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Abstract 

RNA interference (RNAi) and oxidative stress inhibition therapeutic strategies have been extensively utilized 
in the treatment of osteoarthritis (OA), the most prevalent degenerative joint disease. However, the synergistic 
effects of these approaches on attenuating OA progression remain largely unexplored. In this study, matrix metal-
loproteinase-13 siRNA (siMMP-13) was incorporated onto polyethylenimine (PEI)-polyethylene glycol (PEG) modified 
 Fe3O4 nanoparticles, forming a nucleic acid nanocarrier termed si-Fe NPs. Subsequently, a poly(vinyl alcohol) (PVA) 
crosslinked phenylboronic acid (PBA)-modified hyaluronic acid (HA) hydrogel (HPP) was used to encapsulate the si-Fe 
NPs, resulting in a bifunctional hydrogel (si-Fe-HPP) with reactive oxygen species (ROS)-responsive and RNAi thera-
peutic properties. Studies in vitro demonstrated that si-Fe-HPP exhibited excellent biocompatibility, anti-inflammatory 
effects and prolonged stable retention time in knee joint. Intra-articular injection of si-Fe-HPP significantly attenuated 
cartilage degradation in mice with destabilization of the medial meniscus (DMM)-induced OA. The si-Fe-HPP treat-
ment not only notably alleviated synovitis, osteophyte formation and subchondral bone sclerosis, but also markedly 
improved physical activity and reduced pain in DMM-induced OA mice. This study reveals that si-Fe-HPP, with its ROS-
responsive and RNAi abilities, can significantly protect chondrocytes and attenuate OA progression, providing novel 
insights and directions for the development of therapeutic materials for OA treatment.
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Graphical Abstract
and MMP-13, are heavily involved in the breakdown of 
cartilage collagen (specifically type II collagen) and pro-
teoglycans, contributing to the structural degradation of 
the joint [11]. Among them, MMP-13 is considered as 
one of the most critical enzymes in the degradation of 
type II collagen, the major structural protein in articu-
lar cartilage [12]. MMP-13 is highly upregulated in OA 
and plays a central role in cartilage destruction, making 
it a compelling target for therapeutic intervention [13]. 
However, there is no effective therapeutic regimen that 
directly targets MMP-13 [12, 14]. Over the past decade, 
gene therapy based on the delivery of small interfer-
ing RNA (siRNA) has emerged as an effective treatment 
for a variety of diseases including OA [15], neurological 
disorders [16, 17], and liver-associated disorders [18]. 
RNA interference (RNAi) is a biological process in which 
small RNA molecules, such as siRNA, induce the degra-
dation of specific messenger RNA (mRNA) molecules, 
thereby silencing the expression of target genes [19]. In 
therapeutic applications, synthetic siRNA molecules are 
designed to match the sequence of a disease-related gene 
[20]. Upon delivery into cells, the siRNA is incorporated 
into the RNA-induced silencing complex (RISC), which 
recognizes and cleaves the complementary mRNA, effec-
tively reducing the production of the target protein [21]. 
This precise gene-silencing mechanism makes RNAi 
a promising approach for diseases where specific gene 
overexpression contributes to pathogenesis [22]. Thus, 
the application of intra-articular injection to deliver 
therapeutic siRNAs holds great potential for the treat-
ment of OA [13, 23]. While RNAi holds great potential as 
a therapeutic approach, delivering naked siRNA (unpro-
tected siRNA molecules) faces significant challenges [24]. 
Naked siRNA is rapidly degraded by nucleases in biologi-
cal environments, exhibits poor cellular uptake, and is 
cleared quickly from circulation [25]. These limitations 
significantly reduce the therapeutic efficacy of siRNA 
when administered alone. Fortunately, nanomedicine, 
an emerging multidisciplinary field, has demonstrated a 
promising ability to overcome the therapeutic limitations 
of siRNAs [13]. Various nano-carriers, including poly-
meric micelles, organosilicons, iron oxides, and gold nan-
oparticles, have been employed to deliver siRNAs, DNAs, 
plasmids, or oligonucleotides to cells, enhancing drug 
stability and increasing cellular uptake [26–28]. Fe₃O₄ 
nanoparticles  (Fe3O4 NPs) are well-documented for their 
biocompatibility and ease of functionalization, making 
them suitable candidates for various biomedical applica-
tions [29]. One advantage of  Fe3O4 NPs is its universality 
for surface modification of functional molecules, such as 
polyethyleneimine (PEI), Bovine serum albumin (BSA) 
to achieve various biological applications. Among them, 
PEI, a cationic polymer, facilitates the efficient binding 

Introduction
Osteoarthritis (OA) is one of the leading causes of dis-
ability in the elderly and is the most prevalent joint 
disease, characterized by the degradation of cartilage 
extracellular matrix (ECM), subchondral bone sclerosis, 
and synovitis [1–3]. Although the pathogenesis of OA is 
complex, primary investigations have indicated that oxi-
dative stress-mediated articular cartilage degradation is a 
major pathological process [4]. Consequently, as osteoar-
thritis progresses, patients experience chronic joint pain, 
reduced mobility, and a diminished quality of life [5]. 
Currently, most clinical treatments for OA rely on non-
steroidal anti-inflammatory drugs (NSAIDs) or surgical 
interventions, such as arthroplasty [6]. However, long-
term use of anti-inflammatory drugs can lead to serious 
side effects, including gastrointestinal ulcers and perfo-
ration [7]. Therefore, it is imperative to develop highly 
effective and potent therapies to protect articular car-
tilage from degradation and to mitigate oxidative stress 
during the progression of OA.

Currently, there are several factors, including inflam-
matory cytokines, aggrecanases (ADAMTS) and matrix 
metalloproteinases (MMPs), that play significant roles 
in the occurrence and progression of OA [8]. Inflam-
matory cytokines, such as interleukin-1β (IL-1β), tumor 
necrosis factor-α (TNF-α), can also drive the catabolic 
processes in OA by stimulating the production of MMPs 
[9, 10]. Several MMPs, particularly MMP-1, MMP-3, 
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of negatively charged siRNA through electrostatic inter-
actions, significantly enhancing the loading capacity and 
cellular uptake of siRNA [30]. Although PEI is known 
for its high transfection efficiency, it is also associated 
with cytotoxicity due to its strong positive charge [31]. 
To reduce the cytotoxicity of PEI, significant efforts have 
focused on functionalizing nanoparticles with polyeth-
ylene glycol (PEG), a widely used strategy to enhance 
biocompatibility by lowering surface charge and mask-
ing PEI’s cationic properties [32]. This PEGylation strat-
egy reduces the cytotoxicity of PEI while preserving its 
siRNA delivery capabilities [30, 33]. Therefore, the devel-
opment of siRNA nanomaterial delivery methods offers a 
new opportunity to directly target MMP-13 and inhibit 
cartilage degeneration.

To complement RNAi-mediated targeting of cartilage 
degradation, an additional strategy focuses on mitigating 
oxidative stress, both of which are essential for slowing 
OA progression. Previous studies have identified oxida-
tive stress as a significant promoter of the development 
and progression of OA [4, 34]. Specifically, oxidative 
stress can further induce chondrocyte apoptosis, upreg-
ulate MMP-13 expression, and inhibit autophagic pro-
cesses [35, 36]. Thus, reducing reactive oxygen species 
(ROS) in the local microenvironment of OA is crucial for 
delaying disease progression [37–39]. A dual approach 
that both improves the oxidative stress microenviron-
ment and targets ROS-mediated MMP-13 upregulation 
in chondrocytes could provide a synergistic therapeutic 
strategy to slow OA progression. However, most cur-
rent antioxidant drugs are small molecules that are eas-
ily cleared from the body, resulting in unstable effects 
[38]. Therefore, it is essential to explore long-acting, 
stable, and effective methods to combat oxidative stress. 
Recently, hydrogels are crosslinked networks of hydro-
philic polymers, which can be derived from either natu-
ral or synthetic polymers [40, 41]. Currently, polymers 
such as hyaluronic acid (HA), chondroitin sulfate (CS), 
and collagen have been developed into hydrogels with 
anti-inflammatory and cartilage-repairing properties 
[42]. These hydrogels exhibit excellent biocompatibility 
as they are natural polysaccharides inherent in the extra-
cellular matrix of cartilage [43]. Given these advantages, 
there has been a surge in research exploring the use of 
these hydrogel materials for the treatment of OA. Hydro-
gels can be broadly classified into two main categories: 
non-responsive and responsive types. Non-responsive 
hydrogels retain their inherent properties irrespective of 
environmental changes. In contrast, responsive hydrogels 
undergo notable physical or chemical transformations 
in response to specific stimuli, including variations in 
pH, light, temperature, magnetic fields, or the presence 
of biomolecules [44, 45]. The inability of non-responsive 

