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Originating from synovial tissue, matrix metalloproteinase-9 (MMP-9) is a key inflammatory factor that promotes
the formation and invasion of synovial pannus, leading to cartilage matrix destruction in rheumatoid arthritis
(RA). However, clinical trials of systemic use of MMP-9 inhibitors are not successful due to severe side effects.
Thus, locally inhibiting MMP-9 may be an alternative in the treatment of RA. Herein, we developed MMP-9
binding peptide-functionalized copper sulfide nanoparticles (CuS-T NPs) and delivered them with light cross-
linking chondroitin sulfate methacrylate (ChSMA) hydrogel. We found that the CuS NP-doped hydrogels could
inhibit synovial inflammation. Specifically, the CuS-T/ChSMA hydrogel could rapidly bind to MMP-9, thereby
inhibiting not only the invasion of RA fibroblast-like synoviocytes but also the polarization of inflammatory M1-
type macrophages. The underlying mechanism involved the inhibition of the MAPK pathway. Moreover, ChSMA
hydrogel provided a cartilage matrix-mimic microenvironment and synergistically promoted the generation of
collagen-2 and aggrecan with CuS NPs. In an adjuvant-induced arthritis mouse model, the intra-articular in-
jection of ChSMA/CuS-T hydrogel significantly alleviated synovial inflammation and accelerated cartilage repair
without causing any side effects, killing two birds with one stone in RA therapy.

1. Introduction

The formation of inflammatory synovium and pannus usually in-
vades and corrodes the extracellular matrix (ECM) of cartilage in
rheumatoid arthritis (RA), the most common autoimmune joint disorder
that impacts an estimated incidence of 0.5 %-1 % of the global popu-
lation [1]. Matrix metalloproteinases (MMPs) are a family of
zinc-dependent endopeptidases that play a pivotal role in the degrada-
tion of the ECM. Specifically, MMP-9 (gelatinase B), one of the gelati-
nase subgroups, stands out as a dominator in the progression of cartilage
destruction of RA. The primary substrates for MMP-9 include collagen-2
(Col-2) and aggrecan (ACAN), which are the main constituents of
cartilage [2]. Predominantly produced by inflammatory macrophages
within synovium, MMP-9 activates the growth, migration, and invasion

of RA fibroblast-like synoviocytes (RA-FLS) [3]. RA-FLS and macro-
phages subsequently produce the inflammatory cytokine tumor necrosis
factor-a (TNF-a) as the potent inducers of MMP-9 expression [4,5]. The
escalating levels of MMP-9 exacerbate the progression of RA, thereby
establishing a pernicious cycle [6-8].

To inhibit MMP-9, great efforts have focused on the zinc binding
groups (ZBG) within MMP-9 as a target. The first generation of
hydroxamic acid drugs, including Batimastat, Marimastat, and GM6001,
are designed to bind to the ZBG [9]. However, these drugs face signifi-
cant challenges: first, the nonselective inhibition of a disintegrin and
metalloproteinases (ADAMs) causes severe side effects such as muscu-
loskeletal syndrome in clinical trials; second, the poor solubility and low
bioavailability hinder their efficacy. Subsequent iterations, such as Pri-
nomastat and Rebimastat [10], are refined versions of the ZBG
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inhibitors, yet they have been withdrawn from clinical trials due to
insufficient efficacy and alarming toxicities. The most recent product
Minocycline, a derivative of doxycycline, has demonstrated the ability
to inhibit MMP-9. However, the concentration required for effective
MMP-9 inhibition exceeds the systemic toxic threshold, presenting a
significant obstacle [11,12].

Intra-articular injection is a clinical routine in the treatment of
arthritis because it can directly target the affected joints [13,14].
Compared to traditional oral or intravenous administration,
intra-articular delivery increases drug concentrations in synovial fluid
while reducing the incidence of systemic side effects [15]. However, free
drug injection is associated with a burst release effect, resulting in a
short duration of efficacy and requiring frequent injections. Hydrogels
offer the advantages of tunable physical properties, joint lubrication,
and sustained slow release of drugs [16,17], making them ideal
intra-articular drug delivery systems. In recent years, light crosslinking
hydrogels based on methacrylated natural polymers, for example gelatin
methacrylate (GelMA), have gained growing attraction in regenerative
medicine due to its excellent biocompatibility and ease of operation
[18]. When combined with methacrylate (MA) and photoinitiator, these
hydrogels provide a stable framework with controlled release and
injectable property after a light-driven crosslinking process [19]. Among
the methacrylated natural polymers, chondroitin sulfate (ChS) is a type
of glycosaminoglycan widely distributed in the ECM and has been
approved for the treatment of arthritis [20]. ChS also has a natural af-
finity for cartilage, favoring the retention of hydrogels at the cartilage
injury site [21-23]. However, hydrogel itself is limited by the weak
mechanical strength and lack of a regeneration-inducing ability, making
it difficult to meet the needs of tissue repair [24,25]. Hence, hydrogel
always combine with other materials (e.g., functional nanomaterials) to
enhance its mechanical strength and biological activity.

