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A B S T R A C T   

Osteoarthritis (OA) is a chronic inflammatory joint disease characterized by progressive cartilage degeneration, 
synovitis, and osteoid formation. In order to effectively treat OA, it is important to block the harmful feedback 
caused by reactive oxygen species (ROS) produced during joint wear. To address this challenge, we have 
developed injectable nanocomposite hydrogels composed of polygallate-Mn (PGA-Mn) nanoparticles, oxidized 
sodium alginate, and gelatin. The inclusion of PGA-Mn not only enhances the mechanical strength of the bio-
hydrogel through a Schiff base reaction with gelatin but also ensures efficient ROS scavenging ability. Impor-
tantly, the nanocomposite hydrogel exhibits excellent biocompatibility, allowing it to effectively remove ROS 
from chondrocytes and reduce the expression of inflammatory factors within the joint. Additionally, the hy-
groscopic properties of the hydrogel contribute to reduced intra-articular friction and promote the production of 
cartilage-related proteins, supporting cartilage synthesis. In vivo experiments involving the injection of nano-
composite hydrogels into rat knee joints with an OA model have demonstrated successful reduction of osteophyte 
formation and protection of cartilage from wear, highlighting the therapeutic potential of this approach for 
treating OA.   

1. Introduction 

Osteoarthritis (OA) is the most prevalent degenerative disease, 
characterized by the gradual deterioration of the cartilage matrix, 
persistent inflammation of the synovium, and the development of sub-
chondral bone sclerosis [1]. Anticipated to afflict more than 67 million 
people by 2030, this condition imposes a substantial economic burden 
on society [2]. Current treatments for OA primarily involve the 
administration of nonsteroidal drugs, either locally or systemically, and 
in some cases, resorting to total joint replacement [3]. The former 
approach is linked to the risk of severe adverse effects due to prolonged 
drug use, while the latter entails surgical complications and significant 
financial costs for patients [4,5]. As such, there exists an urgent need for 
the development of safe and efficacious therapeutic approaches to either 

alleviate or impede the progression of OA. 
The chondrocytes, the primary cells in articular cartilage, are sur-

rounded by an amorphous extracellular matrix in normal joints [6]. The 
matrix is rich in collagen and proteoglycans, which are essential for 
supporting the normal production of type II collagen (COL2) and 
aggrecan by chondrocytes [7]. However, current research has shown 
that chondrocytes can produce excessive reactive oxygen species (ROS) 
in the context of OA [8]. ROS are closely linked to inflammatory re-
sponses and cellular metabolism, and they can have a profound impact 
on chondrocyte viability, potentially leading to apoptotic cell death [9]. 
Furthermore, ROS can regulate the production of inflammatory cyto-
kines and induce chondrocytes to secrete substantial amounts of 
matrix-degrading enzymes, such as matrix metalloproteinases (MMPs) 
and metalloproteinases with platelet-responsive protein motifs 
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(ADAMTSs), consequently resulting in ECM degradation [10,11]. 
Chondrocyte apoptosis and ECM degradation greatly compromise 
cartilage integrity, exacerbating friction-induced wear and further 
accelerating the progression of OA [12,13]. Therefore, the development 
of biomaterials that can rapidly remove intra-articular ROS and provide 
lubrication to the articular surface is key to blocking malignant feedback 
in OA. 

Research on antioxidants in OA has explored the use of small- 
molecule drugs like vitamin C [14], N-acetylcysteine [15], and nano-
particles [16], to counteract the effects of excessive ROS. Among them, 
gallic acid, a nature polyphenolic compound found in plants, possesses 
multiple hydroxyl groups that can reduce various ROS [17,18]. Addi-
tionally, the o-phenol structure of gallic acid can serve as a chelating site 
for binding with manganese ions, forming polygallocatem-manganese 
nanoparticles [19]. The coordination of polyphenol and metal ions 
serves to enhance their ability to clear ROS through the acceleration of 
electron transfer [20]. Additionally, the presence of polyphenols plays a 
role in promoting the synthesis of extracellular matrix metabolism [21, 
22]. However, the absorption rate of polyphenols in the body is low, and 
they are prone to oxidation [23]. The coordination of metal ions can 
enhance their stability and absorption in the body [24], thereby facili-
tating the synthesis of extracellular matrix. Therefore, the PGA-Mn 
nanoparticles, a combination of gallic acid and manganese, could 
potentially be used for treating OA, which can hopefully improve 
chondrocyte viability by reducing inflammation and maintain cartilage 
integrity by promoting ECM synthesis. 

