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Injectable hydrogel encapsulating siMMP13
with anti-ROS and anti-apoptotic functions
for osteoarthritis treatment
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Abstract

Background Osteoarthritis (OA) is a degenerative joint disease characterized by the progressive degeneration of
articular cartilage, leading to pain, stiffness, and loss of joint function. The pathogenesis of OA involves multiple
factors, including increased intracellular reactive oxygen species (ROS), enhanced chondrocyte apoptosis, and
disturbances in cartilage matrix metabolism. These processes contribute to the breakdown of the extracellular matrix
(ECM) and the loss of cartilage integrity, ultimately resulting in joint damage and dysfunction. RNA interference
(RNAI) therapy has emerged as a promising approach for the treatment of various diseases, including hATTR and
acute hepatic porphyria. By harnessing the natural cellular machinery for gene silencing, RNAi allows for the specific
inhibition of target genes involved in disease pathogenesis. In the context of OA, targeting key molecules such as
matrix metalloproteinase-13 (MMP13), which plays a critical role in cartilage degradation, holds great therapeutic
potential.

Results In this study, we developed an innovative therapeutic approach for OA using a combination of liposome-
encapsulated siMMP13 and NG-Monomethyl-L-arginine Acetate (L-NMMA) to form an injectable hydrogel. The
hydrogel served as a delivery vehicle for the siMMP13, allowing for sustained release and targeted delivery to the
affected joint. Experiments conducted on destabilization of the medial meniscus (DMM) model mice demonstrated
the therapeutic efficacy of this composite hydrogel. Treatment with the hydrogel significantly inhibited the
degradation of cartilage matrix, as evidenced by histological analysis showing preserved cartilage structure and
reduced loss of proteoglycans. Moreover, the hydrogel effectively suppressed intracellular ROS accumulation

in chondrocytes, indicating its anti-oxidative properties. Furthermore, it attenuated chondrocyte apoptosis, as
demonstrated by decreased levels of apoptotic markers.
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Conclusion In summary, the injectable hydrogel containing siMMP13, endowed with anti-ROS and anti-apoptotic
properties, may represent an effective therapeutic strategy for osteoarthritis in the future.
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Introduction

Osteoarthritis (OA) stands as a persistent degenerative
condition affecting the entirety of joints, leading to both
pain and a decline in mobility, ultimately diminishing
the overall quality of life [1, 2]. The development of OA
is intricately linked to a combination of mechanical and
biochemical factors [3, 4]. Recognized risk factors include
poor joint alignment or injury, obesity, genetic pre-
disposition, and the natural process of aging [5, 6]. The
pathogenesis of OA involves the orchestrated interplay
of multiple signaling molecules, notably interleukin (IL-
6, IL-1B), MAPK, PI3K-Akt, and reactive oxygen species
(ROS) [7-9]. These diverse signaling pathways indepen-
dently contribute to an escalated production of matrix
metalloproteinases (MMPs), a crucial step in the degra-
dation of cartilage and the progression of OA symptoms
[10, 11]. MMPs play a pivotal role in the deterioration of
cartilage extracellular matrix (ECM) associated with OA,
as they target and break down crucial structural elements
such as type II collagen (Col2) and SRY sex determining
region Y-box 9 (Sox9) [12, 13]. The imbalanced metabo-
lism of ECM disrupts the chondrocyte niche and leads
to apoptosis of chondrocytes [14, 15]. Additionally, the
byproducts resulting from ECM degradation possess pro-
inflammatory signaling properties, initiating a degenera-
tive cycle that persists until the complete destruction of
cartilage occurs [16, 17]. Given the heightened suscepti-
bility of individuals to develop OA, there exists a poten-
tial window for early therapeutic intervention to impede
the progression of the disease at its initial stages.

The current pharmaceutical approach to managing OA
is primarily palliative, lacking clinically approved disease-
modifying OA drugs (DMOADs) [18-20]. While there
are five FDA-approved corticosteroids for intra-articular
OA therapy, these interventions offer only temporary
pain relief without addressing the underlying cause of the
disease [21, 22]. Prolonged use of steroids is discouraged
due to documented adverse effects, including cartilage
volume loss over a two-year period when administered
four times annually, heightened risk of joint replacement,
and associations with chondrotoxicity [23, 24].

MMP13 emerges as a crucial proteolytic driver of
cartilage loss in OA [25-27]. This is evident in reduced
surgically-induced OA progression observed in MMP13
knockout mice and wild-type mice treated with broad
MMP inhibitors [28, 29]. Unfortunately, clinical trials
on MMP small molecule inhibitors, primarily explored
for cancer treatment, have faced setbacks [30, 31]. These
trials were halted due to musculoskeletal syndrome

(MSS)-related pain associated with the systemic deliv-
ery of small molecules that non-selectively inhibit mul-
tiple MMPs, some of which (MMP2, 3, 4, 7, and 9) play
roles in normal tissue homeostasis [32, 33]. Developing
selective small molecule inhibitors is challenging due to
shared domains among collagenases and the homology of
the catalytic site [34, 35]. Notably, a tested MMP13 inhib-
itor, PF152, showed promise in reducing lesion severity
in a canine post-traumatic osteoarthritis (PTOA) model
[36, 37]. However, it also exhibited nephrotoxicity, likely
through off-target effects on the human organic anion
transporter 3 [38, 39].

In light of these challenges, we have a hypothesis that
selectively targeting MMP13 through RNAi therapy
could prove to be an effective and safe approach for
impeding the degenerative OA process [40]. This strat-
egy aims to provide a targeted intervention without the
systemic side effects encountered with broader MMP
inhibitors, offering a potential avenue for advancing OA
treatment.

Results

Design, synthesis, and characterization of composite
hydrogel based on siRNA-containing liposome

To prevent the degradation of siRNAs by nucleases
and ensure the delivery of siRNAs to the targeted
sites, a liposome/siMMP13 loaded injectable hydrogel
was developed. Here, the siMMP13 was encapsulated
into a cationic lipid assisted mPEG-PLGA nanopar-
ticle (liposome/siMMP13). TEM images showed that
the liposome/siMMP13 exhibited monodisperse and
spherical structure with an average diameter around
35.51+10.77 nm (Fig. 1A and B). Additionally, the
dynamic light scattering (DLS) data (Fig. 1C) showed that
the hydrodynamic diameter of the liposome/siMMP13
was 95.99+5.43 nm. Due to the presence of hydrophilic
groups (PEG) in liposome, the hydrodynamic diameter
of liposome in the colloidal state was much larger than
that in the solid state [41]. And the positive potential of
the liposome/siMMP13 (21.00£5.55 mV) will be benefi-
cial for liposome/siMMP13 cellular uptake (Fig. 1D) [42,
43]. The synthetic schemes of HA-PBA were showed in
Fig. 1E. The successful of PBA modification of HA was
confirmed by the 'H NMR and FTIR spectra. Compared
with the HA "H NMR spectra (Figure S1A), new char-
acteristic absorption peaks between 7.49 ppm and 7.89
ppm were formed in HA-PBA, which were attributed to
the benzene ring in the phenylboronic acid (Fig. 1F) [44,
45]. And the PBA substitution degree calculated from the