To this end, here we developed peptide functionalized copper sulfide
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(CuS) nanoparticles (NPs) as therapeutic agents and deliver them using
chondroitin sulfate methacrylate (ChSMA) hydrogel. Our previous ex-
periences showed that Cu-based NPs could promote cartilage regener-
ation in both animal models [26-28] and human cartilage explants [29].
We modified CuS NPs with a cyclic MMP-9-binding peptide
(cTTHWGFTLc, designate T) that discovered by phage display [30] to
achieve the local inhibition of MMP-9. We found that ChSMA/CuS
hydrogel alone could inhibit the invasion of RA-FLS and the polarization
of M1-type macrophages. These anti-inflammatory effects were further
boosted by ChSMA/CuS-T hydrogel due to their ability to rapidly bind
free MMP-9. In an adjuvant-induced arthritis (AIA) mouse model, the
intra-articular injection of ChSMA/CuS-T hydrogel significantly sup-
pressed synovial inflammation and protected cartilage, showing poten-
tial in RA treatment (Scheme 1).

2. Materials and methods
2.1. Preparation of CuS-T NPs

CuS NPs were synthesized following our reported method [26].
CuSO4-5H20, L-cysteine, and NayS203 was added to 200 mL double
distilled water in the mole ratio of 1:3:3. The mixture was magnetically
stirred at 500 rpm and heated to 90 °C for 2 h to form the CuS NPs. Then
CuS NPs (25 pg mL 1) were mixed with polyacrylic acid (PAA) under
magnetic stirring for 4 h for the modification with carboxy groups.

To functionalize with peptide, the cTTHWGFTLc peptide (peptide T)
was synthesized from the C' to the N’ end of the chain by a standard solid
phase peptide synthesis (SPPS) method and purified by using reverse-
phase high performance liquid chromatography (HPLC). The C’ end of
the peptide was added with an NHj-rich linker (GGGKKK) to facilitate
the crosslinking of the peptide with CuS-COOH NPs. Finally, CuS-T NPs
(NP: peptide = 10:1) were obtained though a classic 1-(3-
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Scheme 1. Illustration of the application of ChSMA/CuS-T hydrogel in RA therapy. The inflammatory M1 type macrophages and synoviocytes release MMP-9
and cytokines to erose articular cartilage in RA. The ChSMA/CuS-T hydrogel can not only rapidly bind MMP-9 but also inhibit the invasion of synoviocytes as well as
polarization of M1 macrophages. The hydrogel also exhibits strong chondroinductivity due to the presence of CuS NPs and chondroitin sulfate even under in-
flammatory microenvironment. Hence, intra-articular injection of ChSMA/CuS-T hydrogel alleviates joint inflammation and promotes cartilage regeneration,

achieving an efficient RA therapy.
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Dimethylaminopropyl)-3-ethylcarbodiimide (EDC; 25 pg mL™!)/N-
Hydroxysuccinimide (NHS; 25 pg mL™?) reaction.

2.2. Preparation of ChSMA/CuS-T hydrogel

ChSMA was synthesized using the method reported with modifica-
tions [31]. ChS (Macklin Inc., China) was dissolved in 1.0 M
phosphate-buffered saline (PBS) at a concentration of 0.2 g mL™L. Sub-
sequently, MA dissolved in dimethyl sulfoxide (DMSO) was added to the
ChS solution over a period of 30 min in a volumetric ratio of 0.06: 1.
After a 2-h reaction, the pH of the mixture was adjusted to 10 using 5 M
sodium hydroxide, and the reaction was allowed to proceed for an
additional 22 h. The mixture was then dialyzed against double distilled
water using a 3.5 kDa dialysis membrane for 12 h, and the dialyzed
ChSMA solution was lyophilized.

To prepare the hydrogels, ChSMA was dissolved in a lithium phenyl
(2,4,6-trimethylbenzoyl) phosphinate (LAP) solution at a 5 % weight/
volume concentration. CuS-T or CuS NPs were added into the ChSMA/
LAP solution. The mixture was crosslinked under 405 nm light for 30 s to
form the hydrogels. Pure ChSMA hydrogel were also prepared followed
the same methods but without adding NPs. For in vitro study, the
hydrogel extractions were prepared by soaking different hydrogels in
the culture medium for 3 days.

2.3. Characterization of the NPs and hydrogels

The morphology of CuS and CuS-T NPs was observed using trans-
mission electron microscopy (TEM). The hydrodynamic size of CuS and
CuS-T NPs was analyzed by dynamic light scattering (DLS). Zeta po-
tentials and absorption spectra of CuS, CuS-COOH, and CuS-T NPs were
detected. The morphology of ChSMA, ChSMA/CuS, and ChSMA/CuS-T
hydrogels was examined using scanning electron microscopy (SEM)
and TEM. After freeze-drying, the hydrogels were coated with gold, and
examined with SEM. For TEM analysis, the hydrogels were treated with
liquid nitrogen, ground into powder, and suspended in ethanol. Then a
drop of the suspension was placed onto a carbon-coated copper grid and
the morphology was studied by TEM. The rheological properties of the
hydrogels were assessed using the Haake Mars40 system with parame-
ters of frequency 1 Hz, strain 1 %, amplitude 0.5 %, and region 0.1-100
rad/s. To detect the release of Cu ions, the ChSMA/CuS-T hydrogel was
incubated in the simulated body fluid at 37 °C, and the supernatant were
collected on day 1, 2, 3, 5, and 7. Then ICP-MS was conducted to detect
the content of Cuions. To assess whether the hydrogels can bind MMP-9,
50 pL of ChSMA, ChSMA/CuS, and ChSMA/CuS-T hydrogels were
respectively added in the bottom of 96-well plate, and cultured with 150
pL MMP-9 solution (20 ng/mL). Then the free MMP-9 within the culture
supernatant was determined using an ELISA kit (MU30613, Bioswamp)
following the manufacturer’s instructions.