hydrogels to adapt to the severity of OA restricts their 
therapeutic flexibility and efficacy [46]. In contrast, 
hydrogels engineered to respond to elevated ROS lev-
els can actively scavenge ROS and degrade on-demand, 
releasing encapsulated therapeutic agents when oxida-
tive stress within the joint triggers their response. Thus, 
a responsive hydrogel system with dual therapeutic 
action offers both sustained release of siRNA targeting 
MMP-13 and mitigation of ROS, addressing both carti-
lage degradation and oxidative stress associated with OA 
progression.

In this study, we designed and synthesized cationic 
small-size nanoparticles  (Fe3O4-PEI-PEG NPs) and effi-
ciently loaded MMP-13 siRNA (siMMP-13) onto these 
nanoparticles to form nucleic acid-nanoparticle com-
plexes (si-Fe NPs). These complexes facilitate the intra-
cellular delivery of siMMP-13 and protect siRNA from 
degradation, thereby enhancing the silencing effect of 
siMMP-13. Subsequently, si-Fe NPs were incorporated 
into an injectable hydrogel (HPP hydrogel) capable of 
scavenging  H2O2. This hydrogel was formed by cross-
linking phenylboronic acid (PBA)-modified HA with 
polyvinyl alcohol (PVA) through borate bond formation, 
resulting in a nanocomposite hydrogel for the encapsula-
tion of si-Fe NPs. The resulting nanocomposite hydrogel 
(si-Fe-HPP) synergizes the therapeutic effects of MMP-
13 gene silencing and ROS scavenging to suppress joint 
inflammation and promote cartilage repair. Moreover, 
the si-Fe-HPP hydrogel responds to elevated  H2O2 lev-
els (50–100 μM) in the inflammatory environment. High 
concentrations of  H2O2 accelerate the release of si-Fe 
NPs when inflammation is aggravated, while the hydro-
gel prolongs the retention of si-Fe NPs when inflamma-
tion is alleviated. This responsive behavior enables the 
construction of an intelligent, slow, and controlled drug 
delivery system for various kinds of biomedical applica-
tions (Fig. 1).

Results and discussion
Preparation, characterization, and biological properties 
of  Fe3O4‑PEI‑PEG NPs and si‑Fe NPs
To evaluate the efficacy of three siRNA sequences 
(Table  S1) in suppressing MMP-13 expression, C28/I2 
cells pretreated with transfection reagent were exposed 
to 80  pmol/mL siRNAs (siMMP-13–1062, siMMP-13–
1270, and siMMP-13–1335, all synthesized by Shang-
hai GenePharma Co., Ltd.). After 4–6  h of incubation, 
Real-time quantitative polymerase chain reaction (RT-
qPCR) analysis was performed to assess gene expression 
levels. And the results demonstrated that both siMMP-
13–1270 and siMMP-13–1335 significantly reduced 
MMP-13 expression with satisfactory silencing effects 
(Fig. S1). In our study, we selected the siRNA sequence 



Page 4 of 21Wang et al. Journal of Nanobiotechnology           (2025) 23:18 

siMMP-13–1335 for further investigations. We initially 
synthesized oleylamine-coated  Fe3O4 nanoparticles 
(NPs) [47], and transmission electron microscopy (TEM) 
results (Fig. S2) confirmed the successful synthesis of 
uniformly sized  Fe3O4 NPs with good dispersion, and 
particle sizes ranged from 10 to 20 nm. To enhance the 
adsorption of siMMP13 via electrostatic interactions, 
we functionalized the  Fe3O4 surfaces with the cationic 
polymer PEI-PEG, the process of which is schemati-
cally shown in Fig.  2a. The nuclear magnetic resonance 
(1H NMR) spectrum of PEI-PEG (Fig. S3) revealed that 
all major hydrogen atoms were present as correspond-
ing peaks, indicating their successful synthesis. After 
surface modification of PEI-PEG, the morphology of 
 Fe3O4-PEI-PEG NPs did not alter compared with neat 
 Fe3O4 (Fig.  2b). Moreover, nucleic acid-nanoparticle 
complex (si-Fe NPs) were obtained by mixing siRNA with 
 Fe3O4-PEI-PEG NPs through electrostatic adsorption. 
Slight increase of particle aggregation could be observed 
after siRNA adsorption, which could be attributed to the 
incomplete modification of surface charges (Fig. 2c) [48]. 
 Fe3O4-PEI-PEG NPs exhibited an average hydrodynamic 
size of approximately 47 nm. Upon loading with siRNA at 
a siRNA mass ratio of 16:1 (siRNA: Fe), there was a sig-
nificant increase in the hydrodynamic size of si-Fe NPs 
to approximately 116  nm, while maintaining good dis-
persion (Fig. 2d). Zeta potential, indicative of the surface 
charge potential of particles in solution, was evaluated 

for si-Fe NPs with varying siRNA mass ratios (Fig.  2e). 
Initially, pure  Fe3O4-PEI-PEG NPs exhibited a surface 
potential of +33 mV, owing to the positively charged PEI-
PEG polymer ligand, facilitating the adsorption of nega-
tively charged nucleic acids. As the mass ratio of siRNA 
increased, the positive surface charge gradually neutral-
ized due to nucleic acid binding, resulting in a decrease 
in the surface potential of si-Fe NPs. At a siRNA mass 
ratio of 24:1, the surface charge reached −1.1 V, indicat-
ing that the positive charge of the system had been neu-
tralized by the negative charge, resulting in negatively 
charged NPs. Gel electrophoresis results suggested that 
at siRNA mass ratios ≥24:1, the NPs became negatively 
charged, and some free siRNA was present, meaning the 
siRNA was not fully protected (Fig.  2f ). This behavior 
was consistent with Zeta potential measurements, con-
firming that NPs were negatively charged at siRNA ratios 
≥24:1. When siRNA was loaded onto Fe₃O₄-PEI-PEG 
NPs at a 16:1 ratio, the Zeta potential reached approxi-
mately +6.9  mV, which could promote efficient cellular 
transfection of the siRNA-loaded NPs while reducing the 
cytotoxicity typically associated with cationic nanocom-
plexes. This favorable charge profile establishes a strong 
foundation for nanoparticle entry into cells, enabling 
effective gene silencing. Hence, si-Fe NPs with a siRNA 
ratio of 16:1, were selected for subsequent experiments. 
Quantitative analysis of Fe concentration in the compos-
ites modified with PEI-PEG was performed to determine 

Fig. 1 Schematic diagram of preparation process and action mechanism of si-Fe-HPP hydrogel to attenuate osteoarthritis progression
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Fe content. Iron concentration-absorbance standard 
curves (Fig. S4) exhibited good linearity over the range 
of 0–10  μg/mL iron standard solutions. Subsequently, 
we assessed the ability of si-Fe NPs to protect siRNAs 
against degradation. As depicted in Fig.  2g, si-Fe NPs 
demonstrated substantial fluorescence intensity even in 

the presence of 20 μg/mL RNase, indicating effective pro-
tection of loaded siRNA by  Fe3O4-PEI-PEG NPs under 
complex biological conditions. Biocompatibility evalu-
ation is essential for biomedical materials. Therefore, 
we conducted MTT assays to assess cytocompatibility 
of si-Fe NPs at various concentrations (Fig.  2h). Results 