Intra-articular administration of nanomaterials is a more common 
method for treating OA compared to systemic delivery, mainly due to 
the absence of vascularized structures within the joints [25–27]. To 
circumvent the side effects associated with frequent injections, it is 
crucial to have an appropriate drug delivery system [28–30] Currently, a 
range of delivery systems, including hydrogels, microspheres, lipo-
somes, and carbon nanotubes, have been developed [31–33]. However, 
these systems often come with limitations, such as inadequate sustained 
release, limited affinity for cartilage, an inability to offer sufficient 

anti-friction properties, and insufficient mechanical strength to with-
stand the high pressures and mechanical loads experienced within the 
joint [31,32,34]. Hence, the development of a delivery system with high 
strength and exceptional anti-friction properties is essential for the 
effective treatment of OA. Alginate and gelatin are bioactive substances 
that widely exist in nature and have good biodegradability [35], Algi-
nate can be modified by cleaving the carbon-carbon (C2–C3) bond of the 
sugar ring using periodate, resulting in oxidized sodium alginate (OSA), 
which has enhanced biodegradability compared to its original form 
[36]. Gelatin has a similar chemical structure to that in the ECM and has 
been shown to promote cell proliferation and ECM deposition [37]. 
Therefore, suitable nanocomposite hydrogels based on the above bio-
materials compatible with various features is expected to serve as a 
better quality treatment-delivery system for OA. 

Herein, we developed the nanocomposite hydrogels (OGPGM) by 
incorporating PGA-Mn into OSA-Gelatin solution and then cross-linked 
by transglutaminase (TG) enzyme. In addition to being an antioxidant, 
PGA-Mn can also be used as a bioactive ingredient to promote the cross- 
linking of molecular chains between OSA and Schiff base reaction with 
gelatin after the above-mentioned substances are cross-linked together. 
Therefore, OGPGM can be used as a high-intensity platform for the 
controlled release of PGA-Mn. In addition, due to the abundant hydro-
philic phenolic hydroxyl group in PGA-Mn, the hygroscopicity of 
OGPGM is greatly improved, thus giving OGPGM efficient lubrication 
ability. Consequently, OGPGM has the potential to mitigate intra- 
articular wear and protect cartilage by mitigating intra-articular ROS, 
positioning it as a promising non-surgical treatment for OA (Scheme 1). 

2. Materials and methods 

2.1. Materials 

Gallic acid (GA, 98%), diammonium salt (ABTS), potassium persul-
fate (K2S2O8), and dihydroethidium (DHE) were from Macklin Co., Ltd. 
(Shanghai, China). Sodium hydroxide, ethanol (99.7%), phosphate 

Scheme 1. Preparation and action process of nanocomposite hydrogels.  
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buffered saline (PBS), manganese chloride (MnCl2), Sodium dodecyl 
sulfate (SDS), and sodium alginate were purchased from Aladdin Re-
agent Co. (Shanghai, China). HE staining kit, Diaminobenzidine (DAB) 
developer, and Aqueous mounting medium containing DAPI and Fluo-
roshield were purchased from Solarbio Science & Technology (Beijing, 
China). Hydrogen peroxide (H2O2) and dimethylsulfoxide (DMSO) were 
purchased from Sigma-Aldrich (St Louis, MO, USA). Calcein/PI Cell 
Viability/Cytotoxicity Assay Kit/Total Superoxide Dismutase Assay Kit 
with WST-8/BCA protein assay kit were purchased from Beyotime 
Biotechnology (Shanghai, China). Hydroxyphenyl fluorescein (HPF) was 
from Shanghai Maokang Biotechnology Co., Ltd. (Beijing, China). Pri-
mary antibodies for MMP13, COL2, TNF-α, IL-1β, and GADPH were 
purchased from Abcam (Cambridge, UK). Cell counting kits were pur-
chased from Meilunbio (Dalian, China). The reagents for cell culture 
were obtained from Gibco (Grand Island, NY, USA). All other reagents 
were purchased from Aladdin Reagent Co. (Shanghai, China) unless 
otherwise indicated. 