2.4. Cytotoxicity and hemolytic test

Mice bone marrow mesenchymal stem cells (BMSCs; MUBMX-
01001, Cyagen) were used to examine in vitro cytotoxicity. BMSCs
were seeded in 96-well plate and cultured with normal medium or the
hydrogel extractions for 24, 48, and 72 h. Cell viability was investigated
by a cell counting kit 8 (CCK-8; BMU106, Abbkine). Live/death staining
was also performed to verify the cytotoxicity of hydrogels. For hemolytic
test, fresh mice blood was collected and diluted with PBS (4:5 by vol-
ume). The diluted blood (200 pL) was incubated with 1 mL of PBS,
double distilled water, or the hydrogels for 1 h, respectively. All samples
were centrifuged, and then the optical density value (O.D.) of the su-
pernatants was measured at 545 nm and the hemolysis ratio was
calculated.
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2.5. Cell migration and invasion in vitro

Cell migration was conducted using a wound-healing assay. Specif-
ically, 5 x 10° RA-FLS (JNO-HO0336, Jennio-bio, China) were seeded in a
6-well plate and cultured with various hydrogel extracts (ChSMA,
ChSMA/CuS, ChSMA/CuS-T) or normal medium. A straight scratch was
introduced perpendicularly across the cell monolayer. Images were
captured using a bright field microscope at 24 and 48 h. The reduction in
scratch area was calculated and quantified. The cell invasion assay was
investigated utilizing a transwell system. 2 x 10* RA-FLS were seeded
into the upper chamber and cultured with serum-free hydrogel extracts
or normal medium, and the lower chamber was filled with complete
medium containing 10 % fetal bovine serum. After a 24-h incubation,
the upper chamber was removed, washed, and stained with crystal vi-
olet. The invaded cells were then observed and counted under a bright
field microscope.

2.6. Anti-inflammation effect of the hydrogels in vitro

Mouse macrophages cell line RAW264.7 cells (iCell Bioscience Inc,
Shanghai, China) were induced by lipopolysaccharides (LPS) at a con-
centration of 250 ng mL™! to establish an in vitro proinflammatory
cellular model. RAW264.7 cells (blank control) or LPS-induced
RAW264.7 cells were cultured with various conditional media for an
additional 24 h: 1) complete medium without LPS as the blank group; 2)
complete medium with LPS as the control group; 3) ChSMA extracts with
LPS; 4) ChSMA/CuS extracts with LPS; and 5) ChSMA/CuS-T extracts
with LPS.

For real-time polymerase chain reaction (RT-qPCR) analysis, RNA
was extracted, followed by the synthesis of complementary DNA (cDNA)
using reverse transcription reagents. The relative mRNA expression
levels of TNF-a and MMP-9 were normalized to GAPDH and quantified
using SYBR reagent on a LightCycler®480 II. The primers used in RT-
qPCR are listed in Table S1 (Supporting Information).

Immunofluorescence (IF) analysis was conducted on RAW264.7 cells
seeded in confocal dishes. After incubation, cells were fixed with 4 %
paraformaldehyde for 30 min and blocked with QuickBlock™ Blocking
Buffer for Inmunofluorescence Staining (P0260, Beyotime) for 15 min.
Then they were incubated with primary antibodies against MMP-9
(ET1704-69-100, HUABIO) and TNF-a (ER65189, HUABIO) at 4 °C for
12 h. Following a 1-h incubation at room temperature with secondary
antibodies, immunofluorescence images were captured using a confocal
immunofluorescence microscopy.

2.7. Anti-inflammation mechanism of ChSMA/CuS-T hydrogel in vitro

To study the mechanism underlying the anti-inflammation effect of
hydrogels, we cultured LPS-induced RAW264.7 cells with normal me-
dium or ChSMA/CuS-T extracts for 24 h, and then transcriptome anal-
ysis was performed [28,32]. Total RNA was extracted from cells using
TRIzol Reagent. An Agilent 2100 BioAnalyzer and Qubit RNA assay kits
were used to measure the quality and quantity of RNA, respectively.
mRNA libraries were generated using Illumina HiSeq X10. Gene
expression levels were determined using RSEM v1.2.28 and normalized
by using the trimmed mean of M-values. Differentially expressed genes
(DEGs) were identified using edgeR software. DEGs showing altered
expression with P < 0.05 and more than 1.5-fold changes were selected.
To investigate DEGs enriched in signaling pathways, Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was conducted in the downregulated DEGs.

2.8. Chondrogenic inductivity of the hydrogels in vitro
Different hydrogels were immersed in mouse BMSCs chondrogenic

differentiation medium (MUXMX-90041, Cyagen) for 3 days to obtain
chondroinductive extracts. For RT-qPCR, BMSCs were seeded into a 6-
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well plate and cultured with the chondroinductive extracts for 5 days.
The expression levels of Col-2, ACAN and SRY-box transcription factor 9
(SOX9) were quantified.