Ji et al. Journal of Nanobiotechnology

(2024) 22:466 Page 3 of 20
151
25
_104 20
IS
= s
2 E15
2 1
o 54 -
E N 1o
04 s
T T T 1 0
60 80 0 100 200 300 400 Hpcsome
Size (nm) Size (nm)
HOL,-OH
OO oH OH
HO OH Ho NH
T 1 T 4 T T T 1
8 7 6 5 4 3 2 1
5 ( ppm)
G T H s ——F27 G I 1000007 . pipr
—— HAPBA —o—F127G" —e—F127 G"
1E+4  —s— F127/HAPBA G' —4—F127/HAPBA G'
—v— F127/HAPBA G" —s— F127/HAPBA G"
. = o] oo
[+
Q —— —_—
5 T g 1E+2 g&
E o © iy 1E+1 H) T A anan
c 1000
o 1E+0
=
156 1
1372
—— e iE2 ————— 100 ] .
4000 3500 3000 2500 2000 1500 1000 500 10 15 20 25 30 35 0.1 LR 10 100
Wavenumber (cm) K T(C) (Hz)
6n
10009 —o—F127 —s— F127/HAPBAI/Liposome
—o— F127/HAPBA 100+ —=v—Fi27
s v F127/HAPBA

P

/.. ;

Shear stress (Pa)
o
o

10

0.01 0.1 100

1 10
Rate of shear (1/s)

1000

FS

»

S

Cumulative si-MMP13-FAM release (uM)

30 0

40 5
Time (h)

= = F127/HAPBA/Liposome
=
~ 80+
-
<
2
260
=2}
=
c -
540
§
& 20+
i 0 1
80 0 80

Fig. 1 (A) TEM images of liposome/siMMP13. (B) Size distribution of liposome/siMMP13. (C) DLS size measurements of liposome/siMMP13. (D) Zeta
potential of liposome/siMMP13. (E) Synthesis scheme of HA-PBA. (F) "TH NMR spectrum of HA-PBA. (G) FTIR spectrum of HA-PBA. Rheological tests of
hydrogels by (H) temperature sweep and (1) frequency sweep. (J) F127 and F127/HAPBA hydrogels shear ramps at 37 “C. (K) siMMP13-FAM release be-
haviors from hydrogel in DPBS. (L) Degradation behaviors of F127, F127/HAPBA and F127/HAPBA/Liposome hydrogels immersed in DPBS solution for 3

days. Data are expressed as mean+SD (n=3)
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HA-PBA 'H NMR data was nearly 48%. Moreover, the
FTIR spectra (Fig. 1G) showed that the B-O absorption
peak at 1372 cm™ and C-B absorption peak at 1475 cm™
[46, 47] were observed in HA-PBA, and the absorption
peak at 1564 cm™ and 1640 cm™ were contributed to
amide bond formed after PBA modification [44].

When the G’ was smaller than G’, the hydrogel showed
liquid like state, and with the increase of temperature,
the thermosensitive hydrogel's G’ was higher than G’
the samples underwent gelation and showed a solid-like
state. The gelation transition temperature was detected
at the junction between G’ and G’, the transition tem-
perature of F127/HAPBA hydrogel was 13.96 ‘C, which
was slightly lower than that of F127 hydrogel (16.39 C)
(Fig. 1H). Both F127 and F127/HAPBA hydrogels showed
a higher storage modulus (G’) than loss modulus (G”)
over a frequency range between 0.1 and 100 rad/s, indi-
cating solid-like behaviors and good elastic characters of
hydrogel. Moreover, the F127 hydrogel showed higher
G’ and lower G” than F127/HAPBA hydrogel, indicat-
ing F127 hydrogel had better mechanical property. The
F127 hydrogel showed higher shear stress than that of
F127/HAPBA hydrogel with the shear rate between 0.01
and 1000 s™ (Fig. 1]). We conducted peristaltic scanning
using a rheometer at shear rates ranging from 0.01 s’
to 1000 s™ at 25+0.2 ‘C. As shown in Figure S1, both
hydrogels showed typical shear thinning behavior, and
the viscosity decreases with the increase of shear rate.
The shear viscosity of F127/HAPBA hydrogel was slightly
lower than that of F127 hydrogel. These were conformed
to the standard that the shear viscosity of hydrogel for
intraarticular injection should not be less than 20,000
mPa.s under the shear rate of 0.01s™! [48, 49]. In order to
study the loading efficiency of siMMP13 in the liposome
and the release of siMMP13 in the injectable hydrogel
system, we customized siMMP13-FAM for subsequent
experiments. The loading efficiency of siMMP13-FAM
in liposome was 95.64%, and the standard curve of
siMMP13-FAM was showed on Figure S1B. The release
behaviors of siMMP13-FAM in hydrogel which was
shown in the following Fig. 1K. Similarly to the degrada-
tion behaviors, the hydrogel released all of the siMMP13-
FAM within 3 days, with a total release of nearly 5.5 uyM
siMMP13-FAM. The real-time release amount was nearly
0.88 uM at each time point.

We also measured the degradation behaviors of F127,
F127/HA-PBA and F127/HAPBA/liposome hydrogels
in a period of 72 h (Fig. 1L). Similar degradation pro-
files were observed between F127/HAPBA and F127/
HAPBA/liposome hydrogels, while the F127 hydrogel
showed a relative lower degradation rate in the period
of 72 h. The change in the degradation behaviors among
three types of hydrogels may be due to the addition of
HA-PBA and liposome nanoparticles weakened the F127

Page 4 of 20

physical network, which was consistent with the rheolog-
ical results.

The liposome-based siRNA delivery system restores
chondrocyte chondrogenic ability during inflammation

In clinical practice, many OA patients seek surgical treat-
ment. Recent studies have shown that OA patients have
abnormal anabolism and catabolism of cartilage matrix,
especially MMP13. To investigate this, cartilage samples
were collected from OA patients and trauma patients as
a negative control (NC). Immunohistochemical stain-
ing of MMP13 revealed a significant upregulation in
OA patients compared to the NC group (Fig. 2A and B).
A designed liposome-encapsulated murine siMMP13
demonstrated optimal knockdown efficiency in primary
chondrocytes, particularly at higher concentrations
(Fig. 2C). Following IL-1p stimulation, a concentration of
50 exhibited favorable therapeutic effects as determined
by CCK-8 assays on primary chondrocytes (Figure S2A).
This concentration significantly downregulated MMP13
without notable effects on matrix metabolism related
aggrecan, Sox9, and MMP3 (Fig. 2D). Protein analy-
sis further confirmed the effective knockout of MMP13
in chondrocytes post-inflammatory stimulation at the
concentration of 50. Although higher concentrations of
liposomes also availably achieved MMP13 knockdown,
they adversely affected the expression of aggrecan and
Sox9 (Fig. 2E). Subsequent high-density cartilage culture
experiments, including Alcian blue, safranin O and fast
green, and toluidine blue staining, demonstrated that
IL-1pB stimulation restrained the in vitro chondrogenic
ability of cartilage. However, treatment with liposome-
encapsulated siMMP13 significantly rescued this effect,
highlighting the therapeutic potential of the developed
siRNA delivery system (Fig. 2F).