2.2. Preparation of OSA 

5 g of sodium alginate was taken with 450 mL of deionized H2O 
(ddH2O) and stirred at room temperature for 24 h. Subsequently, so-
dium periodate solution (50 mL ddH2O + 3.75 g of sodium periodate) 
was added and stirred for 8 h away from light. The reaction was 
terminated by adding 4 mL of ethylene glycol and stirring for 0.5 h The 
by-products of sodium periodate and ethylene glycol were completely 
removed by dialyzing for 3 days, changing ddH2O every 12 h. Finally 
lyophilized to a powder. 

2.3. Preparation of PGA-Mn nanoparticles 

First, 0.17 g of GA was dissolved in 25 mL of PBS (pH = 7), then 
0.125 g of SDS was added and 20 mL of absolute ethanol was added. 
After the solution was completely dissolved, 0.0395g of manganese 
chloride was added and 2 mL NaOH (1 M) was added, stirring at a 
constant speed for 1 h, and finally PGA-Mn nanoparticles were collected 
by centrifugation (8000 rpm, 5 min), washed twice with 75% alcohol, 
and stored at 4 ◦C for further use. 

2.4. Preparation of nanocomposite hydrogels 

Gelatin (20% wt) was mixed with ddH2O and stirred at 50 ◦C until 
completely dissolved to obtain a gelatin stock solution. Then, OSA was 
dissolved in ddH2O to obtain 2% wt. The transglutaminase (TGase) 
powder was then dissolved in ddH2O to obtain a TGase solution (20 U 
mL− 1). Subsequently, 800ul OSA (2% wt), 2 mL gelatin (20% wt), 800 μl 
TGase solution (20 U mL− 1), and 400 μl PGA-Mn solution mix thor-
oughly and leave the mixture for 180 min to form covalent and non- 
covalent cross-linking networks. OGPGM (1:10) (the mass of PGA-Mn 
accounted for 1:10 of the total gel mass) and OGPGM (1:5) (the mass 
of PGA-Mn accounted for 1:5 of the total gel mass) 

2.5. Hygroscopicity of hydrogel 

3g of hydrogel OG, OGPGM (1:10), and OGPGM (1:5) containing 
different masses of PGA-Mn was synthesized in three portions per group 
as described above. The dry weight (W0) of the hydrogels was recorded 
after freeze-drying, followed by the addition of 10 mL of PBS to each 
sample. The PBS was incubated with the samples at 37 ◦C and the 
samples were weight-bearing (Wt) at intervals of 24 h. The swelling ratio 
was calculated by the formula [(Wt- W0)/W0] × 100%. 

2.6. Degradability of nanocomposite hydrogel 

The hydrogels were divided into two groups, one with or without 
PGA-Mn, with three identical samples in each group, and the initial 

weights were recorded (W0). The hydrogel was immersed in 15 mL of 
PBS and slowly shaken at room temperature. They were weighed every 
four days, the weight change was recorded (Wt), and finally, the 
degradation rate was calculated according to the formula Wt/W0 ×

100%. 

2.7. Release of PGA-Mn 

OGPGM (1.0 g) was immersed in 10 mL PBS (pH = 7.4) and slowly 
shaken at 37 ◦C (n = 3). PBS was extracted at 2-day intervals and 
replaced with an equal volume of PBS. The amount of PGA-Mn in PBS 
was measured using a UV spectrophotometer. 

2.8. Rheological studies 

Hydrogel storage modulus and loss modulus were examined using 
parallel plates (8 mm diameter) in oscillating mode at 25 ◦C using a 
rheometer. Frequency scanning tests were performed in a pre-
determined linear viscoelastic region (0.1% strain) ranging from 0.01 to 
10 Hz. To prevent water evaporation during the measurements, silicone 
oil was applied around the perimeter of the samples. 

2.9. Scanning electron microscope 

In order to characterize the microstructure of the hydrogel, the 
freeze-dried hydrogel was subjected to a scanning electron microscope 
(SEM) operated at a voltage of 3 kV and a current of 10.0 mA. Before 
seeing the observation, the samples were coated with platinum. 

2.10. ABTS scavenging activity 

ABTS (2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)) radi-
cals were generated by reacting a 7 mM ABTS stock solution with 2.45 
mM K2S2O8 for 16 h in the dark, and then the ABTS radical solution was 
diluted with PBS to achieve the appropriate absorbance at 734 nm. 
Samples were mixed with 2 mL ABTS solution and placed in the dark for 
10 min. The absorbance peak at 734 nm was then determined by UV–vis 
absorption spectroscopy. 