To form cell pellets, 5 x 10° BMSCs was centrifuged in 10 mL conical
bottom tubes. Cell pellets were cultured with chondroinductive extracts.
After 28 days, cell pellets were collected, fixed by 4 % para-
formaldehyde, embedded in agar, sectioned, and performed IHC stain-
ing of Col-2 and ACAN.

2.9. Interactions between RAW264.7 cells and BMSCs

The culture supernatant of LPS-induced RAW264.7 cells was
collected to obtain the inflammatory conditional media. The inflam-
matory conditional media were mixed with different chondrogenic ex-
tracts in a ratio of 1:9 by volume for the culture of BMSCs. After a 5-day
culture, RNA was extracted from the BMSCs and the relative mRNA
expression levels of Col-2, ACAN, and SOX9 were quantified by RT-
qPCR.

2.10. Establishment of an AIA mouse model

We established an AIA mouse model followed our previously re-
ported method [33,34] for in vivo study of the hydrogels. All animal
experiments and procedures were approved by the Ethics Committee of
the Laboratory Animal Center of Zhujiang Hospital, Southern Medical
University (LAEC-2023-094). 6 weeks old C57BL/6J mice were pur-
chased from Zhuhai BesTest Bio-Tech Co., Ltd, China. For initial im-
munization, a total of 150 pL of complete Freund’s adjuvant (F5881
Sigma-Aldrich) was injected into bilateral armpits and hind paw pads of
each mouse. After one week, 10 pL of incomplete Freund’s adjuvant
(F5506 Sigma-Aldrich) was injected into right knee cavity of each mouse
for the booster immunization. After an additional 1 week, the AIA model
was successfully established.

2.11. In vivo therapeutic effect and safety of the hydrogels

The AIA mice were randomly divided into four groups (n = 5 each
group) and treated as followed: 1) PBS; 2) ChSMA; 3) ChSMA/CuS; and
4) ChSMA/CuS-T (20 pL). The hydrogels were administered via intra-
articular injection into the right knee cavity once a week for 4 weeks.
The patellar ligament and joint capsule of the right knee was exposed,
and then different formulations were injected into knee cavity using an
insulin syringe. Finally, the joint was irradiated with a 405 nm light for
30 s to achieve gelation in situ. After different treatments, gait analysis
of mice was performed using the Noldus CatWalk XT gait analysis
system.

The right knee joints and major organs, including heart, liver, spleen,
lung, and kidney were collected. Blood serum was acquired and un-
derwent biochemical tests using the Biochemical Analyzer (BS-240VET,
Mindray) and Hematology Analyzer (SX-350001594A, Mindray).
Hematoxylin-eosin (H&E) staining was performed on the organ sections.

The right knee joints of mice were fixed by 4 % paraformaldehyde,
decalcified for 2 weeks, embedded by paraffin, and sectioned. H&E and
Safranine O-fast green staining were performed. After antigen retrieval
by Pepsin Antigen Retrieval Solution (X1035, Solarbio) and blocked by
QuickBlock™ Blocking Buffer for Immunol Staining (P0260, Beyotim),
sections were incubated with primary antibody of MMP-9 (ET1704-69-
100, HUABIO), TNF-a (ER65189, HUABIO), Col-2 (ab308455, ABCAM),
and ACAN (bs-1223R, BIOSS) at 4 °C for 12 h. All primary antibody were
diluted by 1:100. After an additional 1 h at room temperature for sec-
ondary antibody incubation, the IHC image was taken under a high-
content fluorescence microscopy.

In addition, 20 pL of Cy5.5-labeled ChSMA/CuS-T hydrogel was
injected intraarticularly to study the in vivo degradation. At days 1, 4,
and 7, mice were imaged by a fluorescence imaging system (excitation
wavelength: 630 nm, emission wavelength: 700 nm; FX PRO, BRUKER,
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Germany).
2.12. Statistics analysis

Data were presented as mean =+ standard deviation (mean + SD).
Significance was determined using one-way ANOVA followed by
Tukey’s multiple comparisons test. A P-value less than 0.05, 0.01, 0.001
and 0.0001 was regarded as statistically significant with an increasing
level of the significance.

3. Results and discussion
3.1. Preparation and characterization of the NPs and hydrogels

CuS NPs were chemically synthesized and present a spherical shape
with a size of ~100 nm (confirmed by TEM; Fig. 1b). We then modified
CuS NPs with -COOH by PAA to facilitate the conjugation of -NHj-rich
MMP-9-binding peptide. The zeta potentials of CuS and CuS-PAA NPs
were approximately —10.0 and —15.0 mV, respectively (Fig. 1c). PAA, a
linear polymer prepared by free radical polymerization of acrylic
monomer, is rich in -COOH and carries substantial negative charge after
dissociation. CuS-PAA NPs exhibited stronger negative charged relative
to CuS NPs after conjugated, indicating the successful modification of
—COOH on the NPs. After peptide conjugation, CuS-T displayed a neutral
charge of ~1.0 mV. Utilizing a peptide calculator, we determined that
the peptide T has an isoelectric point of 9.8 and carries a +3.0 net charge
at pH 7 (Fig. S1, Supporting Information). Thus, the increased charge in
CuS-T NPs compared to CuS-PAA NPs suggested that the NPs were
conjugated with the peptide. This result was further confirmed by the
new peak at 230-290 nm in the absorption spectrum of the NPs
(Fig. 1d). Moreover, CuS-T NPs showed no obvious changes in
morphology and size (as determined by TEM; Fig. 1b). DLS measure-
ment indicated that the hydrodynamic size of CuS NPs was ~150 nm
and their average diameter slightly increased to ~200 nm after peptide
modification (Fig. S2, Supporting Information).