The composite hydrogel effectively alleviates inflammation
in cartilage and rescues the degradation of the cartilage
matrix

NG-monomethyl-L-arginine acetate (L-NMMA) serves
as a cell-permeable competitive inhibitor of nitric oxide
synthase (NOS) and has been explored as a potential
therapeutic agent for OA. Our investigation focused
on its impact on chondrocytes following inflammatory
stimulation, pinpointing an effective concentration of
0.5% (Figure S2B). Western blot (WB) analyses revealed
that, relative to the IL-1p-stimulated group, treatment
with the composite hydrogel significantly downregulated
the expression of iNOS, TNF-a, MMP13, and MMP3,
while upregulating aggrecan and Sox9. In contrast,
methylprednisolone (MP) reduced MMP13 and MMP3
without significantly affecting iNOS and TNF-o; how-
ever, it negatively influenced the expression of aggrecan
and Sox9 (Fig. 3A). qPCR results further demonstrated
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Fig.2 (A) Representative IHC of MMP13 from human tissues of OA patients and non-OA patients. Scale bar, 50 um (10x), 200 um (40x). Statistical analysis
(n=3) was presented in (B). (C) WB validation of MMP13 knockdown effect by liposome-encapsulated siRNA at different concentrations in chondrocytes
(n=4). (D) WB validation of aggrecan, Sox9, Adamts5, MMP13, and MMP3 expression levels in chondrocytes post-treatment (n=4). (E) Real-time Quan-
titative PCR (gPCR) validation of aggrecan, Sox9, MMP13, and MMP3 expression levels in chondrocytes post-treatment (n=6). (F) Chondrocytes were
subjected to Alcian blue, Safranin O, and Toluidine Blue staining after treatment and cultured at high density. Scale bar, 100 um. (ns, no significance,

*P<0.05,**P<0.01, ***P <0.005, ****P<0.001)
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Fig. 3 (A) WB validation of iNOS, TNF-a, aggrecan, Sox9, Adamts5, MMP13, and MMP3 expression levels in chondrocytes after treatment with methyl-
prednisolone and composite hydrogel (n=4). (B) gPCR validation of iINOS, TNF-q, aggrecan, Sox9, MMP13, and MMP3 expression levels in chondrocytes
after treatment with methylprednisolone and composite hydrogel (n=6). (C) ELISA analysis of IL-6 and TNF-a in the supernatant of chondrocytes post-
treatment. (n=6). (D) Schematic diagram of DMM modeling and knee joint injection. (E) Live imaging of MMP 680 fluorescent probe injected into mouse
knee joints at 0, 24, and 48 h. Scale bar, 2 mm. The total fluorescence intensity and average fluorescence intensity at 24 h and 48 h were presented in (F)
and (G). Data are expressed as mean+SD (n=6). (ns, no significance, *P<0.05, **P < 0.01, ***P < 0.005, ****P<(0.001)
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that, compared to the IL-1B-stimulated group, treat-
ment with the composite hydrogel significantly sup-
pressed the expression of inflammatory-related genes
iNOS and TNF-a. Simultaneously, it markedly upregu-
lated matrix synthesis-related markers aggrecan and
Sox9 and significantly downregulated matrix degradation
indicators MMP13 and MMP3. The therapeutic efficacy
surpassed that of methylprednisolone (Fig. 3B). Subse-
quently, ELISA assays on the cell culture medium indi-
cated that composite hydrogel treatment substantially
diminished the expression levels of iNOS and TNF-q,
whereas methylprednisolone exhibited no discernible
therapeutic effects (Fig. 3C). In vitro high-density chon-
drocyte culture also unveiled the significant impact of
IL-1pB stimulation on chondrocyte proliferation. While
the methylprednisolone treatment group modestly alle-
viated this effect, the addition of the composite hydrogel
demonstrated a pronounced rescuing effect, restoring
chondrocyte proliferation to a level akin to the NC group
(Figure S3). Moving forward, we subjected wild-type
(WT) mice to destabilization of the medial meniscus
(DMM) surgery [50, 51], followed by intra-articular
injection into the knee joint (Fig. 3D). After 8 weeks of
treatment, living images showcased a noteworthy reduc-
tion in knee joint MMP signal intensity in the compos-
ite hydrogel-treated group compared to both the DMM
group and the methylprednisolone treatment group. This
trend persisted 24 h and 48 h after contrast agent injec-
tion (Fig. 3E, F and G).

The composite hydrogel effectively delays the progression
of osteoarthritis, preserving the integrity of the cartilage

To evaluate the therapeutic impact of the compos-
ite hydrogel on osteoarthritis (OA) prognosis, we uti-
lized WT mice, categorizing them into seven groups:
NC (sham surgery), DMM (OA modeling), DMM with
hydrogel injection, DMM with hydrogel+L-NMMA
injection, DMM with hydrogel+L-NMMA +Liposome
loaded with NC siRNA injection, DMM with methyl-
prednisolone (MP) injection, and DMM with hydro-
gel+L-NMMA +Liposome loaded with siMMP13
injection (composite hydrogel). After 8 weeks, organ
samples underwent hematoxylin and eosin (H&E)
staining, indicating consistent biocompatibility and
low biotoxicity of the composite hydrogel (Figure S4).
Micro-CT analysis of knee joints revealed NC joints dis-
played smooth surfaces and larger joint cavities, while
DMM joints exhibited increased porosity, rough sur-
faces, extensive spurs, and reduced joint cavities. The
hydrogel-treated groups, either alone or in combination
with L-NMMA or NC siRNA-loaded Liposomes, exhib-
ited modest rescue effects. In contrast, the MP group
demonstrated a reduction in surface fissures and spurs,
maintaining the height of the joint cavity. Remarkably,
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the composite hydrogel-treated group presented notably
smooth joint surfaces, minimal spurs, and a nearly unaf-
fected joint cavity (Fig. 4A). Statistical analysis of DMM
modeling highlighted significant reductions in bone vol-
ume fraction (BV/TV), trabecular number (Tb.N), and
trabecular thickness (Tb.Th), coupled with increased
trabecular separation (Tb.Sp). This indicated microstruc-
tural damage, reduced cartilage integrity, increased spur
formation, and enhanced porosity. The hydrogel, along
with the L-NMMA and NC siRNA-loaded Liposome
groups, showed no significant rescue effects. Conversely,
both MP and composite hydrogel treatment groups dem-
onstrated significant therapeutic effects (Fig. 4B, C, D
and E). Bone mineral density (BMD) and cortical thick-
ness on the distal side showed no significant intergroup
differences, suggesting minimal impact on cortical bone.
However, the ratio of bone surface area to bone volume
(BS/BV) increased post-DMM, indicating heightened
cortical bone porosity. Remarkably, the hydrogel treat-
ment significantly mitigated this effect (Fig. 4F, G and H).