2.11. H2O2 scavenging activity 

The H2O2 solution (800 μM) was mixed with different concentrations 
of PGA-Mn. Then TiSO4 (1 mg/mL) was added and reacted for 5 min. 
The absorbance of the obtained solution was at 410 nm measured by 
UV–vis spectrophotometer. 

2.12. ⋅OH scavenging activity of PGA-Mn 

The scavenging activity of ⋅OH was determined by TMB chromogenic 
assay. ⋅OH can be produced by the Fenton reaction of Fe2+ and H2O2 and 
can oxidize TMB to oxTMB. The characteristic absorption peak of 
oxTMB was 652 nm. Therefore, the ⋅OH content can be determined by 
observing the 652 nm absorption peak. Working solutions of 250 μm 
TMB, 1 mM FeSO4, 2 mM H2O2, and different concentrations of PGA-Mn 
were first prepared in PBS buffer (pH = 5) for 5 min in the dark. Finally, 
the absorbance of the solution at 652 nm was measured by UV–vis 
spectrophotometer. 

2.13. ⋅O2
− scavenging activity of PGA-Mn 

The scavenging activity of PGA-Mn against ⋅O2
− was determined 

using the Total Superoxide Dismutase Assay Kit with WST-8. ⋅O2
− radical 

test solutions were prepared according to the instructions provided by 
the reagent manufacturer and then reacted with different concentrations 
of PGA-Mn for 10 min at 37 ◦C. Finally, the absorbance peak of the 450 
nm solution was monitored by UV–vis spectroscopy. 
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2.14. Cytocompatibility 

The chondrocytes were seeded in the lower chamber of the transwell 
well plate, and the hydrogel was placed in the upper chamber. Cell 
proliferation was detected by live/dead staining and CCK8 after co- 
culture for 1, 2, and 3 days. For the live/dead staining assay, cells 
were incubated with calcein-AM/propidium iodide for 20 min, followed 
by fluorescence microscopy. For the CCK8 assay, the CCK8 working 
solution was prepared by mixing the CCK8 stock solution with F-12 
medium 1:9 according to the manufacturer’s instructions. After incu-
bation with the cells for 2 h, the absorbance (450 nm) was measured 
using a microplate reader. 

2.15. OA cell model 

To mimic the environment in which excess ROS is present in OA, we 
seeded chondrocytes in the lower chambers of Transwell well plates and 
exposed the cells to 100 μM H2O2. Different materials were placed in the 
upper chamber to examine the therapeutic effect of different materials 
on the cells. Cells without any treatment were used as controls. 

2.16. Live/dead staining assay 

Chondrocytes were seeded in the lower chamber of the Transwell 
plate, and 100 μM H2O2 and different hydrogels were added to the upper 
chamber after the cells were completely attached to the wall. For the 
live/dead staining assay, cells were incubated with calcein-AM/ 
propidium iodide for 20 min, followed by fluorescence microscopy. 

2.17. Measurement of ROS levels 

Chondrocytes were inoculated in 24-well plates and incubated 
overnight. After stimulation with H2O2 for 30 min and the addition of 
different materials for 24 h of co-culture, H2O2 was detected with 10 μM 
7 ′-dichlorofluorescein diacetate (DCFH-DA), DHE was used for ⋅O2

−

detection, 10 μM HPF was used for ⋅OH, and finally, the cells were 
visualized by fluorescence microscopy. To quantify the level of ROS, 
cells were grown in 6-well plates, and cells were treated as described 
above. Cells were collected and fluorescence intensity was measured by 
flow cytometry (Beckman Coulter WM2016014, USA). 

2.18. Rat model of OA 

OA was modeled by anterior cruciate ligament transection and 
medial meniscectomy (ACLT + MMx), and the therapeutic effect of 
hydrogel was observed by injecting hydrogel one week after the oper-
ation (Fig. S7). It has been reported that 30 μL of solution can fill the rat 
knee joint cavity without overflow [38]. Therefore, an injection volume 
of 30 μL was chosen for this study. The modeled osteoarthritic rats were 
randomly divided into 4 groups (5 rats per group), sham group, PBS 
group, OG group, and OGPGM group. Among them, rats in the sham 
group received only anesthesia and skin incision. All rats were executed 
at week 8. 