Then CuS-T NPs were doped into ChSMA/LAP solution and formed
the hydrogels upon exposure to 405 nm light (Fig. 1e). CuS-T NPs were
observed in the ChSMA/CuS-T hydrogel (as investigated by TEM;
Fig. S3, Supporting Information). The SEM images revealed that all
hydrogels presented a typical porous structure after freeze-drying
(Fig. 1f). Rheological tests of ChSMA/CuS-T hydrogels showed that
the storage modulus (G") was higher than the loss modulus (G"), indi-
cating the formation of typical hydrogels in a semi-solid state (Fig. 1g).
Moreover, ICP-MS showed that the content of Cu ions in the incubation
supernatant increased over time, demonstrating that the NPs could
gradually release from the ChSMA/CuS-T hydrogel (Fig. S4, Supporting
Information).

Furthermore, the ELISA results confirmed that the content of free
MMP-9 in the supernatant of ChSMA/CuS-T group was significantly
lower than those in the ChSMA and ChSMA/CuS groups (Fig. 1h). Sy-
novial fluids derived from RA patients contain an elevated level of MMP-
9 [35]. The concentration of MMP-9 in synovial fluid is markedly higher
in erosive RA compared to non-erosive early-stage RA [36]. Thus,
ChSMA/CuS-T hydrogels could indeed bind MMP-9 in RA-related
microenvironment, showing the potential of local inhibition of MMP-9.

In addition, we observed the in vivo degradation of ChSMA/CuS-T
hydrogel by labeled the hydrogel with Cy5.5. The fluorescence images
(Fig. 1i) of joints showed that a strong red fluorescence after intra-
articular injection of Cy5.5-labeled ChSMA/CuS-T hydrogel, and then
the fluorescence intensity gradually decreased over time. The red fluo-
rescence could be detected for approximately 7 days, suggesting that the
hydrogel was stable in vivo.
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Fig. 1. Preparation and characterization of the NPs and hydrogels. (a) Illustration of synthesis of CuS-T NPs and ChSMA/CuS-T hydrogel. CuS NPs were modified
with PAA to obtain carboxy groups, and then CuS-PAA NPs were conjugated with NHy-rich MMP-9-binding peptides (cTTHWGFTLc, termed T) via an EDC/NHS
reaction. A mixture of ChSMA/LAP and CuS-T NPs was crosslinked under 405 nm light irradiation for 30 s to form the ChSMA/CuS-T hydrogel. (b) TEM image of CuS
and CuS-T NPs. Insert: photo of CuS (40 mg/mL) and CuS-T (1 mg/mL) NP solution. Scale bar = 50 nm. (c) Zeta potentials of CuS, CuS-PAA, and CuS-T NPs. The
changes of zeta potentials from negative charge to positive charge suggested the successful conjugation of peptides on the NPs. (d) Absorption spectra of the NPs. A
new peak was observed in ChSMA/CuS-T NPs in the range of 230-290 nm after peptide conjugation. (e) Photos of the hydrogels. (f) SEM images showing the porous
structure of the hydrogels after freeze-drying. Scale bar = 50 pm. (g) Rheology test of ChSMA/CuS-T hydrogel. (h) ELISA of MMP-9 content in the supernatant. This
result indicated that ChSMA/CuS-T hydrogel could bind MMP-9. (i) Fluorescence imaging of mice after intraarticular injection of Cy5.5-labeled ChSMA/CusS-

T hydrogel.

3.2. ChSMA/CuS-T hydrogel is safe to BMSCs while inhibits migration
and invasion of RA-FLS

Since the hydrogels are degradable and the NPs can release from the
hydrogels, we prepared the hydrogel extracts to simulate this process
and used them in the in vitro study. We first cultured BMSCs with
hydrogel extracts to evaluate the cytotoxicity of the hydrogels. The CCK-
8 results indicated that BMSCs proliferated rapidly in all groups during 3
days of culture (Fig. 2a). Live/dead staining (Fig. 2b) also indicated that
most cells were alive (green fluorescence) and dead cells (red fluores-
cence) were negligible. In addition, hemolysis test (Fig. 2¢) showed that
the supernatant of blood samples was transparent in all hydrogel groups,
suggesting that the hydrogels did not damage red blood cells or cause
the release of hemoglobin. Hence, ChSMA/CuS-T hydrogel was
biocompatible to mammal cells.

Synovial tissue, mainly composed of RA-FLS, undergoes significant
hyperplasia, inflammation, and invasiveness in RA, leading to the
destruction of cartilage and bone within the affected joints [37,38].
Thus, we conducted wound healing and transwell assays to evaluate the
inhibitory effects of our hydrogels on RA-FLS migration and invasion
(Fig. 2d and e). Interestingly, we found that both ChSMA/CuS and
ChSMA/CuS-T hydrogels significantly impeded the migration of RA-FLS.
Notably, approximately 90 % wound closure rate was observed in both
the control and ChSMA groups at 48 h, whereas the ChSMA/CuS and
ChSMA/CuS-T group maintained a 79 % and 55 % closure rate,
respectively (Fig. 2f). The transwell assay results also demonstrated a
marked inhibitory effect of both ChSMA/CuS and ChSMA/CuS-T
hydrogels on cell invasion. Specifically, ChSMA/CuS-T hydrogel signif-
icantly reduced the number of invaded RA-FLS to approximately 10 after
a 24-h culture. However, there were approximately 55 cells that invaded
into the lower chamber in the control and ChSMA groups (Fig. 2g).