Fig. 2 Preparation, characterization, and biological properties of  Fe3O4-PEI-PEG NPs and si-Fe NPs. a Schematic diagram of preparation 
of  Fe3O4-PEI-PEG NPs and si-Fe NPs. b–c TEM image of b  Fe3O4-PEI-PEG NPs and c si-Fe NPs. Scale bar: 50 μm. d The average hydrodynamic particle 
size distribution of  Fe3O4-PEI-PEG NPs and si-Fe NPs. e Zeta potentials of si-Fe NPs at various weight ratios of siRNA:Fe. f Agarose gel retardation 
assay of si-Fe NPs at various weight ratios of siRNA:Fe. g The protective effect of  Fe3O4-PEI-PEG NPs on siRNA against RNase digestion. h Cell 
viabilities of C28/I2 cell line detected by MTT with various concentrations of si-Fe NPs. i Fluorescence image of C28/I2 cell line incubated with naked 
FAM-siRNA or FAM si-Fe NPs for 12 h. scale bar: 50 μm. j MMP-13 gene silencing efficacy of si-Fe NPs on C28/I2 cell line
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indicated that concentrations up to 0.781  μg/mL Fe did 
not adversely affect chondrocyte viability, underscoring 
the biocompatibility of si-Fe NPs for potential therapeu-
tic applications. Additionally, cellular uptake capacity of 
si-Fe NPs was evaluated. For the si-Fe NPs group, FAM-
siNC-Fe NPs were formulated, while the free siRNA 
group received equivalent amounts of free FAM-siNC. 
As shown in Fig.  2i, free siRNAs failed to enter chon-
drocytes, whereas si-Fe NPs exhibited significant green 
fluorescence within chondrocytes, demonstrating the 
ability of  Fe3O4-PEI-PEG NPs to deliver siRNA effec-
tively. Finally, we assessed the MMP-13 gene silencing 
efficacy of si-Fe NPs in C28/I2 cell lines. IL-1β stimula-
tion significantly upregulated MMP-13 gene expression 
in chondrocytes (Fig. 2j). Free siMMP-13 compared with 
negative control nano-composites loaded with siRNA 
(Negative Control) (siNC) did not effectively suppress 
MMP-13 expression (Table S1), likely due to instability of 
naked siMMP-13. Moreover,  Fe3O4-PEI-PEG NPs alone 
did not exhibit MMP-13 inhibitory effects (Fig.  2j). In 
contrast, si-Fe NPs significantly reduced IL-1β-induced 
MMP-13 expression, demonstrating superior MMP-13 
gene silencing efficacy and stability compared to free 
siRNA (Fig.  2j). Hence, the encapsulation of siMMP-13 
with  Fe3O4-PEI-PEG NPs overcomes the instability issues 
associated with naked siMMP-13, facilitating enhanced 
cellular uptake and sustained therapeutic efficacy. More-
over, excellent biocompatibility of si-Fe NPs supports 
their further development for biomedical applications.

Preparation, characterization and biological properties 
of HPP hydrogel
A schematic diagram illustrating the fabrication of the 
HPP hydrogel is presented in Fig.  3a. Initially, HA was 
modified with phenylboronic acid (PBA), as depicted in 
the synthesis route (Fig. S5). The presence of characteris-
tic peaks of hydrogen atoms on the benzene ring of PBA 
in Fig. S6 confirmed the successful attachment of PBA 
to the HA backbone, with a calculated grafting rate of 
approximately 47.2%. The PVA solution was added to the 
HA-PBA solution and mixed while stirring to ensure uni-
form blending. After 5–10 s of stirring, the mixture con-
densed into a viscous solid in the EP tube. To eliminate 

air bubbles, the mixture was centrifuged at 10,000 rpm. 
Successful gelation of the HPP hydrogel was confirmed 
by inverting the EP tube, with no liquid flow indicating 
proper formation [49]. To evaluate the hydrogel forma-
tion, we used a 2% + 9% HPP hydrogel as a representa-
tive example. As shown in Fig. 3b, fluorescent molecules 
Cy5 and Rhodamine B were mixed into 180  μL of HA-
PBA and 60 μL of  PVA solutions, resulting in dark green 
and red solutions, respectively. The resultant gelatinous 
solid adhered to the bottom of the tube, with no liquid 
flow observed, indicating successful hydrogel formation. 
Scanning electron microscopy (SEM) images (Fig.  3c) 
revealed that the HPP hydrogels were tightly crosslinked 
with numerous internal pores. Rheological properties of 
the HPP hydrogel were characterized through strain scan, 
frequency scan, time scan, and recovery scan, as shown 
in Fig. 3d–f and Fig. S7. Figure 3d illustrates that the HPP 
hydrogel remains in a solid state under strains less than 
190%, transitioning to a liquid state at higher strains, a 
phenomenon known as shear thinning, supporting the 
hydrogel’s injectability. In the frequency scan (Fig.  3e), 
both the storage modulus (G′) and loss modulus (G″) of 
the HPP hydrogel increased significantly between 0.1 to 
20 Hz. At 1% strain and 1 Hz angular velocity, G′ reached 
approximately 4200  Pa and G″ approximately 2000  Pa 
(Fig. 3f ), indicating that the hydrogel maintained its solid 
state and stability over time. The step strain test (Fig. S7) 
showed that under 1% strain, G′ > G″, indicating a stable 
solid state. At 1000% strain, the internal network of the 
hydrogel was disrupted, with G′ < G″, resulting in a liq-
uid state. The PBA molecules recombined with the diol 
structure on PVA, forming borate bonds, which reverted 
the hydrogel to its original solid state. This transient and 
dynamically bonded nature of the borate bond imparts 
self-healing and injectable properties to the hydrogel. 
Given the slow process of OA repair, hydrogel materi-
als must exhibit prolonged retention within the joint. 
To assess long-term retention and ROS responsiveness 
in both normal and inflamed joints, phosphate-buffered 
saline (PBS) and 100 μM  H2O2 were used to simulate 
physiological conditions. Figure S8 demonstrates the deg-
radation profiles of nine different hydrogel formulations 
in PBS or  H2O2. The 2% + 9% HPP hydrogel exhibited 

Fig. 3 Preparation, characterization, and biological properties of HPP hydrogel. a Schematic diagram of preparation of HPP hydrogel. b The 
formation process of HPP hydrogel. c SEM image of HPP hydrogel. Scale bar: 200 μm. d–f Rheological characterization of HPP hydrogel. d Strain 
sweep test; e Frequency sweep test; f Time sweep test. g Degradation of HPP hydrogel in PBS and different concentrations of  H2O2. h UV–vis 
spectroscopy of NaI/H2O2 solution with or without HPP hydrogel co-incubation. i–j Cell viabilities of C28/I2 cell line detected by MTT assays i 
with various concentrations of HPP hydrogel and j with various concentrations of  H2O2 with or without HPP Hydrogel. k–l Cell viabilities (k) of C28/
I2 cell line detected by Live/Dead staining at 1 mM  H2O2 with or without HPP Hydrogel, followed by quantitative analysis of the results (l). Scale bar: 
200 μm. m Residence time of the HPP hydrogel in knee joint of normal and model mice

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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both long-term stability and ROS responsiveness, mak-
ing it suitable for subsequent in vitro and in vivo experi-
ments. Then, the ROS-responsive degradation behavior 
of HPP hydrogels was systematically examined. A sig-
nificant reduction in the mass of the HPP hydrogel was 
observed in different concentrations of  H2O2 solution, 
indicating a characteristic ROS-responsive degradation 
(Fig. 3g). Specifically,  H2O2 (100 μM) present at arthritic 
sites could induce hydrogel degradation, thereby facili-
tating the intelligent and controlled release of therapeu-
tic agents at the OA site. Furthermore, we validated the 
in vitro  H2O2 scavenging ability of the HPP hydrogel. NaI 
oxidation by  H2O2 results in an oxidation product with 
an absorption peak at 350  nm, allowing the determina-
tion of  H2O2 content in the system. As shown in Fig. 3h, 
100  μL of hydrogel could completely remove 500  μL of 
1  mM  H2O2 within a short period, indicating the high 
 H2O2 removal efficiency of the HPP hydrogel. This prop-
erty has the potential to alleviate oxidative stress in the 
joint area, inhibit the progression of inflammation, and 
benefit the treatment of OA.