The macroscopic images illustrated the status of the
femoral condyles. In NC group, the bone surface exhib-
ited a smooth contour without aberrant protuber-
ances or fascial proliferation. Conversely, the DMM
group presented uneven bone surfaces, accompanied by
extensive connective tissue proliferation and the forma-
tion of osteophytes. The injection of hydrogel, hydro-
gel+L-NMMA, and hydrogel+L-NMMA +Liposome
loaded with NC siRNA exhibited insufficient rescue
effects. The bone surfaces remained irregular, featuring
substantial fascial proliferation and localized osteophyte
formation. The MP treatment group manifested a moder-
ately smoother joint appearance, albeit with some anom-
alous growth. Notably, the composite hydrogel treatment
group demonstrated superior therapeutic efficacy,
enhancing joint smoothness, diminishing fascial prolifer-
ation, and averting osteophyte formation (Fig. 5A). Histo-
logical staining with H&E, Safranin O/Fast Green, Alcian
Blue, and Manson’s staining revealed considerable struc-
tural impairment and cartilage loss in the DMM group
compared to the NC group. Treatment groups, including
hydrogel injection, hydrogel+L-NMMA injection, and
hydrogel+ L-NMMA + Liposome loaded with NC siRNA
injection, demonstrated limited therapeutic effective-
ness, presenting noticeable cartilage defects and matrix
loss. The MP treatment group maintained cartilage mor-
phology but still displayed significant matrix loss. In con-
trast, the composite hydrogel injection group exhibited
a more effective treatment outcome, preserving carti-
lage morphology without evident matrix loss (Fig. 5B, C
and D, Figure S5). OARIS scores delineated heightened
osteoarthritic severity in the DMM group and the sub-
sequent four treatment groups relative to the NC group.
Nevertheless, the composite hydrogel treatment group
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exhibited no significant difference, suggesting a superior
treatment outcome. Mankin scores revealed a substan-
tial increase in scores for the DMM group and the sub-
sequent five treatment groups compared to the control
group. However, in contrast to the DMM group, both the
MP and composite hydrogel treatment groups displayed
a notable score reduction, with the composite hydrogel

treatment group demonstrating a more pronounced and
consistent downward trend (Fig. 5E and F). Furthermore,
ELISA of interleukin-6 (IL-6) and tumor necrosis factor-
alpha (TNF-a) concentrations in mice serum unveil a
decreasing trend in the composite hydrogel group com-
pared to the DMM group. Nonetheless, no statistically
significant difference was discerned, possibly owing to
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the localized nature of the osteoarthritic lesions induced
by DMM, resulting in subtle changes in systemic inflam-
matory factors (Figure S6).

The composite hydrogel effectively maintains the
metabolic stability of the cartilage matrix

To further explore the efficacy and mechanism of the
composite hydrogel, knee joint sections were obtained
for immunohistochemistry (IHC) and immunofluores-
cence (IF) analyses of markers related to cartilage matrix

anabolism and catabolism. IHC staining for MMP13
revealed a significant upregulation in the joint cartilage
region of the DMM group compared to the NC group.
The injection of hydrogel, hydrogel+L-NMMA, hydro-
gel+L-NMMA + Liposome loaded with NC siRNA, and
the MP treatment group also exhibited notable increases
in MMP13, indicating enhanced cartilage matrix degra-
dation. In contrast, the composite hydrogel treatment
group showed a significant downregulation of MMP13
in the cartilage matrix (Fig. 6A and D). IHC staining for
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MMP3 displayed a similar trend (Figure S7). IHC of Sox9
revealed a significant downregulation in all groups com-
pared to the NC group. However, when compared to the
DMM group, both the MP treatment group and the com-
posite hydrogel treatment group exhibited an upregula-
tion of Sox9, with a more pronounced rescue effect in
the composite hydrogel group (Fig. 6B and E). IF staining
for Col2 also demonstrated a downregulation in all treat-
ment groups compared to the NC group. Interestingly,
the composite hydrogel treatment group showed a res-
cue effect compared to the DMM group, while the MP
treatment group did not exhibit a significant difference
(Fig. 6C and F).

The composite hydrogel can rescue the gene expression of
chondrocytes under inflammatory stimulation

To explore the specific mechanism of the composite
hydrogel treatment, we cultured chondrocytes in vitro,
categorizing them into NC, IL-1p stimulation, IL-1f
stimulation followed by methylprednisolone treatment,

and IL-1p stimulation followed by composite hydrogel
treatment groups. Subsequently, we conducted tran-
scriptome sequencing. After IL-1f stimulation, chondro-
cytes displayed the upregulation of 1088 genes and the
downregulation of 995 genes. Additionally, 1680 tran-
scripts were upregulated, while 1402 transcripts were
downregulated. Following treatment with the composite
hydrogel, 187 genes exhibited upregulation, 125 genes
showed downregulation (Figure S8A). Protein-protein
interaction (PPI) analysis unveiled key protein clusters
involving inflammation-related genes such as MMP13,
IL6, Ccl2, matrix metabolism-related gene Col2al, oxida-
tive stress-related gene Nos2, and apoptosis-related gene
Bcl (Figure S8B). Gene Ontology (GO) analysis indicated
that differentially expressed genes across the four groups
were enriched in processes like matrix metabolism,
ossification, and hypoxic response (Figure S8C). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analy-
sis demonstrated that differentially expressed pathways
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among the four groups were associated with apoptosis,
phagosome, lysosome, ferroptosis (Figure S8D).

After exposure to inflammatory factor, chondrocytes
experienced a notable increase in the transcription lev-
els of inflammation-related genes, including IL13ra2,
Steap4, matrix catabolism-related MMP3, reactive
oxygen species-related Nos2, and apoptosis-related
Zc3h12a (Fig. 7A). Treatment with the composite hydro-
gel resulted in the downregulation of Nos2, IL13ra2, and
apoptosis-related gene Rnd1, while the transcription lev-
els of cartilage formation-related molecules Omd and
Itgbll were upregulated (Fig. 7B). GO analysis revealed
significant alterations in chondrocyte apoptosis and
apoptosis inhibition processes following inflammatory
stimulation, suggesting an elevated level of chondrocyte
apoptosis (Fig. 7C). However, after treatment with the
composite hydrogel, the expression of genes related to
the apoptosis process significantly decreased, indicating
that the therapeutic effect of the composite hydrogel may
involve rescuing chondrocyte apoptosis (Fig. 7D). KEGG
analysis indicated notable changes in the PI3K-Akt sig-
naling pathway and MAPK pathway within chondrocytes
after inflammatory stimulation (Fig. 7E). Following treat-
ment with the composite hydrogel, modifications were
observed in the PI3K-Akt signaling pathway (Fig. 7F),
suggesting that the therapeutic effect of the compos-
ite hydrogel may be mediated through these signaling
pathways. Subsequently, WB demonstrated a significant
increase in the phosphorylation levels of PI3K and Akt
after treatment with the composite hydrogel (Fig. 7G).
Meanwhile, transcriptome sequencing results suggested
that other classic pathways widely studied in OA showed
no significant differences (Figure S9).