MMP-9 plays a crucial role in activating the growth, migration, and
invasive capabilities of RA-FLS [3]. A previous study finds that the
proliferation, migration, and autophagy of RA-FLS are modulate
through the MMP-9/RAGE/TLR9 axis [39]. Another research reveals
that SOX5 can regulate MMP-9 expression and local knockdown of SOX5
in RA model can inhibit FLS migration and invasion through inhibiting
MMP-9 expression [40]. Hence, the binding of MMP-9 by ChSMA/CuS-T
hydrogel could efficiently inhibit the migration and invasion of RA-FLS.

3.3. ChSMA/CuS-T hydrogel reduces inflammation of M1-type
macrophages in vitro

We stimulated RAW264.7 cells with LPS to polarize them into the
inflammatory M1 type. A significant upregulation was found in the gene
expression of MMP-9 and TNF-a under LPS stimulation. In contrast, the
ChSMA, ChSMA/CuS, and ChSMA/CuS-T groups exhibited varying de-
grees of downregulation of these markers even under continuous LPS
stimulation. Notably, the ChSMA/CuS group displayed a pronounced
inhibition of TNF-a and MMP-9, suggesting CuS NPs themselves
exhibited the anti-inflammatory property. In the ChSMA/CuS-T group,
the level of MMP-9 have no difference with the blank control group and
the level of TNF-a was lowest among all treatment groups (Fig. 3a).

We confirmed the protein expression of MMP-9 and TNF-a by IF
staining (Fig. 3b and c). Consistent with the RT-qPCR results, IF images
showed that RAW264.7 cells exhibited intensified fluorescence intensity

in the LPS-induced control group compared to those in the blank group,
indicating that M1 type macrophages expressed higher level of MMP-9
and TNF-«. The ChSMA and ChSMA/CuS groups showed a mild level
of MMP-9 expression. In contrast, the fluorescence intensity of MMP-9 in
M1 macrophages cultured with the ChSMA/CuS-T hydrogel extracts was
negligible due to the presence of MMP-9-binding peptide on the surface
of CuS-T NPs. As to TNF-a, macrophages in both ChSMA/CuS and
ChSMA/CuS-T groups decreased to a normal level akin to the blank
group. Thus, the ChSMA/CuS-T hydrogel could not only suppress the
expression of MMP-9 but also alleviate the anti-inflammatory activity of
M1-type macrophages.

We further conducted transcriptome analysis to explore the mecha-
nism underlying the anti-inflammatory effect of ChSMA/CuS-T hydro-
gel. Volcano plots showed the genes in RAW264.7 that were
differentially expressed between the ChSMA/CuS-T and PBS groups
(Fig. 4a). There were 54 significantly upregulated genes and 139
downregulated genes in the ChSMA/CuS-T group compared with the
PBS group. KEGG pathway enrichment analysis of the downregulated
DEGs revealed that the anti-inflammatory effect of ChSMA/CuS-T
hydrogel was highly related to the mitogen-activated protein kinases
(MAPK), rat sarcoma virus (Ras), and Ras-related protein 1 (Rapl)
signaling pathway (Fig. 4b). The GO analysis (Fig. 4c) revealed a sig-
nificant downregulation in the ChSMA/CuS-T hydrogel regarding the
GTPase activity within biological process and molecular function. This
result aligns with the KEGG pathway analysis because Ras and Rap1 are
typical GTPases [41]. GSEA analysis (Fig. 4d) further confirm the inhi-
bition of these pathways in the ChSMA/CuS-T hydrogel group.

The MAPK pathway governs a spectrum of cellular activities,
including cell growth, proliferation, differentiation, and migration [42].
In RA, the activation of MAPK pathway in macrophages and synovial
fibroblasts promotes the secretion of a plethora of pro-inflammatory
cytokines such as IL-1f, IL-6, TNF-a, and MMPs while bolstering
anti-apoptotic properties [43]. MAKP has complex interactions with
other signaling pathways such as NF-kB and Akt/mTOR. For example,
the MAPK pathway works collaboratively with the NF-kB pathway to
regulate inflammation, while the Akt/mTOR pathway is involved in FLS
migration and invasion [44,45]. The inhibition of the Ras-MAPK
signaling pathway exerts a suppressive effect on the proliferative ac-
tivities and apoptotic resistance of RA-FLS [46]. The Ras kinase, serving
as the initial catalyst of the ERK-a branch within the MAPK signaling
pathway, initiates a sequence of activations starting with the upstream
MAPKKK-RAF, proceeding through the midstream MAPKK-MEK, and
culminating in the activation of the downstream MAPK-ERK [47]. Rapl,
a small GTPase and member of the Ras family of GTPases [48], syner-
gizes with Ras to potentiate the ERK signaling pathway [49]. The acti-
vation of ERK1 and ERK2, spurred by the presence of anticitrullinated
protein antibodies (ACPA; a specific marker of RA), results in the sub-
stantial production of TNF-a by macrophages [50]. Moreover, activated
ERK increases the production of cyclooxygenase-2 (COX-2) and prosta-
glandin E—2 (PGE-2) by RA-FLS, which further promote the production
of inflammatory factors, resulting in synovial inflammation and bone
destruction [51].