The biocompatibility of HPP hydrogels was evaluated, 
demonstrating non-toxicity to chondrocytes within a 
concentration range of 0–200  mg/mL, with cell sur-
vival rates consistently above 80% and predominantly 
near 100% (Fig.  3i). This favorable biocompatibility 
underpins subsequent cellular and animal experiments. 
Chondrocyte activity following various treatments was 
analyzed using the MTT assay and live/dead cell staining. 
Increased  H2O2 concentrations significantly elevated cell 
death rates, with survival dropping below 40% at 1 mM 
 H2O2. However, the presence of HPP hydrogel notably 
enhanced cell survival compared to the  H2O2 group alone 
(Fig. 3j). Live/Dead staining indicated that HPP hydrogel 
significantly reduced  H2O2-induced chondrocyte death 
(Fig.  3k), with quantitative analysis further support-
ing this effect (Fig.  3l).The consistency between these 
experimental results confirms that HPP hydrogel effec-
tively protects chondrocytes in an  H2O2-rich environ-
ment. To assess long-term retention in both normal and 
OA joints in vivo, HPP hydrogels containing fluorescent 
markers were injected into the knee joints of healthy and 
OA mice. Fluorescence was monitored at various time 
points. In healthy mice, the fluorescent signal persisted at 
day 28, indicating incomplete degradation of the hydro-
gel. In contrast, OA mice exhibited a weaker fluorescent 
signal by day 21, with complete disappearance by day 28, 
indicating faster degradation in OA joints compared to 
normal joints (Fig. 3m). In summary, our findings dem-
onstrate that HPP hydrogels exhibit excellent biosafety, 
efficient ROS scavenging capabilities, and robust long-
term retention, establishing a strong foundation for 
future experimental investigations.

Preparation, characterization, and biological properties 
of si‑Fe‑HPP
Building on the positive results obtained thus far, we 
incorporated si-Fe NPs into HPP hydrogels to cre-
ate si-Fe-HPP composite hydrogels. We first prepared 
100  μl of a 2.4% HA-PBA solution and added 20  μl of 
the si-Fe NPs solution, mixing thoroughly. Next, 40  μl 
of PVA was added, and the mixture was stirred to fab-
ricate the composite hydrogel. The schematic prepara-
tion of si-Fe-HPP hydrogel is illustrated in Fig.  4a. The 
inversion experiment demonstrated the successful for-
mation of the si-Fe-HPP hydrogel, which appeared as a 
yellow translucent solid gel with uniform color, indicat-
ing the homogeneous dispersion of si-Fe NPs within the 
HPP hydrogel (Fig. 4b). SEM images revealed a compact 
internal structure of the hydrogel, with si-Fe NPs evenly 
distributed and exhibiting good dispersion without sig-
nificant particle agglomeration (Fig.  4c). The injectabil-
ity of the si-Fe-HPP hydrogel is crucial for its potential 
as a biomedical material. The hydrogel could be smoothly 
injected through an insulin syringe, confirming its suit-
ability for intra-articular drug delivery (Fig.  4d). Rheo-
logical testing showed that the storage modulus (G′) 
and loss modulus (G″) of the si-Fe-HPP hydrogel were 
higher than those of the HPP hydrogel alone, indicating 
that nanoparticle incorporation likely contributed to the 
enhanced hydrogel strength (Fig.  4e) [50]. The release 
behavior of Cy5-Fe NPs from the hydrogel in response to 
different  H2O2 concentrations was monitored by measur-
ing fluorescence intensity in the release medium (Fig. 4f ). 
In the presence of 500  μM  H2O2, the NPs exhibited a 
nearly 100% release rate by the fourth day, significantly 
faster than other groups. This  H2O2-responsive char-
acteristic is advantageous for adapting to the OA joint 
environment, allowing intelligent release of si-Fe NPs 
in response to changes in  H2O2 levels. Figure S9 sche-
matically illustrates the ROS scavenging and responsive 
behavior of the HPP hydrogel.  H2O2 efficiently reacts 
with HPP, consuming  H2O2 and breaking the crosslink-
ing between PBA and PVA, leading to a disrupted hydro-
gel network, accelerated degradation, and nanoparticle 
release. The biocompatibility of the si-Fe-HPP composite 
gel was also evaluated. Whether varying the concentra-
tion of HPP hydrogel while keeping Fe concentration 
constant (Fig. 4g) or adjusting the concentration of si-Fe 
NPs while maintaining the HPP hydrogel concentration 
(Fig.  4h), none of the composite concentrations exhib-
ited cytotoxicity. This indicates good compatibility of the 
si-Fe-HPP hydrogel with human chondrocytes. We then 
screened MMP-13 siRNA sequences from the literature 
for efficacy in silencing MMP-13 mRNA (Table S1) [13]. 
The selected mouse-derived MMP-13 siRNA sequences 
significantly reduced MMP-13 mRNA levels in mouse 
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Fig. 4 Preparation, characterization, and biological properties of si-Fe-HPP hydrogel. a Schematic diagram of preparation of si-Fe-HPP hydrogel. b 
Formation of si-Fe-HPP hydrogel. c SEM image of Si-Fe-HPP hydrogel. Scale bar: 10 μm. d Injectable properties of si-Fe-HPP hydrogel. e Rheological 
characterization of HPP hydrogel and si-Fe-HPP hydrogel. f Release behavior of si-Fe NPs in si-Fe-HPP hydrogel at various concentrations of  H2O2. 
g–h Cell viabilities of C28/I2 cell line detected by MTT method at various concentrations of si-Fe-HPP hydrogel. i–l Evaluation of anti-inflammatory 
effect of si-Fe-HPP hydrogel on inflammation-induced C28/I2 cell line
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4T1 cells, confirming robust silencing effects suitable 
for in  vivo studies (Fig. S10). Furthermore, the effect of 
si-Fe-HPP on inflammation-induced chondrocytes was 
observed by using C28/I2 cell line. C28/I2 chondrocytes 
were divided into three groups: a blank medium group 
(as control), an H₂O₂ group, and an H₂O₂ + si-Fe-HPP 
hydrogel group. Cells were incubated for 6 h, after which 
the medium was replaced with complete medium for an 
additional 24-h incubation. Gene expression changes 
were then analyzed using RT-qPCR. RT-qPCR results 
showed that IL-1β and MMP-13 expression levels were 
significantly upregulated under inflammatory conditions, 
while the cartilage ECM synthesis-related genes ACAN 
and COL II were downregulated (Fig. 4i–l). The presence 
of si-Fe-HPP hydrogel significantly decreased the expres-
sion of IL-1β and MMP-13 compared to the inflamma-
tion-stimulated group (Fig. 4i–j). Additionally, si-Fe-HPP 
hydrogel inhibited the downregulation of ACAN and 
COL II, indicating its potential to prevent cartilage ECM 
degradation (Fig.  4k–l). The si-Fe-HPP hydrogel could 
help counter this downregulation by reducing oxida-
tive stress and inflammation through ROS scavenging, 
as supported by previous studies [37, 51]. In conclusion, 
si-Fe-HPP exhibited excellent in  vitro biocompatibil-
ity, robust gene silencing capabilities, and effective ROS 
scavenging properties, providing a strong foundation for 
future in vivo experiments.