The composite hydrogel exhibits anti-ROS activity and
inhibits chondrocyte apoptosis

To further substantiate our findings, we conducted
in vitro cultivation of chondrocytes followed by flow
cytometry analysis. The results demonstrated a substan-
tial increase in intracellular ROS levels in chondrocytes
upon stimulation with inflammatory factors. Notably,
both the MP treatment group and the composite hydro-
gel treatment group showed significant inhibition of
intracellular ROS levels (Fig. 8A and B). The use of ROS
fluorescent probes further validated the elevated ROS
levels in chondrocytes under inflammatory conditions.
Importantly, the MP treatment demonstrated a modest
inhibitory effect, whereas the composite hydrogel treat-
ment led to a pronounced decrease in intracellular ROS
levels (Fig. 8C). Subsequently, we utilized human tissue
specimens to conduct IHC staining of the anti-apoptotic
marker BCL2A1. The significant downregulation of
BCL2A1 levels in knee joint cartilage from OA patients
compared to the NC group indicated an escalation in
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chondrocyte apoptosis (Fig. 8D and E). Flow cytometry
analysis of cultured chondrocytes unveiled an increase
in apoptosis under inflammatory stimulation, while the
composite hydrogel treatment exhibited a notable inhi-
bition of apoptosis (Fig. 8F and G). Proteins associated
with apoptosis, such as BCL2, exhibited a decrease after
inflammatory stimulation but an increase after composite
hydrogel treatment. Conversely, pro-apoptotic proteins
BAX and Cleaved caspase-3 displayed an upregulation
following inflammatory stimulation but a downregula-
tion after composite hydrogel treatment (Fig. 8H). Scan-
ning electron microscopy analysis of knee joint cartilage
illustrated that, in comparison to the NC group, chon-
drocytes in the DMM group displayed fragmented cell
nuclei and unclear or disappeared organelle structures.
The MP treatment group exhibited numerous apoptotic
bodies resembling vacuoles with a trend of nuclear frag-
mentation. In contrast, the composite hydrogel treat-
ment group showcased a superior therapeutic effect, with
chondrocyte nuclei maintaining a more normal mor-
phology and fewer apoptotic bodies (Fig. 8I). IHC analy-
sis of BCL2A1 indicated a significant downregulation of
BCL2A1 expression in the DMM group compared to the
NC group. The subsequent four treatment groups dis-
played no discernible rescue effect, while the composite
hydrogel treatment group exhibited a significant increase
in BCL2A1 expression (Fig. 8]).

Discussion

OA is a polygenic degenerative joint disorder character-
ized by the progressive degradation of articular cartilage,
leading to symptomatic manifestations such as pain, stiff-
ness, and functional impairment [5]. The pathogenesis of
OA involves a multifaceted interplay of biomechanical
stress, genetic predisposition, and biochemical altera-
tions within the local joint microenvironment [1]. The
clarification of molecular pathways driving OA patho-
genesis, as illuminated in this investigation, yields invalu-
able insights into prospective therapeutic targets for
disease intervention. Elevated intracellular reactive oxy-
gen species (ROS), intensified chondrocyte apoptosis,
and perturbations in cartilage matrix metabolism are piv-
otal processes implicated in OA advancement [7]. These
mechanisms collectively precipitate extracellular matrix
(ECM) degradation and cartilage structural compromise,
culminating in joint deterioration and functional com-
promise. Currently, in clinical practice, there is a lack of
treatment methods for OA with clear efficacy.

RNA interference therapy has emerged as a promis-
ing avenue for the treatment of various diseases [52]. By
exploiting the natural cellular mechanism of gene silenc-
ing, RNAI therapy offers a targeted approach to modulate
disease-associated pathways at the molecular level [53,
54]. In the context of OA, RNAi therapy holds immense
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Fig. 8 (A) Total ROS levels are analyzed by flow cytometry. Quantitative analysis presented in (B) (n=6). (C) DCFH-DA staining of the intracellular ROS
generation. (D) Representative IHC of BCL2A1 from human issues of OA patients and non-OA patients. Scale bar, 50 um (10x), 200 um (40x). Quantitative
analysis presented in (E) (n=3). (F) WB of BCL-2, BAX, caspase3, cleaved-caspase3, and -actin. Quantitative analysis presented in (G) (n=4). (H) Repre-
sentative scanning electron microscope images of chondrocytes. (I) Cell apoptosis was analyzed by flow cytometry. Quantitative analysis presented in
(J) (n=6). (K) Representative IHC staining of BCL2A1 from the knee joint of mice in different groups. (ns, no significance, *P <0.05, **P<0.01, ***P <0.005,

P <0.001)
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potential for inhibiting the expression of key media-
tors involved in cartilage degradation, such as MMP13.
Through the specific downregulation of MMP13 and
other disease-relevant targets, RNAi therapy aims to
mitigate cartilage breakdown and preserve joint integrity.
This study targeted MMP13 and utilized the principles
of RNA interference therapy to deliver siMMP13 into
chondrocytes, suppressing its expression. This ensured
the stability of cartilage matrix anabolism and catabo-
lism. Both in vivo and in vitro experiments demonstrated
promising therapeutic effects.

Furthermore, the development of advanced deliv-
ery systems, such as liposome-encapsulated siRNA and
hydrogel formulations, enhances the efficacy and safety
of RNAI therapy, paving the way for its clinical transla-
tion as a novel treatment strategy for OA. Currently,
numerous studies are dedicated to developing such bio-
materials, including extracellular vesicles, natural cell
membranes, the application of photoporation, and oth-
ers, all of which have achieved significant advancements
[55, 56]. Simultaneously, the synthesis and application of
various novel hydrogels provide an excellent carrier for
biomaterials, enhancing their efficacy [57, 58]. The results
of our research demonstrated that liposomes exhibit sig-
nificantly greater hydrodynamic behavior in a colloidal
state compared to a solid state, and the positive charge
on the surface of the liposomes facilitates the cellular
uptake of siMMP13. Furthermore, our designed F127/
HAPBA hydrogel exhibited excellent thermosensitive
characteristics. As the temperature changed, the hydro-
gel demonstrated favorable solid properties and elastic-
ity. Additionally, the shear viscosity of the F127/HAPBA
hydrogel met the standards required for intra-articular
injection hydrogels and showed an appropriate degra-
dation rate. These findings indicate that the composite
hydrogel is an ideal carrier for intra-articular injections.