Consequently, the polarized macrophages accompany with inflam-
matory factors, stimulate the production of MMPs in synovial fibro-
blasts, leading to the degradation of cartilage and bone, thereby
exacerbating RA [52]. Therefore, ChSMA/CuS-T hydrogel mitigated M1
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macrophage inflammation by downregulating the MAPK signaling
pathway where Ras and Rap1 play synergistic roles.

3.4. ChSMA/CuS-T hydrogel promotes chondrogenesis of BMSCs under
inflammatory microenvironment

The ChSMA (one of the ECM components) and CuS NPs (favoring
chondrogenesis) were expected to cultivate a conducive environment for
cartilage repair. Compared with other components of
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glycosaminoglycans (GAGs), including heparin, heparan sulfate, keratan
sulfate, dermatan sulfate, and hyaluronic acid, ChS exhibits better pro-
tein encapsulation and stronger interactions with cytokines in the ECM
[19]. A previous study also shows that ChS can enhance the response of
MSCs to TGF-p1, thereby promoting chondrogenesis [53]. We assessed
the relative expression of key chondrogenic genes, including Col-2,
ACAN, and SOX9. SOX9 is a pivotal transcription factor in chondrocytes,
which binds to HMG-box site in DNA and transactivates cartilage genes
Col-2 and ACAN [54,55]. In addition, SOX9 is downregulated in se-
nescent and dedifferentiated chondrocytes, thus the level of SOX9 can
reflect process of chondrogenesis or cartilage damage [56]. Col-2 is the

main structural protein of hyaline cartilage, which accounts for
approximately 50 % of the dry weight of cartilage. It forms a
three-dimensional by interwoven into a mesh-like structure, to provide
anchoring sites for other matrix components, tensile strength, and me-
chanical support to cartilage [57]. ACAN is a high molecular weight
proteoglycan. Its core protein is covalently bonded to a large number of
chondroitin sulfate and keratan sulfate chains, forming negatively
charged GAGs, which adsorb a large amount of water through osmotic
pressure, endowing the ACAN aggregates with a strong water retention
capacity and providing cartilage with compressive resilience. Moreover,
ACAN molecule is linked to hyaluronic acid via link proteins, forming a
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super-molecular complex, which further enhances the stability and
compressive resistance of the ECM [58]. The solid Col-2 limits the
swelling pressure from ACAN and forms the cartilage framework [59].
The Col-2 expression of BMSCs was significantly upregulated in both the
ChSMA/CuS and ChSMA/CuS-T groups, suggesting that CuS NPs, rather
than ChSMA, was instrumental in promoting synthesis of Col-2. More-
over, the expression levels of ACAN and SOX9 were significantly upre-
gulated in all hydrogel groups and they were slightly higher in the
ChSMA/CusS group (Fig. 5a). Subsequently, we conducted IHC staining
of Col-2 and ACAN in cell pellet formed by BMSCs to further validate the
long-term chondrogenesis of the hydrogels. As presented in Fig. 5b, the
brown color (namely Col-2 and ACAN expression) was much deeper in
all hydrogel groups compared to the control group. Specifically, cell
pellets of the ChSMA/CuS and ChSMA/CuS-T groups presented signifi-
cantly higher Col-2 and ACAN expressions compared with the control
group (Fig. 5¢).

In the inflammatory microenvironment, stem cells undergo
abnormal differentiation and chondrocytes begin to transform or
dedifferentiate into a fibroblastic phenotype, ultimately forming fibro-
cartilage with inferior mechanical properties [60]. Thus, inflammation
hinders cartilage repair. The good anti-inflammatory property of
ChSMA/CuS-T hydrogel motivated us to further investigate their chon-
drogenic inductivity under inflammation. We collected the culture su-
pernatant of LPS-induced RAW264.7 cells and cultured BMSCs with this
conditional medium to create an inflammatory microenvironment.
Following a 5-day co-culture, a marked decrease in the gene expression
of Col-2, ACAN, and SOX9 was observed in BMSCs in the control group
compared to the blank group, indicating that inflammatory microenvi-
ronment hampered chondrogenesis of BMSCs (Fig. 5e). ChSMA hydrogel
alone also lost their chondrogenic inductivity towards BMSCs under
inflammation. In contrast, BMSCs in the ChSMA/CuS-T group exhibited
a significant upregulation of Col-2 and ACAN compared to the control
group though no significant difference was found in SOX9 expression.
These results demonstrated that the ChSMA/CuS-T hydrogel could
shield BMSCs from inflammatory-mediated damage and preserve their
chondrogenic inductivity even in the RA-related inflammatory
microenvironment.