si‑Fe‑HPP attenuated OA progression in vivo
To investigate the efficacy of si-Fe-HPP in attenuating 
the progression of OA, we utilized the DMM surgery-
induced OA mouse model. Mice were randomly assigned 
to five groups: (1) Sham group; (2) DMM group; (3) 
DMM with HPP injection group; (4) DMM with si-Fe 
NPs injection group; and (5) DMM with si-Fe-HPP injec-
tion group. One week post-surgery, the si-Fe-HPP group 
received monthly intra-articular injections of 10  μL si-
Fe-HPP (siMMP-13: 1.5  nmol/10  μL) over a 12-week 
period. Equivalent amounts of each component in si-Fe-
HPP were administered to the HPP and si-Fe NPs groups, 
while the Sham and DMM groups received an equal 
volume of PBS. After 12 weeks of treatment, mice were 
euthanized, and joint tissues, major organs, and serum 
samples were collected for efficacy and safety assess-
ment. Motor function was evaluated prior to euthanasia 
using the open field test, gait analysis, and Von Frey test 
(Fig. 5a). The results of Safranin-O/fast green (S.O.) and 
Alcian blue staining are depicted in (Fig. 5b). Quantitative 
assessments revealed that OA mice exhibited significant 
degenerative cartilage damage, evidenced by a substantial 
increase in Osteoarthritis Research Society International 
(OARSI) grading (Fig. 5c), along with decreased cartilage 
thickness (Fig.  5d), chondrocyte numbers (Fig.  5e), and 

relative cartilage area (Fig.  5f ), compared to the Sham 
group. The degenerative changes included surface fibro-
sis, abnormal chondrocyte distribution, and extracellular 
matrix defects. In contrast to the DMM group, the si-
Fe-HPP treatment effectively alleviated the OARSI score 
(Fig.  5c). S.O. and Alcian blue staining demonstrated 
that si-Fe-HPP significantly increased cartilage thickness 
(Fig. 5d), chondrocyte numbers (Fig. 5e), and relative car-
tilage area (Fig. 5f ). Although the difference in S.O. stain-
ing between the HPP and si-Fe-HPP groups may appear 
less obvious, we believe it still reflects the complemen-
tary effects of the hydrogel and si-Fe NPs (Fig. 5b). The 
HPP hydrogel contributes additional benefits beyond 
ROS scavenging. By forming a lubricating layer within 
the joint, it reduces mechanical wear and enhances fric-
tion control and mechanical protection [52]. This fric-
tion-reducing property may partially explain the close 
S.O. staining levels observed between the two groups 
(with si-Fe-HPP demonstrating even better results actu-
ally), indicating that both treatments support cartilage 
protection. Moreover, the efficacy of si-Fe NPs treatment 
alone was lower than that of the HPP and si-Fe-HPP 
groups (Fig. 5b). One potential explanation is the lack of 
sustained local release with si-Fe NPs alone. Without the 
hydrogel matrix, siRNA may diffuse rapidly from the joint 
site, leading to suboptimal therapeutic concentrations 
over time [53]. Additionally, the absence of ROS scaveng-
ing and friction-reducing properties from the hydrogels 
could make joints more vulnerable to oxidative stress 
and mechanical damage. This increased susceptibility 
may weaken the protective effects observed with si-Fe 
NPs alone. Further immunohistochemical (IHC) staining 
revealed a significant reduction in MMP-13 expression in 
the si-Fe-HPP treated group, indicating effective inhibi-
tion of MMP-13 expression in chondrocytes (Fig. 5g–h). 
Additionally, the density of Col II in the OA mice treated 
with si-Fe-HPP was significantly increased, suggesting 
successful repair of the articular cartilage (Fig.  5i–j). In 
conclusion, these findings demonstrate that si-Fe-HPP is 
effective in slowing the progression of OA, presenting a 
promising treatment option.

si‑Fe‑HPP alleviated synovitis and subchondral bone 
sclerosis in vivo
Given that synovitis and subchondral bone sclerosis are 
characteristic pathological processes of OA, we further 
investigated the impact of si-Fe-HPP treatment on these 
processes in the context of delayed OA cartilage degen-
eration (Fig.  6a). First, we examined the body weight of 
treated mice. After 12  weeks of treatment, there were 
no significant differences in body weight changes among 
the five groups of mice (Fig. 6b). However, the diameter 
of the knee joints in the si-Fe-HPP-treated mice was 
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Fig. 5 si-Fe-HPP attenuated OA progression in vivo. a Schematic diagram of the flow of animal experiment. b–f S.O. staining and Alcian blue 
staining (b) and quantification of Osteoarthritis Research Society International (OARSI) grading (c), cartilage thickness (d), chondrocyte number 
(e) and relative cartilage area (f). Scale bar: 50 μm. g–j Representative images of immunohistochemical staining of MMP-13 + (g) and Col II (i) 
in the cartilage of knee joints, as well as the relative quantification of MMP-13 + (h) and Col II (j). Scale bar: 50 μm. Data are expressed as mean ± SD



Page 12 of 21Wang et al. Journal of Nanobiotechnology           (2025) 23:18 

significantly reduced compared to the DMM group, with 
no statistically significant differences observed between 
the other groups (Fig. 6c). This indicates that si-Fe-HPP 
effectively reduced joint swelling. Additionally, hema-
toxylin and eosin (H&E) staining revealed substantial 
inflammatory cell infiltration and synovial thickening 
adjacent to the medial meniscus in DMM-operated mice 
(Fig.  6d). si-Fe-HPP treatment significantly attenuated 
inflammatory cell infiltration and reduced the synovitis 
score in the knee joint (Fig.  6e). These findings suggest 
that si-Fe-HPP effectively alleviated synovitis during OA 
progression.

Furthermore, microcomputed tomography (micro-CT) 
analysis, combined with three-dimensional (3D) recon-
struction of the knee joints, demonstrated abnormal bone 
remodeling in the DMM group compared to the sham 
group (Fig. 6f ). This was evidenced by narrowing of the 
articular space, uneven bony surfaces, and mineraliza-
tion of the medial articulation, quantified by an increase 
in the number of osteophytes (Fig. 6g) and bone volume 
(BV) of the knee joints (Fig.  6h). si-Fe-HPP treatment 
significantly ameliorated these pathological changes. In 
the subchondral region, si-Fe-HPP treatment signifi-
cantly reduced the DMM surgery-induced increases in 
subchondral bone plate (SBP) thickness (Fig.  6i), bone 
mineral density (BMD) (Fig.  6j), subchondral bone vol-
ume to tissue volume ratio (BV/TV) (Fig. 6k), trabecular 
number (Tb.N) (Fig. 6l), and trabecular thickness (Tb.Th) 
(Fig. 6m). Overall, the results demonstrate that si-Fe-HPP 
treatment has therapeutic effects on the typical patho-
logical processes of OA progression, including synovitis 
and subchondral bone sclerosis, while also delaying car-
tilage degeneration (Fig. 6n). These findings highlight the 
potential of si-Fe-HPP as a promising treatment for OA.

si‑Fe‑HPP improved motor performance of OA mice
To assess the functional improvement of knee joints in 
OA mice following si-Fe-HPP treatment, we performed 
open field and gait analyses. During the 180-s testing 
period, OA mice exhibited reduced locomotor activity, 
shorter activity time, shorter activity distance, and slower 
average speed compared to the Sham group (Fig.  7a). 
As anticipated, si-Fe-HPP-treated mice demonstrated 

significantly improved locomotor performance, char-
acterized by increased activity (Fig. 7b), extended activ-
ity time (Fig.  7c), longer activity distance (Fig.  7d), and 
higher average speed compared to other groups (Fig. 7e). 
These findings suggest that si-Fe-HPP effectively restored 
motor function in DMM surgery-induced OA mice. In 
the gait analysis, we used red ink to stain the front paws 
and blue ink for the hind paws, recording footprints as 
the mice walked along a 70 cm × 20 cm white track. In the 
Sham group, the footprints of the front and hind paws 
overlapped, whereas in the OA group, the footprints 
were markedly apart, indicating increased knee pain and 
walking difficulty post-DMM surgery (Fig.  7f ). Remark-
ably, si-Fe-HPP treatment significantly improved the gait 
of OA mice, as evidenced by the quantitative analysis 
of stride length (blue dashed line) (Fig.  7g), step length 
(red dashed line) (Fig.  7h), and anterior and posterior 
imprint length (green dashed line) (Fig. 7i). In addition, 
the results of von Frey test showed that the si-Fe-HPP-
treated paw withdrawal response thresholds were nota-
bly elevated, indicating reduced nociceptive sensitivity in 
mice (Fig.  7j). In conclusion, our comprehensive analy-
sis reveals that si-Fe-HPP treatment not only restored 
motor function but also alleviated nociceptive sensitiv-
ity in DMM surgery-induced OA mice. These results 
underscore the therapeutic potential of si-Fe-HPP in OA 
treatment.