2.19. Radiographic evaluation 

Eight weeks after surgery, six rats were randomly selected from each 
group, and the rats were subsequently anesthetized by intraperitoneal 
injection of 10% pentobarbital (40 mg/kg). X-ray images of the rat knee 
joints were obtained using a Faxitron X-ray machine (Kubtec model 
XPERT.8, USA) with a 10-s exposure at 32 kV. The JSW was measured in 
anterior-posterior and lateral views. For further observation, isolated 
knee joints were collected for micro CT analysis (Bruker 5000, Germany) 
after the rats were executed. 

2.20. Evaluation of in vivo retention time 

According to a previous study [39], retention time in rat knee joints 
was evaluated by doping fluorescently labeled cy5.5 PGA-Mn into 
OGPGM and injecting 30 μl of fluorescently labeled PGA-Mn and 
OGPGM into the knee joints of rats. The fluorescence intensity was 
measured by the IVIS spectroscopy system (Xenogen, USA) at different 
time points. The fluorescence value of the negative sample (PBS-injected 
rat knee joint) was used as the background fluorescence. 

2.21. Western blotting (WB) 

Cells were collected and added to RIPA lysate containing PMSF, a 
protease inhibitor, as well as other phosphatase inhibitors, and placed 
on ice for 1 h to fully lys. Protein concentration was measured using a 
BCA protein assay kit. Equal amounts of proteins were loaded onto a 
10% SDS-PAGE gel, electrophoresed at 80 V running voltage, and then 
transferred to a polyvinylidene fluoride (PVDF) membrane at 220 mA 
current. After sealing with rapid sealing solution, the membrane was 
used with primary antibodies (COL2 (1:1000), MMP13 (1:1000), TNF-α 
(1:1000), IL-1β (1:1000), GADPH(1:1000)) overnight at 4 ◦C. After three 
washes with TBST, the membrane and horseradish peroxidase P-conju-
gated secondary antibody were incubated for 2 h at room temperature. 
Finally using ECL reagent was protein bands visualized. Protein 
expression was analyzed by ImageJ using GADPH for normalization. 

2.22. Immunofluorescence staining (IF) 

Samples were fixed with 4% paraformaldehyde for 15 min, per-
meabilized with 0.1% Triton X-100 for 3 min, and closed with 5% (W/V) 
bovine serum albumin (BSA, Beyotime, China) for 2 h. The samples were 
incubated with the indicated primary antibodies (COL2 (1:200), MMP13 
(1:200), TNF-α (1:200), IL-1β (1:200)) overnight at 4 ◦C. The next day, 
the samples were further visualized under a fluorescence microscope 
with Alexa 488 secondary antibody at room temperature. 

2.23. Histological evaluation 

Cartilage samples were fixed with 4% paraformaldehyde, followed 
by decalcification of the samples with 10% ethylenediaminetetraacetic 
acid decalcification (EDTA, Solarbio, China) for 1 month, and finally 
embedded into paraffin. Paraffin sections with a thickness of 5 μm were 
taken for histological analysis, and histological and immunohisto-
chemical analyses were performed with hematoxylin-eosin (HE), 
safranin-O (SO), and fast green. The severity of OA lesions was assessed 
using the OARSI (Osteoarthritis Research Society International) score 
established by Pritzker et al. [40], which is the product of grade 6 (lesion 
depth) and stage 4 (extent of involvement) on a scale of 0 (normal) to 24 
(severe OA). The modified Mankin histological score was used to score 
histological damage to articular cartilage [41], and the grading and 
scoring criteria are shown in Table S1. 

2.24. TUNEL 

Deparaffinise paraffin sections in xylene for 5–10 min. Replace with 
fresh xylene and dewax for another 5–10 min. Anhydrous ethanol for 5 
min, 90% ethanol for 2 min, 70% ethanol for 2 min, and distilled water 
for 2 min. Dropwise addition of 20 μg/mL DNase-free proteinase K. 
Action at 37 ◦C for 20 min. PBS or HBSS was washed 3 times. Subse-
quently, the TUNEL working solution was added and incubated at 37 ◦C 
for 60 min protected from light. Finally, it was observed under a fluo-
rescence microscope. 