3.5. ChSMA/CuS-T hydrogel suppresses synovial inflammation and
protect cartilage in vivo

We established an AIA mouse model to assess the in vivo therapeutic
efficacy of the hydrogels because AIA model exhibited more severe joint
inflammation compared to collagen-induced arthritis model [61]. The
hydrogels were intra-articularly injected into the joint cavity of AIA
mice every week (Fig. 6a). After 4 weeks of different treatments, we
found that the hyperplasia of synovial tissue led to the formation of
pannus, which invaded into the joint space and caused extensive carti-
lage damage in the PBS group (determined by H&E staining; Fig. 6b and
¢). A similar situation was also observed in the ChSMA group. Notably,
in both ChSMA/CuS and ChSMA/CuS-T group, synovial invasion was
mild and the integrity of the cartilage was well preserved.

Similarly, Safranine O-fast green staining (Fig. 6d and e) confirmed
the full-thickness cartilage defect and severe loss of staining (namely,
the loss of glycosaminoglycan), in the AIA mice treated with PBS. In
contrast, the staining of cartilage (red color by Safranine O) was deepest
in the ChSMA/CuS-T group. Thus, the PBS group had the highest Mankin
Score and Synovitis Score, whereas the ChSMA/CuS-T hydrogel ach-
ieved the lowest scores due to their properties of inhibiting synovial
invasion and enhancing chondrogenesis (Fig. 6f).

In addition, we conducted a gait analysis to study the behavioral
changes of AIA mice after treatment. Ankylosis and angular deformities
of joints emerge as RA progresses. By measuring parameters such as
stride frequency, stride length, and the durations of stance, braking,
propulsion, and swing phases, gait analysis can reflect changes in the
knee joints of mice. The gait map was presented in Fig. 6h. Print
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positions represent the distance between the position of the hind paw
and the position of the previously placed front paw on the same side of
the body (ipsilateral) and in the same step cycle. The result of right
hinder paw print positions showed that the ChSMA/CuS-T group had a
significantly higher print positions index compared to other groups
(Fig. 6g). Higher print positions index means the longest gaps between
ipsilateral front and hind paws. This result indicated that the AIA mice
accepted ChSMA/CuS-T treatment presented a better joint and hind
movement ability. Moreover, single stance refers to the duration (in
seconds) of ground contact for a single hind paw and is used for pain
accessing [62,63]. We found that the single stance of right hind paw of
ATA mice in the ChSMA/CuS-T group was significantly higher relative to
other groups (Fig. 6g). This result indicated that the reduction of syno-
vium hyperplasia by ChSMA/CuS-T hydrogel provided a higher flexi-
bility of movement through reducing pain and maintaining the overall
integrity of the knee joint. Previous evidence reveals that RA-FLS can
enhance the growth of pain-sensing neurons in regions of synovial hy-
pertrophy in RA [64]. Our results are also consistent with previous
report that RA mouse exhibit less stance compared with healthy mouse
[65]. Thus, the diminished synovial invasion of mice treated by
ChSMA/CuS-T hydrogel contributed to the improved mobility and
reduced pain.

To further confirm the therapeutic effect of ChSMA/CuS-T hydrogel,
we performed IF staining on the joint sections after treatment (Fig. 7a
and b). In the PBS group, MMP-9 was highly expressed within the sy-
novial tissue. TNF-a was also abundant in both synovial and cartilage
tissues due to synovial invasion. This was accompanied by low expres-
sion of Col-2 and ACAN in the cartilage tissue, indicating cartilage
damage due to synovial inflammation. All hydrogel treatments
demonstrated varying degrees of synovium inhibition and cartilage
protection. Notably, in the ChSMA/CuS-T group, MMP-9 and TNF-a
expressions exhibited negligible fluorescence signals in both synovium
and cartilage. Moreover, the fluorescence signals of Col-2 and ACAN
were highest in the ChSMA/CuS-T group, suggesting a significant
restoration of cartilage integrity after ChSMA/CuS-T hydrogel treat-
ment. These above-mentioned results demonstrated the ChSMA/CuS-T
hydrogel could effectively alleviate inflammation and promote carti-
lage regeneration, achieving the best therapeutic effects in vivo.

3.6. ChSMA/CuS-T hydrogel is biocompatible in vivo

Finally, the biosafety of the hydrogels in vivo was investigated. After
treatment, H&E staining (Fig. 8a) of main organs of mice showed that
the heart cardiac circular and longitudinal muscles had intact structure.
Liver portal areas and hepatocytes exhibited no acute or chronic dam-
age, such as cell swelling, cell content leakage, nuclear disintegration, or
massive infiltration of inflammatory cells. Spleen splenic capsule
trabeculae and splenic corpuscles were normal without hemolysis. Lung
pulmonary alveoli and airway epithelium displayed no inflammatory
exudation. The kidney renal cortex and medulla indicated normal form.
Furthermore, the key indexes of liver functions, including aspartate
aminotransferase (AST) and alanine aminotransferase (ALT), as well as
kidney functions, including serum creatinine (SCr) and serum uric acid
(SUA) were detected by blood biochemistry test (Fig. 8b). All these
markers were within the normal range across all groups. Hence, the
intra-articular administration of ChSMA/CuS-T hydrogel did not cause
systemic toxicity and any undesired side-effects.

4. Conclusion

In sum, we prepared a new injectable hydrogel that integrated the
ECM-mimic ChSMA hydrogel with MMP-9-binding peptide-functional-
ized CuS NPs. Our results demonstrated that the integration of CuS NPs
into the hydrogel could inhibit the migration and invasion of RA-FLS,
exert the anti-inflammatory effects on M1 type macrophages, and
enhance the chondrogenic inductivity towards BMSCs even under
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