Excellent biocompatibility and safety of si‑Fe‑HPP in vivo
To ensure the biosafety of si-Fe-HPP hydrogel, H&E 
staining was performed on major organs, including 
the heart, liver, spleen, lungs, and kidneys of mice that 
received intra-articular injections of the hydrogel. The 
staining revealed no significant abnormalities, inflamma-
tion, or damage in any of the examined organs, indicating 
excellent biosafety of si-Fe-HPP (Fig.  8a). Furthermore, 
a comprehensive biochemical analysis was conducted to 
assess the systemic effects of si-Fe-HPP. Serum levels of 
alanine transaminase (ALT) (Fig. 8b), aspartate transami-
nase (AST) (Fig. 8c), albumin (ALB) (Fig. 8d), cholesterol 
(CHO) (Fig. 8e), blood urea nitrogen (BUN) (Fig. 8f ), and 
lactate dehydrogenase (LDH) (Fig.  8g) were measured 
and found to be within the normal range across the Sham 

(See figure on next page.)
Fig. 6 si-Fe-HPP alleviated synovitis and subchondral bone sclerosis in OA mice. a Schematic diagram of HE staining and Micro-CT detection. b–c 
Body weight (b) and knee joint diameter (c) of mice at the endpoint of the animal experiment. d–e Representative images of H&E-stained mouse 
knee joint sections (d) and quantitative scores of synovitis (e). Scale bars: 50 μm. f Micro-CT analysis and 3D reconstructed images of mouse knee 
joints and sagittal views of the medial joint compartment showing changes in femoral and tibial surfaces and SBP thickness, respectively. Scale 
bars: 1 mm. g–m Quantification of the number of osteophytes (g), BV (h), SBP thickness (i), subchondral BMD (j), and the ratio of BV/TV (k), Tb.N 
(l), and Tb.Th (m) of the knee joint. n Schematic representation of the working mechanism of si-Fe-HPP in the knee joint of OA mice. Data are 
expressed as mean ± SD
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Fig. 6 (See legend on previous page.)
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Fig. 7 si-Fe-HPP improved the behavioral performance of mice. a A representative trajectory plot of the spontaneous activity of mice in the open 
field test. b–e the quantitative analyses of the relative activity (b), the duration of the activity (c), the distance traveled (d) and the average speed 
(e) of mice within the 180-s experimental period. f Gait analysis of mice. Dotted blue line, stride length; dotted red line, step length; dotted green 
line, front/aft footprint. Red footprint, forepaw; blue footprint, hindpaw. g–i Quantification of mouse footprints, including relative stride length (g), 
relative step length (h), and relative fore/rear footprint length (i). j Measurement of mechanical sensitivity of mice by the von Frey test. Data are 
expressed as mean ± SD
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group and the four experimental groups. These results 
confirm the good biocompatibility and safety profile of 
si-Fe-HPP in vivo. In summary, both histological and bio-
chemical analyses demonstrate that si-Fe-HPP hydrogel 
exhibits excellent biosafety and biocompatibility. These 
findings provide strong evidence for the potential of si-
Fe-HPP as a safe and effective therapeutic agent for the 
treatment of OA.

Materials and methods
Materials
Iron acetylacetonate, N,N-carbonyl diimidazole, 
oleylamine, oleic acid, calcium hydroxide, polyethyl-
eneimine (Mw ~ 1800), hydroxy polyethylene glycol 
(Mw ~ 5000), sodium hyaluronate, and 3-aminobenzen-
eboronic acid were purchased from Aladdin Bioscience 
Co. (Shanghai, China). Fetal bovine serum, DMEM high 
glucose medium and other biologically related reagents 
or kits were purchased from KeyGen Biotechnology Co. 
(Nanjing, China).

Fig. 8 Satisfactory biocompatibility and safety of si-Fe-HPP in vivo. a Representative images of H&E staining of heart, liver, spleen, lung, kidney 
excised from mice treated with si-Fe-HPP hydrogel treatment and without treatment. Scale bars, 200 μm. b–g The levels of ALT (b), AST (c), ALB (d), 
CHO (e), BUN (f), and LDH (g) in serums from mice treated with si-Fe-HPP hydrogel and no treatment. The two dashed lines in figures represent 
the range of normal values for each serum biochemical index. Data are expressed as mean ± SD
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Preparation of  Fe3O4 NPs
To synthesize iron nanoparticles, initially, 1.4  g of iron 
acetylacetonate was weighed and mixed with 8 mL of 
oleic acid and 12  mL of oleylamine. The reaction com-
menced by purging with  N2 at room temperature for 
15  min, followed by vacuuming using an oil pump for 
15 min while maintaining the nitrogen purge. The reac-
tion mixture was heated to 120 °C and held for 2 h. Sub-
sequently, the temperature was raised to 220  °C and 
maintained for 30 min, then increased at a rate of 2  °C/
min to 300  °C and held for 30  min. The solution was 
cooled to 120  °C and kept for an additional 30  min. 
After cooling to 120  °C, nitrogen flow was stopped, and 
air was introduced to continue the reaction for 90  min. 
Upon completion, the heating was turned off, and the liq-
uid was transferred to a 50 mL centrifuge tube. Acetone 
(50  mL) was added, and centrifugation at 8000  rpm for 
5  min separated the supernatant, which was discarded. 
The precipitate was dissolved in 5–10 mL of hexane, fol-
lowed by addition of 40 mL of ethanol and repeated cen-
trifugation. This washing process was repeated twice. 
Finally, the nanoparticles were dissolved in 5 mL of hex-
ane, sealed, and stored at room temperature.

Preparation of PEI‑PEG
Anhydrous and alcohol-free chloroform solvent was 
prepared by initially mixing chloroform with deion-
ized water, subjecting it to triple extraction, and treat-
ing it with calcium hydride under reflux at 65  ℃ for 
4  h to obtain redistilled chloroform. In the subsequent 
step, HO-PEG2000-OH was activated by combining 
2  g of HO-PEG2000-OH with 0.821  g of CDI in 20  mL 
of the prepared chloroform solvent, stirring overnight 
under a nitrogen atmosphere, and precipitating the 
resulting PEG-CDI with cold ether followed by vac-
uum drying. Further, 1.4 g of PEG-CDI and 1.9 g of PEI 
(Mw ≈ 1800 Da) were dissolved in 7.5 mL of chloroform, 
mixed, and reacted for 12  h under nitrogen. The prod-
uct, PEI-PEG, was obtained after precipitation with cold 
ether, washing, and vacuum drying, and stored at −20 ℃. 
Structural confirmation was performed by dissolving 
5  mg of PEI-PEG in 500  μL of deuterated chloroform 
 (CDCl3), transferring it to an NMR tube, and analyzing 
its structure using 1H NMR spectroscopy.

Preparation of  Fe3O4‑PEI‑PEG NPs
Fe3O4 nanoparticles (20–30  μL), dispersed in hexane, 
were transferred to an EP tube and ethanol was added to 
induce precipitation. After centrifugation, the superna-
tant was discarded, and the precipitate was purged with 
nitrogen, dried, and weighed to determine the nanopar-
ticle mass. The nanoparticles were then redispersed in 
chloroform and mixed with a PEI-PEG solution, followed 

by sonication for 30  min to 1  h and overnight shaking. 
The resulting mixture was dried using rotary evapora-
tion and further subjected to vacuum drying for 24  h. 
The product was subsequently dispersed in water via 
sonication and subjected to dialysis for three days with 
three changes of dialysate. Finally, the product was stored 
under sealed conditions.

Determination of total iron concentration in  Fe3O4‑PEI‑PEG 
NPs
A small volume (approximately 10  μL) of nanoparticles 
was treated with nitric acid and heated to 200  °C, with 
continuous shaking to prevent evaporation. Upon evapo-
ration of most of the nitric acid, the residue was diluted 
with water, and the dilution factor was recorded. Phen-
anthroline and hydroxylamine hydrochloride were dis-
solved in acetic acid-ammonium acetate solution and 2M 
hydrochloric acid, and added to an EP tube. After incu-
bating for 2  h in the dark, the solution was transferred 
to a 96-well plate and the absorbance was measured. The 
iron concentration of the sample was determined from a 
standard curve, and multiplied by the dilution factor to 
obtain the total iron concentration of the original sample.