However, it is imperative to acknowledge certain limi-
tations inherent in this experimental approach. For
instance, the animal study failed to incorporate a tempo-
ral gradient, thus precluding a nuanced understanding of
the treatment’s time-dependent effects. Additionally, the
oversight regarding the biodegradation kinetics of the
material within the knee joint is noteworthy and requires
careful consideration in future iterations. To address
these methodological gaps comprehensively, our forth-
coming investigations will prioritize the development
of meticulously tailored designs. Specifically, we aim to
explore specialized strategies targeting type 2 collagen, a
pivotal constituent of articular cartilage, in order to opti-
mize treatment efficacy and longevity.
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Conclusion

To sum up, this study developed a composite RNA
interference therapy. This therapy targeted MMP13,
employing nanocarrier liposomes to encapsulate
MMP13-specific siRNA, along with a thermosensitive
hydrogel and the ROS inhibitor L-NMMA. Notably, this
approach demonstrated no apparent biological toxicity,
showcasing excellent biocompatibility. In vitro experi-
ments revealed the composite therapy’s superior abil-
ity to penetrate chondrocytes, significantly suppressing
MMP13 expression and demonstrating strong resistance
against ROS, apoptosis, and inflammation. Subsequent
in vivo experiments in animal models indicated that this
composite therapy effectively reduced matrix metallo-
proteinase levels within the knee joint cavity and allevi-
ated cartilage degeneration. It safeguarded the normal
synthesis of cartilage matrix, protecting the knee joint’s
structural integrity and thereby slowing down the pro-
gression of osteoarthritis. Additionally, transcriptomic
sequencing identified the involvement of the PI3K-Akt
signaling pathway, and subsequent validation confirmed
that the therapeutic effects of the composite therapy are
mediated through this pathway. Compared to current
osteoarthritis treatments, this composite therapy exhib-
ites high target specificity, minimal side effects, diverse
mechanisms, and simple operability. These characteris-
tics provide a novel perspective for future clinical osteo-
arthritis treatment, offering innovative possibilities for
patients with osteoarthritis.

Methods and materials

Synthesis and physicochemical characterization
mPEG-PLGA was purchased from Ponsure Biological
(Shanghai, China). DOTAP (1,2-Dioleoyl-3-trimethyl-
ammonium-propane chloride) and 3-aminophenylbo-
ronic acid were purchased from Macklin Biochemical Co.
(Shanghai, China). Sodium Hyaluronate was purchased
from Bloomage BioTechnology Corporation Limited.
Pluronic F-127 and DMTMM (4-(4,6-Dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholin-4-ium chloride) were
purchased from Sigma-Aldrich (America).

In brief, 1 pM siMMP13 RNA was dissolved in 25 pL
RNA-Free water, emulsified by ultrasound for 1 min.
mPEG-PLGA and DOTAP dissolved in 0.5 mL of chloro-
form solution. Mixed above solution to obtain the initial
emulsion and added it dropwise to 5 mL RNA-Free water
for ultrasonic emulsification. Finally, concentrate to 1 mL
on a rotary evaporator to obtain the final product lipo-
some. For measure the loading efficiency of siMMP13 in
liposome, we customized the si-MMP3-FAM in GenePh-
arma company to quantify detaction of siMMP13 in lipo-
some by unilizing the characteristics of FAM.
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Loading Efficiency =
Weight of loaded siMMP13 — FAM

100%
Weight of initially added siMMP13 — FAM X %

HAPBA was synthesized using the method described in
Gao’s work [45]. Briefly, 100 mg hyaluronic acid (HA)
was dissolved in 20 mL pure water. Then added 47 mg
of 3-aminophenylboronic acid and 80 mg of DMTMM
to the solution, adjusted pH to 6.5 and stirred for 3 days
at room temperature. After the solution was dialysised in
the 6-8 K dialysis tubing for 4 days, the final product was
obtained by freeze-drying.

The morphologies of siMMP13 liposome were
observed on a transmission electron microscope TEC-
NAI12 (PHILIPS, Holland) at 120 kV acceleration volt-
age. The particle sizes and zeta potentials of the prepared
siMMP13 liposome were obtained by a Malvern Zeta-
sizer (NanoZS90, Westborough, MA). Fourier-trans-
formed infrared spectroscopy (FTIR) spectra of HA and
HA-PBA were performed on a Nicolet iS-50 FTIR Spec-
trometer (Thermo Scientific, USA) and collected in a
mid-IR range (4000400 cm™). To detect the degree of
substitution of HAPBA, proton nuclear magnetic reso-
nance (‘H NMR, Qone AS400.) measurements were per-
formed, and the degree of PBA substitution in HA-PBA
was calculated as the following equation.

Area (7.89 ppm) + Area (7.68 ppm)

+Area (7.62 ppm) + Area (7.49 ppm 3
(7.62 ppm) (7 pp)xixloo%

DSppa) =
(PBA) Area (1.9 ppm)

Rheological tests of hydrogels

All rheological characterizations were performed on a
TA rheometer (MCR92, Anton Paar GmbH, Austria).
Each sample was uniformly loaded between the plate of
rheometer and the plate clamp with a diameter of 25 mm
was used. Gelation temperature was determined by mea-
suring the storage modulus (G’) and loss (G”) of hydro-
gel in temperature sweep mode. The shear viscosity of
hydrogels was measured in continuous flow with shear
rates from 0.01 to 1000 s'. The viscosity of the gel phase
was also investigated at constant temperature by flow
sweep. The amplitude was fixed at 1% and the frequency
from 0.01 to 100 Hz at 25+0.2 C to plot the data of the
frequency sweep.

In vitro degradation tests

Hydrogels were prepared in a circular mold with a diam-
eter of 10 mm and a height of 2 mm. The prepared hydro-
gels were then immersed in DPBS, and replaced DPBS
every 24 h. The weight of the hydrogel was recorded as
WO under dry condition, and the weight weighed at 0 h,
2h,4h,6h,8h,24h,2d, 3d was recorded as W. The
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degradation rate of the hydrogel was calculated according
to the following equation, and 3 samples are measured in
each group.

W O,

siMMP13 release from hydrogel
F127/HAPBA/liposome-siMMP13-FAM hydrogel was
prepared in circular molds with a diameter of 10 mm
and a height of 2 mm, and 3 samples were prepared per
group; The hydrogel was merged in 1 mL DPBS, shaker
at 37 °C, 90 rpm. The samples were taken at 1 h, 4 h,
8 h, 24 h, 36 h, 48 h and 72 h, respectively. The absor-
bance of the collected sample was measured by F127/
HAPBA/liposome-siMMP13-FAM hydrogel was pre-
pared in circular molds with a diameter of 10 mm and
a height of 2 mm, and 3 samples were prepared per
group; The hydrogel was merged in 1 mL DPBS, shaker
at 37 °C, 90 rpm. The samples were taken at 1 h, 4 h, 8 h,
24 h, 36 h, 48 h and 72 h, respectively. The absorbance
of the collected sample was measured by SpectraMax 190
excited at 494 nm and emitted at 519 nm to calculate the
release of siMMP13-FAM.