2.25. Immunohistochemistry (IHC) 

Paraffin sections were deparaffinized as in the above procedure and 
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Fig. 1. Characterization of PGA-Mn and OGPGM. (A) SEM image of the PGA-Mn. (B) Size distribution liposomes. (C) Full scan XPS survey spectrum and the high- 
resolution spectra of PGA-Mn for (D) C1s (E) O1s (F) and Mn2p. (G) ATR-FTIR analysis of the chemical structures of OGPGM. (H) SEM images of OGPGM. (I) 
Elemental mapping images of OGPGM (J, K) The homogeneous distribution of red fluorescence from cy5.5-labeled PGA-Mn in the OGPGM. 
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used for antigen repair with sodium citrate buffer at 65 ◦C overnight. 
The sections were then incubated with the antibody at 4 ◦C overnight. 
Labeling was done with horseradish peroxidase (HRP) labeled second-
ary antibody. Finally, the sections were developed with dia-
minobenzidine (DAB). 

2.26. Statistical analysis 

All experiments were repeated at least three times and all data are 
expressed as mean +standard deviation. We analyzed and processed the 
experimental data by GraphPad Prism 9.0 software using one-way 
ANOVA and Tukey post hoc test. Values of P < 0.05 were considered 
statistically significant, with increased confidence levels shown as *P <
0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001, #p < 0.05, ##p <
0.01, ###p < 0.001, ####p < 0.0001. 

3. Results and discussion 

3.1. Preparation and characterization of nanocomposite hydrogels 

The functional biological units of nanocomposite hydrogels mainly 
include PGA-Mn, OSA, and gelatin. After combining the component 
materials, OGPGM can undergo self-gelation and form a homogeneous, 
transparent, water-rich hydrogel with a soft, elastic texture at 37 ◦C. 
This unique property allows the hydrogel to undergo in situ gelation in 
vivo (Fig. S1A). Additionally, OGPGM can be used to draw various 
shapes and letters with an injector, demonstrating its ability to be 
injected into the joint cavity without causing blockage of the injector 
(Fig. S1B). 

PGA-Mn was synthesized by polymerizing gallic acid with manga-
nese chloride in an aqueous solution, followed by a self-assembly pro-
cess (Fig. S2). SEM images in Fig. 1. A revealed that PGA-Mn 
nanoparticles are small, with an average size of approximately 27 nm, 
and display a uniform particle size distribution without noticeable ag-
gregation. Dynamic light scattering (DLS) analysis showed a hydrody-
namic particle size of 28.63 nm, with a particle size distribution 
conforming to a Gaussian normal distribution (Fig. 1B). Moreover, X-ray 
photoelectron spectroscopy (XPS) was used to analyze the surface 
composition of PGA-Mn. The full-scan XPS spectrum indicated that PGA- 
Mn primarily consists of carbon, oxygen, and manganese (Fig. 1C). High- 
resolution C1s XPS spectrum displayed four peaks at 284.6, 286.4, 
288.3, and 282.7 eV, corresponding to C=C (59.93%), C–OH (12.26%), 
C=O (12.4%), and O–C=O (15.41%) bonds, respectively (Fig. 1D). The 
O1s XPS spectra showed two peaks at 531.8 eV and 536.8 eV, indicating 
the presence of C=O and C–O bonds (Fig. 1E). Gaussian curve fitting of 
the Mn 2p XPS spectrum revealed three peaks at 640.6 eV, 642.2 eV, and 
646.1 eV, suggesting the existence of Mn2+-Mn4+ species in PGA-Mn, 
with a Mn3+/Mn2+ ratio of approximately 58.4:26.4 (Fig. 1F). To fully 
utilize PGA-Mn in joints, the selection of a functionalized hydrogel 
loaded with PGA-Mn is critical. In this study, high-strength OGPGM 
hydrogels were chosen for enzyme-catalyzed delivery of PGA-Mn. 
Transglutaminase facilitated cross-linking between or within gelatin 
molecules, while OSA promoted cross-linking through the formation of 
Schiff bases between its aldehyde group, the amino group of gelatins, 
and the phenolic hydroxyl group of PGA-Mn. This was confirmed by 
attenuated total reflectance Fourier-transform infrared spectroscopy 
(ATR-FTIR) analysis, characterizing the chemical structure of the 
nanocomposite hydrogels. In addition, the characteristic peaks at 1686 