Fe3O4‑PEI‑PEG NPs loaded siRNA method
A solution of 1  OD260 of siRNA (approximately 33  μg) 
(Shanghai GenePharma Co., Ltd.) was dissolved in 
40  μL DEPC water. The concentration of siRNA was 
precisely measured using a μDrop Plate (Thermo Scien-
tific™, USA) to determine the nucleic acid concentration. 
 Fe3O4-PEI-PEG NPs were diluted accordingly, and a pro-
portional volume was aspirated using a pipette. The NP 
solution was then added dropwise to the siRNA solution 
while gently mixing with a pipette gun. The mixture was 
thoroughly blended and allowed to stand at room tem-
perature for 30  min to form complexes of siRNA and 
 Fe3O4-PEI-PEG NPs (si-Fe NPs).

Evaluation of the ability of  Fe3O4‑PEI‑PEG NPs to protect 
siRNAs
Free siRNA and si-Fe NPs were mixed with various con-
centrations of RNA degrading enzyme (RNase) in 0.2 mL 
EP tubes, sealed with film, and incubated for 1  h in a 
37  °C water bath. Subsequently, gel electrophoresis was 
conducted.

Evaluation of cellular uptake capacity of si‑Fe NPs
The C28/I2 cell line was divided into two groups in a 
24-well plate: the naked siRNA group and the siRNA-
Fe NPs group. For the siRNA-Fe NPs group (siRNA: 
80  pmol/mL), FAM-siNC-Fe NPs were prepared, while 
equal amounts of free FAM-siNC were used for the free 
siRNA group. Cells were incubated in 24-well plates 
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for 12  h, followed by medium aspiration and two PBS 
washes to remove extracellular free siRNA or nanoparti-
cles. Next, 200 μl of 4% paraformaldehyde was added for 
fixation. After fixation, the cells were washed twice with 
PBS and stained with 200 μl of DAPI solution. Following 
2–3 PBS washes, fluorescence microscopy was used for 
observation.

Preparation of HA‑PBA polymers
HA (2 g) was dissolved in 200 mL of deionized water and 
stirred overnight until fully dissolved, yielding a clear 
and viscous liquid solution. Subsequently, PBA (940 mg) 
was dissolved in 20 mL of deionized water under sonica-
tion until complete dissolution. This solution was then 
combined with the HA solution. The pH of the resulting 
solution was adjusted to 6.5~7 using 1 M NaOH and 1 M 
hydrochloric acid solutions. DMTMM (1.6  g) was then 
dissolved in 10 mL of deionized water by ultrasonication, 
followed by mixing with the HA + PBA solution. The 
reaction mixture was stirred at room temperature under 
a nitrogen atmosphere for 72 h.

Preparation of HPP hydrogels in different ratios
Firstly, PVA solutions of different concentrations were 
prepared. PVA (9  g) was added to 100  mL of deionized 
water and heated to 90 ℃ to dissolve. After cooling to 
room temperature, the solution was transferred to a sam-
ple bottle, resulting in a 9% (w/v) PVA solution. Portions 
of this solution were diluted to obtain 3 and 6% PVA solu-
tions with deionized water. Next, HA-PBA solutions of 
varying concentrations were prepared. HA-PBA samples 
(2, 4, and 6 mg) were individually weighed into 1.5 mL EP 
tubes. To dissolve the samples, 200 μL of PBS was added 
to each tube, followed by continuous sonication. This 
process yielded 1, 2, and 3% (w/v) HA-PBA solutions in 
total. Subsequently, 66.7 μL of 3, 6, and 9% PVA solution 
was added to corresponding portions of the HA-PBA 
solutions. A pipette gun was used to mix the PVA solu-
tion into the HA-PBA solution while stirring, ensuring 
thorough mixing before continuing stirring to maintain 
uniformity. After stirring for 5–10 s, the liquid in the EP 
tube condensed into a viscous solid. The mixture was 
then centrifuged at 10,000  rpm for 3 min to remove air 
bubbles. Successful formation of the HPP hydrogel was 
confirmed by inverting the EP tube; no liquid flow indi-
cated successful gelation.

Hydrogel rheology testing
The HPP and si-Fe-HPP hydrogel were molded into cyl-
inders with a diameter of 8 mm and height of 2 mm using 
a PTFE mold. These cylinders were carefully removed 
and positioned on the base plate of a rheometer. Sub-
sequently, a series of rheological tests were conducted 

using the rheometer. A strain sweep was performed to 
evaluate the response over a strain range of 0.1–1000% 
at a fixed angular velocity frequency of 1 Hz. An angular 
velocity frequency sweep followed, maintaining a strain 
of 1% while scanning angular velocities from 0.1 to 20 Hz. 
A time sweep was conducted at 1% strain and 1 Hz fre-
quency, spanning 120  s with time as the x-axis. Lastly, 
a step strain test involved varying strains (1–1000%) at 
1 Hz frequency, with each strain step lasting 2 min. These 
tests aimed to characterize the mechanical properties 
and viscoelastic behavior of the hydrogel formulations 
under different conditions, providing insights into their 
potential applications in biomedical settings.

In vitro degradation of hydrogels with different ratios of HPP
Nine different hydrogel formulations were prepared with 
varying ratios of HA-PBA and PVA: 1% HA-PBA + 3% 
PVA (denoted as 1% + 3%, and so forth), up to 3% HA-
PBA + 9% PVA. Each formulation was duplicated, result-
ing in a total of 18 hydrogel samples. Initially, each 
hydrogel sample was immersed in 2 mL of PBS to reach 
swelling equilibrium, and the initial weight was recorded. 
Subsequently, pairs of hydrogels with identical composi-
tions were separately incubated in 2 mL of PBS and 2 mL 
of 100 μM  H2O2 solution at 37 °C. Every 48 h, the incu-
bation medium was replaced, and the hydrogels were 
gently centrifuged at low speed. After removing the liq-
uid, the surface of each hydrogel was dried with filter 
paper, reweighed, and the weight recorded. This process 
was repeated until complete degradation of the hydrogel 
occurred in the PBS medium. These experiments were 
conducted to assess the degradation behavior of the HPP 
hydrogels under oxidative conditions, mimicking envi-
ronments relevant to biomedical applications.

Investigation of ROS‑responsive degradation behavior 
of HPP hydrogels
Four identical HPP hydrogel samples (2% + 9%) were 
prepared and individually placed into separate 2 mL EP 
tubes. Each hydrogel sample was initially immersed in 
2 mL of PBS until swelling equilibrium was reached. The 
initial weight of each hydrogel was recorded as 100%. 
Subsequently, the PBS was replaced with solutions con-
taining 50  μM  H2O2, 100  μM  H2O2, and 500  μM  H2O2 
in separate EP tubes containing one hydrogel sample 
each. The samples were then incubated at 37  °C, and 
every 48  h, they were gently centrifuged at low speed. 
After removing the supernatant, the surface of each HPP 
hydrogel was carefully dried with filter paper, reweighed, 
and the weight recorded. The incubation medium (PBS or 
 H2O2 solution) was replenished after each measurement, 
and the process was repeated until complete degradation 
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of the HPP hydrogel was observed under the respective 
conditions. This experimental setup aimed to evalu-
ate the degradation kinetics of the HPP hydrogel under 
oxidative stress conditions induced by varying concen-
trations of  H2O2, simulating environments relevant to 
biomedical applications.

Investigation of  H2O2 scavenging capacity of HPP hydrogel 
in vitro
Four different concentrations of  H2O2 solution (50, 100, 
500  μM, 1  mM) were prepared in duplicate in 1.5  mL 
EP tubes, totaling eight samples, each with a volume of 
500 μL. One hundred microliters (100 μL) of HPP hydro-
gel was immersed in each  H2O2 solution and incubated 
at room temperature for 2  h in darkness. Subsequently, 
the hydrogel samples were centrifuged to collect 100 μL 
of the supernatant, which was then transferred to a 
96-well plate. To this, an equal volume of 1  M aqueous 
sodium iodide solution was added and allowed to react 
for five minutes in the absence of light. UV absorption 
spectra were then measured using a spectrophotometer 
within the wavelength range of 300~500  nm to analyze 
the reaction products formed under oxidative conditions 
induced by different concentrations of  H2O2. This meth-
odological approach aimed to assess the oxidative degra-
dation behavior of the HPP hydrogel and characterize its 
response to varying levels of oxidative stress.