Patient tissue samples

This study involved the collection of human knee-joint
tissue samples from patients undergoing knee surgery.
The Ethics Committee of the Sir Run Run Shaw Hospi-
tal approved this research, and informed consent was
obtained from all patients and their relatives prior to the
surgeries. We categorized the collected samples into two
groups: one group consisted of patients with OA, while
the non-OA patients served as a control group. The tissue
samples were fixed in 4% paraformaldehyde at 4 °C for
48 h in preparation for further experiments.

Osteoarthritis modeling

Using adult male C57 mice as the research subjects,
medial meniscal destabilization (DMM) surgery was
performed (7 groups, n=10, 8 weeks old, average
weight=20 g). After anesthesia, the knee skin is exposed
by removing the hair near the knee joint. A surgical blade
is then used to cut the skin to expose the joint cavity.
Then curved forceps were used on the side to free mus-
cles and ligaments, avoiding damage to the patellar liga-
ment. Subsequently, the medial meniscal ligament was
cut with pointed scissors. The medial meniscus was then
damaged with pointed forceps and removed, ensuring to
avoid damage to the articular cartilage. Finally, the skin
was closed and the incision was sutured. The NC group
only involved opening the joint cavity without removing
the meniscus. All animal experiments were conducted
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according to the protocol approved by The Ethics Com-
mittee of the Sir Run Run Shaw Hospital.

Intra-articular injection

After one week of DMM modeling, mice were anesthe-
tized and placed in a supine position. The knee joint was
flexed at a 90° angle. After disinfecting with an iodine
swab, a microsyringe was used to inject vertically into
the skin, gently rotating to enter the joint cavity, avoiding
damage to the articular cartilage. Each joint cavity was
injected with 10 uLdrug, and then the needle was slowly
withdrawn, applying pressure with an iodine swab to stop
bleeding. The NC group and DMM group were injected
with saline, while the other groups were injected with the
corresponding treatment compounds. Drug preparation
was performed on ice.

Animal imaging in vivo

The in vivo imaging in this experiment was based on the
PerkinElmer system (USA). Twenty-four hours prior to
the detection time, the IVISense MMP 680 Fluorescent
Probe (MMPSense) was injected into the joint cavity. The
following day, mice were anesthetized and positioned in
the IVIS Lumina XRMS system for live bioluminescence
imaging.

Extraction and culture of mouse chondrocytes

Samples of knee cartilage were obtained from 5-day-old
C57/BL6 suckling male mice immediately after euthana-
sia. The cartilage specimens underwent a comprehensive
rinsing procedure using salt solution (HANK, Gibco,
USA) and were subsequently fragmented. These frag-
ments were then exposed to a 24-hour digestion process
utilizing 0.2% type-2 collagenase (Sigma, USA). The next
day, the resultant mixture underwent filtration through
a 100 um cell strainer. Following a double wash with
HANIK, the segregated cells were cultured in a 5% CO2,
37 °C incubator using a complete culture medium com-
prising DMEM (Gibco, Invitrogen, USA), supplemented
with 10% FBS (Gibco, Invitrogen, USA), and antibiotics.
The culture medium underwent renewal every 2—3 days
to facilitate optimal cell growth and ensure maintenance.

High density chondrocytes culture in vitro

Chondrocytes were seeded in a six-well plate (Corning,
USA), and different treatment measures, such as IL-1p
(Proteintech, China), siRNA (Ribobio, China), RNAimax
(Invitrogen, USA), methylprednisolone (MCE, China),
and composite hydrogel, were added according to dif-
ferent groups. The plates were then placed in a cell cul-
ture incubator and cultured for 48 h. Subsequently, the
cells were digested, centrifuged at 800 rounds per min-
ute for 5 min, the supernatant was aspirated using a
pipette, resuspended in 20 uL of culture medium, and
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then vertically dropped in the center of a 12-well plate.
The plate was placed back into the cell culture incubator
for 2 h to allow cell attachment. After 2 h, an appropriate
amount of culture medium was slowly added along the
wall using a pipette, taking care not to disperse the adher-
ent cells. The plate was then returned to the cell culture
incubator and cultured for an additional 48 h. Following
this, the plate was taken out, the supernatant was aspi-
rated, and the wells were washed three times with sterile
Phosphate Buffer Saline (PBS, Cellmax, China) solution.
Staining was performed using Safranin O, Alcian Blue,
and Toluidine Blue at room temperature for 2 h. After
aspirating the staining solution, the wells were rinsed,
and imaging was conducted.

Micro-CT analysis

The knee joint was removed after the mice were eutha-
nized. After immersing the knee joint of mice in 4%
paraformaldehyde for 48 h at room temperature, we
conducted imaging using a dedicated micro-CT scanner
(model: Skyscan 1275, Aartselaar, Belgium). The imaging
process employed an X-ray with settings at 60 pA/50 kV,
producing a resolution of 9 pm.

Western blotting

Protein extraction involved treating the samples with
RIPA lysis buffer containing phosphatase and protease
inhibitors (Beyotime, China). The resulting proteins were
separated using SDS-PAGE gel electrophoresis, followed
by transfer onto PVDF membranes for subsequent analy-
sis. After blocking with 5% bovine serum albumin (BSA)
at room temperature for 60 min, PVDF membranes were
appropriately cut based on the molecular weight of target
proteins and incubated with primary antibodies for 12 h.
Primary antibodies used included aggrecan (#ET1704-
57, Huabio, China, 1:1000), Sox9(#ET1611-56, Hua-
bio, China, 1:1000), Col2 (#ER1906-48, Huabio, China,
1:1000), MMP3 (#ET1705-98, Huabio, China, 1:1000),
MMP13 (#ab219620, Abcam, UK, 1:1000), Adamts5
(#HA722011, Huabio, China, 1:1000), PI3K (#ab191606,
Abcam, UK, 1:1000), p-PI3K (#ab182651, Abcam, UK,
1:1000), AKT (#ab179463, Abcam, UK, 1:1000), p-AKT
(#ab192623, Abcam, UK, 1:1000), p38 (#ab170099,
Abcam, UK, 1:1000), p-p38 (#ab4822, Abcam, UK,
1:1000), Jnk (#ab179461, Abcam, UK, 1:1000), p-Jnk
(#ab124956, Abcam, UK, 1:1000), Erk (#ET1601-29,
Huabio, China, 1:1000), p-Erk (#ET1610-13, Huabio,
China, 1:1000), BCL-2 (#ET1603-11, Huabio, China,
1:1000), BAX (#ET1603-34, Huabio, China, 1:1000), cas-
pase3 (#9662S, CST, USA, 1:1000), cleaved-caspase3
(#9661, CST, USA, 1:1000), iNOS (#ab178945, Abcam,
UK, 1:1000), TNF-a (#ab183218, Abcam, UK, 1:1000),
and P-actin (#£M21002, Huabio, China, 1:1000). HRP-
linked secondary antibodies, including anti-rabbit IgG



Ji et al. Journal of Nanobiotechnology (2024) 22:466

HRP-linked antibody (#7074S, CST, USA, 1:5000), and
anti-mouse IgG HRP-linked antibody (#7076S, CST,
USA, 1:5000), were then incubated with the membranes.
Chemiluminescence reagents from Amersham Biosci-
ences (Buckinghamshire, USA) were used to capture the
protein bands.

