared with CTL
(9.75 £ 2.22, P < 0.05 for CuTA@SF vs CTL), SF (9.00 + 2.71, P < 0.01
for CuTA@SF vs SF), Cu@SF (10.25 4 1.89, P < 0.05 for CuTA@SF vs
Cu@SF) and TA@SF (10.67 + 0.58, P = 0.0718 for CuTA@SF vs
TA@SF) (Fig. 8B). The following histological score of subchondral bone
demonstrated that CuTA@SF hydrogel had the highest ability to pro-
mote subchondral bone formation, as evidenced by the values of
CuTA@SF (8.60 + 1.52), TA@SF (5.67 £ 2.31), Cu@SF (4.25 £ 0.50),
SF (4.50 £+ 1.73) and CTL (6.00 + 1.41) (Fig. 8C).

The regenerated tissue in the cartilage region showed considerable
positive toluidine blue staining in all samples. But the top layer of CTL
and SF displayed relatively poor toluidine blue staining indicating the
formation of fibrous cartilage (Fig. S12). Consistent with S/O staining,
CuTA@SF showed more hyaline cartilage and strong toluidine blue
staining similar to normal cartilage. Furthermore, immunohistochem-
istry staining of COL I and AGG were performed to characterize the
ECM-specific proteins in the newly formed osteochondral tissue. The
most intense positive AGG staining was detected in the cartilage layer of
CuTA@SF, confirming the effective formation of hyaline cartilage.
Relatively weak positive AGG staining was found in Cu@SF and TA@SF.
There was almost no positive AGG staining area in the cartilage layer of
CTL and SF (Fig. 8D). The positive staining of COL I was observed in the
subchondral regions of all samples. Cu”TA@SF had the largest orderly
positive staining area of COL I in the regenerated subchondral bone
region, suggesting effective trabecular bone regeneration (Fig. 8E).
Taken together, the above results demonstrated that the CuTA@SF
hydrogel provided a suitable microenvironment for enhanced OCD
regeneration in vivo.
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4. Conclusion

In this study, we fabricated a novel multifunctional CuTA@SF
hydrogel with synergistic effects of anti-oxidant, anti-inflammation and
antibacterial properties to improve OCD regeneration. The CuTA
nanozyme established before was used for scavenging ROS in cigarette
smoke or as antibacterial material, but has not been explored for
regenerative applications. To our knowledge, it is the first study that the
combination of CuTA nanozyme and silk fibroin was employed in the
regeneration of osteochondral defects. Cu”TA@SF possessed the capacity
of scavenging active free radicals like DPPH and moderating the
elevated level of intracellular ROS, thus maintaining the homeostasis
between oxidation and antioxidant. CuTA@SF was founded to enhance
the proliferation of BMSCs and chondrocytes, as well as inhibit the
growth of Staphylococcus aureus, the most common pathogen in ortho-
pedics. Under inflammatory microenvironment, CuTA@SF promoted
the osteogenic differentiation of BMSCs and enhanced the deposition of
cartilage-specific ECM, showing the ability to modulate the local in-
flammatory environment. In vivo rabbit OCD model confirmed the
excellent biocompatibility and efficient OCD regeneration ability of
CuTA@SF. In summary, the novel multifunctional CuTA@SF hydrogel
developed in this study provides a potential scaffold for clinical treat-
ment of OCD.
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