Cell compatibility
C28/I2 cells were seeded into 96-well plates. Si-Fe nano-
particles (NPs) were prepared at various concentrations 
based on iron mass, dispersed in complete medium, and 
added to the 96-well plates. Final concentrations of iron 
(Fe) in the wells were adjusted to 0, 0.049, 0.088, 0.195, 
0.390, and 0.781 μg/mL, with each concentration tested 
in triplicate wells. The same experimental setup was 
applied to HPP and si-Fe-HPP hydrogels. This approach 
ensured consistent testing across different materials (Si-
Fe NPs, HPP, and si-Fe-HPP hydrogels).

RT‑qPCR
Cellular mRNA was extracted from chondrocytes follow-
ing the manufacturer’s instructions using the RNA-quick 
Purification Kit (#RN001, ES Science, Shanghai, China). 
The HiScript-TS 5′/3′ RACE Kit (RA101, Vazyme, 
China) was utilized for the detection of MMP-13, IL-1β, 
ACAN, and Col II expression levels. RT-qPCR analysis 
was conducted on a LightCycler 480 PCR system (Roche, 
Switzerland) using ChamQ Universal SYBR qPCR Master 

Mix (Q711, Vazyme, China). Primer sequences for the 
assays are provided in Table S2.

Animal experiments
All animal experiments were conducted with the 
approval of the Ethics Committee of Drum Tower Hos-
pital affiliated with Nanjing University. The experiments 
adhered strictly to the ARRIVE guidelines and were car-
ried out in compliance with the U.K. Animals (Scien-
tific Procedures) Act of 1986 and associated guidelines, 
EU Directive 2010/63/EU for animal experiments, and 
the National Institutes of Health Guide for the Care 
and Use of Laboratory Animals (NIH Publications No. 
8023, revised 1978). Male 12-week-old C57BL/6 mice 
were procured from the Animal Model Research Center 
of Nanjing University and were housed under specific 
pathogen-free conditions with ad  libitum access to food 
and water. The OA mouse model was induced by surgical 
destabilization of the medial meniscus under isoflurane 
anesthesia. Twelve-week-old male C57BL/6 mice were 
prepped by sterilizing the skin with iodophor. During 
surgery, the joint cavity of the right knee was opened, and 
the medial meniscotibial ligament was severed to desta-
bilize the medial meniscus from the tibial plateau under 
a stereomicroscope. Loosening was confirmed using 
microscopic forceps, after which the incision was sutured 
layer by layer and sterilized again. The same surgical pro-
cedure was performed on the Sham group without liga-
ment resection. Following Sham or DMM surgery on the 
right knee joint, mice were randomly allocated into five 
groups: (1) Sham group; (2) DMM group; (3) DMM with 
HPP injection group; (4) DMM with si-Fe NPs injection 
group; and (5) DMM with si-Fe-HPP injection group. 
One week post-surgery, the si-Fe-HPP group received 
intra-articular injections of 10 μL si-Fe-HPP (siMMP-13: 
1.5 nmol/10 μL) once per month for a period of 12 weeks. 
The HPP and si-Fe NPs groups were administered equiv-
alent amounts of their respective components found in 
si-Fe-HPP, while the Sham and DMM control groups 
received an equal volume of PBS. After 12 weeks of treat-
ment, mice were euthanized, and joint tissues, major 
organs, and serum samples were collected for efficacy 
and safety evaluation. Motor function was assessed using 
the open field test, gait analysis, and Von Frey test before 
the animals were sacrificed for sampling (Fig. 5a).

Histological analysis
A 10% ethylenediaminetetraacetic acid (EDTA) solution 
(#1340, Biofroxx, Germany) was utilized for decalcify-
ing mouse knee joints, followed by embedding in paraf-
fin blocks. The knee joints were sectioned coronally into 
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continuous 5 μm slices using a microtome (Thermo, 
Germany). Sections were subjected to H&E staining 
(#C0105S, Beyotime) and S.O. staining (#G1371, Solar-
bio) to evaluate synovitis and cartilage lesions, respec-
tively. Synovitis severity was assessed using a scoring 
system ranging from 0 to 3, and cartilage degeneration 
was evaluated using the Osteoarthritis Research Soci-
ety International (OARSI) grading system (0–6) by two 
independent blinded observers. The maximum scores for 
synovitis and OARSI were recorded, and their average 
values were calculated. Furthermore, to assess the in vivo 
biocompatibility of si-Fe-HPP, sections of major organs 
(heart, liver, spleen, lungs, and kidneys) were stained with 
H&E (#C0105S, Beyotime). Serum biochemical indica-
tors were also analyzed to evaluate safety profiles.

Immunohistochemical staining
Endogenous peroxidase activity was quenched using 3% 
(v/v)  H2O2. Horseradish peroxidase-conjugated second-
ary antibodies, specifically goat anti-rabbit or anti-mouse 
immunoglobulin G (IgG) (Biosharp, Shanghai, China), 
were used. Immunohistochemical staining was visual-
ized using the Ultrasensitive DAB kit (#1205250, Typing, 
Nanjing, China). Non-immune IgG served as a nega-
tive control during the immunohistochemical staining 
process.

Micro‑CT analysis
Micro-CT scans were conducted using a VivaCT 80 
scanner (Scanco Medical AG, Switzerland) equipped 
with a 70 kVp light source. 3D reconstructions of mouse 
knee joints were generated using Scanco Medical soft-
ware (Scanco, Switzerland) with a threshold set at 220 to 
evaluate bone morphology. Quantitative analysis of oste-
ophyte formation was performed based on the 3D recon-
structed images.

Behavior tests
The open field test was conducted in a 50  cm × 50  cm 
square arena with 25 cm high walls under quiet, dimly-
lit conditions. Mice movement trajectories were recorded 
using a tracking system (Zhenghua Technology). For gait 
analysis, mice freely walked on a 70  cm × 20  cm white 
runway. Prior to testing, the forepaws were marked 
with red ink and hindpaws with blue ink to record foot-
prints. Measurements were analyzed by two independ-
ent observers blinded to the experimental conditions. 
Pain sensitivity was assessed using an electronic von Frey 
anesthesiometer (IITC, Woodland Hills, USA), recording 
the mechanical paw withdrawal threshold.

Statistical analysis
Statistical analyses were conducted using GraphPad 
Prism software (version 8.0) and SPSS software (version 
25.0). Quantitative results represent findings from at 
least three independent experiments. Graphical Analysis 
Using GraphPad Prism 8.0 and Origin 2022. No samples 
or animals were excluded from the analysis. To assess 
data variance equality and normal distribution, Levene’s 
test and Shapiro–Wilk’s test were applied, respectively. 
For comparisons among multiple groups, either one-way 
or two-way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test was performed. Data are presented 
as mean ± standard deviation, and statistical significance 
was set at P < 0.05.

Conclusion
In summary, a bifunctional si-Fe-HPP hydrogels with 
excellent ROS scavenging ability and RNAi therapeutic 
properties were prepared by incorporation of si-Fe NPs 
into HPP hydrogels. In vitro investigations demonstrated 
that si-Fe-HPP exhibits excellent biocompatibility, strong 
anti-inflammatory activity, and prolonged stability and 
retention time within the knee joint. In  vivo, si-Fe-HPP 
significantly attenuated cartilage degradation in DMM-
induced OA mice, which was evidenced by alleviation 
of synovitis, osteophyte formation, subchondral bone 
sclerosis as well as improvement in physical activity and 
reduced pain. Overall, the multifunctional si-Fe-HPP 
hydrogel with great abilities to protect chondrocytes and 
attenuate OA progression could serve as a potential ther-
apeutic material for OA treatment.
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