RNA isolation and real-time quantitative PCR

Total RNA extraction from the respective groups was
carried out using the TRIZOL reagent (Invitrogen, USA).
The concentration and purity of the RNA samples were
determined using the NanoDrop 2000 spectrophotom-
eter. Reverse transcription was performed on the RNA
samples using the PrimeScript RT MasterMix (Yeason,
China) to facilitate the synthesis of complementary DNA
(cDNA). Real-time quantitative polymerase chain reac-
tion (RT-qPCR) was employed for assessing mRNA lev-
els, utilizing the SYBR Green qPCR Master Mix (Yeason,
China). The RT-qPCR reactions involved an initial dena-
turation step at 95 °C for 5 min, followed by 40 cycles of
amplification (95 °C for 15 s and 60 °C for 60 s), and a
final melting curve analysis (95 °C for 15 s and 60 °C for
60 s). To ensure reproducibility and statistical reliability,
RT-qPCR experiments were conducted in triplicate. The
mRNA expression levels were normalized to the internal
control gene B-actin. The primer sequences employed in
the experiments are available in Table 1

Elisa analysis

The Elisa kits performed in this experiment were pur-
chased from Lianke Bio (China) and were operated in
strict accordance with the instructions, and all experi-
ments were repeated at least three times.

Flow cytometry

All Flow cytometry involved in this study were per-
formed by professional technicians using a FACSCalibur

Table 1 Specific primer sequences for RT-gPCR

Gene F (5'-3') R (5'-3')
B-actin AGCCATGTACGTAGCCATCC CTCTCAGCTGT
GGTGGTGAA
aggrecan TTGCAGACATTGACGAGTGC TTAGTCCACCC
CTCCTCACA
Sox9 TGAAGATGACCGACGAGCAG GGATGCACACG
GGGAACTTA
MMP13 CTTCTGGCACACGCTTTTCC ATGGGAAACAT
CAGGGCTCC
MMP3 GGAGGCAGCAGAGAACCTAC AGGACCGGAA
GACCCTTCAT
iNOS GGTGAAGGGACTGAGCTGTTA TGAAGAGAAAC
TTCCAGGGGC
TNF-a ATGGCCTCCCTCTCATCAGT TTTGCTACGAC
GTGGGCTAC
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(BD, USA) in strict accordance with the guidelines, and
all were repeated at least three times.

Tissue-specific staining

Mice knee joints were dissected to specimens. These
specimens underwent fixation in 4% paraformaldehyde
(4 °C, 48 h) and were subsequently decalcified using
EDTA for a duration of 14 days. Following decalcifica-
tion, the specimens underwent sequential dehydration,
paraffin embedding, and sectioning into slices of 5 um
thickness. To prepare the sections for histology and
immunohistochemistry, the slices were deparaffinized
with xylene, followed by rehydration using step concen-
trations of ethanol solutions. Subsequently, standard pro-
tocols were employed for staining, utilizing techniques
such as H&E, Alcian Blue, Masson, Safranin O/Fast green
to visualize specific tissue features.

Immunohistochemistry staining

The sections mentioned above underwent treatment with
H,0, (3%) for 20 min to block endogenous peroxidase
activity. Subsequently, trypsin incubation was performed
for 20 min, followed by blocking of unspecific anti-
gens using a solution containing 1% Tween-20 and 5%
bovine serum albumin in PBS for 60 min. The sections
were then incubated with primary antibodies overnight
at a temperature of 4 °C. The antibodies used included
Sox9 (#ET1611-56, Huabio, China, 1:200), MMP13
(#ab219620, Abcam, UK, 1:200), and MMP3 (#ab52915,
Abcam, China, 1:200). Corresponding secondary anti-
bodies conjugated to HRP (CST, 1:5000) were applied to
the sections. Following this, the sections were counter-
stained with hematoxylin. Quantification of positive cells
was carried out by capturing images of 6 random fields
at a magnification of 100x using Image J software. Cell
quantification was independently performed by three
researchers.

Immunofluorescence staining

The sections underwent blocking with 5% BSA for
60 min, followed by a 12-hour incubation at 4 °C with
primary antibodies against Col2 (#ab307674, Abcam,
UK, 1:200). After washing, the sections were incubated
for 60 min at room temperature with anti-rabbit Alexa
Fluor (488) secondary antibody (#710369, Invitrogen, US,
1:300). DAPI (#D9542, Sigma-Aldrich, US) was used to
stain the nuclei (0.1 pg/mL, 30 min, room temperature).
Histological scoring and quantitative analysis of immu-
nofluorescence staining were conducted in a double-
blinded manner to minimize bias.

Transmission electron microscopy
Tissue sampling and fixation were initiated by taking
approximately 1-2 mm?® of tissue, treating it with 2.5%
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glutaraldehyde, and storing it at 4 °C. Osmic acid fixa-
tion followed, involving a triple rinse with 0.1 M phos-
phate buffer (pH 7.4) and a 2 h fixation using 1% osmic
acid at room temperature. Dehydration ensued through
a series of alcohol concentrations, and permeation was
achieved using acetone: epoxy resin combinations. The
embedding phase involved placing the permeated sample
in an embedding plate with epoxy resin and polymeriz-
ing it at 60 degrees for 48 h. Ultra-thin microtome slices
(80-100 nm) were obtained, followed by double staining
with uranium and lead. The sections were then dried and
observed under electron microscopy (Thermo Fisher Sci-
entific, USA) after staining.

Statistical analysis

The data were presented as meanztstandard deviation
(SD) with individual data points. Statistical analysis was
conducted using SPSS 19.0 (SPSS, Chicago). The normal
distribution of the data was assessed using the Shapiro-
Wilk test. For normally distributed data, Student’s t-test,
one-way ANOVA, and Tukey’s post hoc analysis were
employed to evaluate statistical differences between
groups. Nonparametric tests were utilized for non-nor-
mally distributed data. A significance level of P<0.05 was
considered statistically significant. To ensure robustness
and reproducibility, all experiments were independently
conducted at least three times.

Abbreviations

OA Osteoarthritis

RNAI RNA interference

ROS Reactive oxygen species
ECM Extracellular matrix

MMP13 Matrix metalloproteinases 13

L-NMMA NG-Monomethyl-L-arginine Acetate
IL-6 Interleukin 6

I-1B Interleukin 18
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Sox9 SRY sex determining region Y-box 9
DMOADs  Disease-modifying OA drugs

PTOA Post-traumatic osteoarthritis
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NOS Nitric oxide synthase
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DMM Destabilization of the medial meniscus
TNF-a Tumor necrosis factor-alpha
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