Fig. 2. The material properties of the OGPGM. (A) The hygroscopicity of OG, OGPGM(1:5) and OGPGM(1:10) (n = 3). (B) COF–time plots and (C) COF histograms 
for PBS, OG, OGPGM(1:5), and OGPGM(1:10) under the loading of 2 N (n = 3). (D, E) The storage modulus of Gelatin, OG, OGPGM(1:5), and OGPGM(1:10) (n = 3). 
(F) The loss modulus of Gelatin, OG, OGPGM(1:5), and OGPGM(1:10). (Data presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, 
not significant). 
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Fig. 3. Biocompatibility and residency of OGPGM. (A) Schematic representation of OG and OGPGM co-cultured with chondrocytes (n = 3). (B) Live-dead staining of 
OG and OGPGM after 1, 3, and 5 days of co-culture with chondrocytes (n = 3). (C) Quantitative evaluation of live cells. (D) CCK8 detection of chondrocyte pro-
liferation under co-culture with OG and OGPGM (n = 3). (E) HE staining images of various organs at 0, 4, and 8 weeks after local injection of OG and OGPGM (n = 3). 
(F). Release curve of PGA-Mn from OGPGM (n = 3). (G, H) In vivo imaging of cy5.5-labeled PGA-Mn in rat joints after local injection of PGA-Mn and OGPGM (n = 3). 
(Data presented as mean ± SD, *P < 0.05, ***P < 0.001, ****P < 0.0001, ns, not significant). 
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cm− 1 and 1400 cm− 1 in OSA were derived from the asymmetric and 
symmetric stretching vibrations of the –COO– group on the alginate 
backbone, respectively, which proved the carbonylation of alginate. 
(Fig. 1G). An efficient delivery platform also requires sufficient space to 
accommodate PGA-Mn. The stable multi-void multi-channel structure of 
the OG hydrogel provides structural contacts for more efficient loading 
of PGA-Mn and water (Fig. S3). As shown in Fig. 1H, after the incor-
poration of PGA-Mn, OGPGM also maintained the multi-hollow and 
multi-channel structure, and the number of pores was partially 
increased. Additionally, energy dispersive spectroscopy (EDS) and 
elemental analysis demonstrated the uniform distribution of elements 
(including C, O, N, and Mn) in OGPGM, suggesting the homogeneous 
distribution of PGA-Mn within OGPGM (Fig. 1I). The homogeneous 
distribution of red fluorescence from cy5.5-labeled PGA-Mn within the 
hydrogel further confirmed the successful incorporation of PGA-Mn 
(Fig. 1J and K). 

3.2. Hygroscopicity and lubricity 

To explore how the amount of incorporated PGA-Mn affects the 
properties of these nanocomposite hydrogels, hydrogel samples with 
different mass ratios of PGA-Mn were created and subsequently char-
acterized. The water absorbency of these hydrogels is a key factor in 
lubricating joint surfaces and mitigating inflammatory responses, which 
can impede the progression of OA. 

As shown in Fig. 2A, upon immersion in PBS, the hydrogel samples 
underwent rapid volumetric expansion within 24 h. Specifically, the 
swelling ratios for OGPGM(1:5), OGPGM(1:10), and OG were measured 
at 550%, 479%, and 371%, respectively. Finally, these swelling ratios 
further increased to 1200%, 925%, and 791%, respectively. The hy-
groscopicity capacity of OGPGM hydrogels showed a direct correlation 
with the content of PGA-Mn. This improved hygroscopicity is attributed 
to molecular interactions between the phenolic hydroxyl groups of PGA- 
Mn and water molecules, facilitating hydrogen bonding and electrostatic 
interactions. Furthermore, the formation of Schiff base linkages between 
the phenolic hydroxyl groups, the amino group of gelatins, and the 
aldehyde group of OSA induced changes in the physical properties and 
pore structure of the hydrogel. As a result, a denser pore structure was 
formed, enhancing hygroscopicity capabilities. 

Healthy joints contain synovial fluids that consist of various mac-
romolecules [42]. These fluids serve as effective lubricants and play a 
crucial role in reducing the coefficient of friction (COF) to a range of 
0.001–0.01 [43]. However, in the progression of OA, the lubricating 
ability of the joints decreases, leading to inflammation caused by pro-
longed friction and the inflammation is a key factor in the degeneration 
of cartilage. Therefore, it is important to have sufficient biological 
lubrication in joints to facilitate normal joint movement and prevent 
wear of the articular cartilage. In accordance with the hydration lubri-
cation mechanism, OGPGM, which possesses excellent hygroscopicity 
properties, can effectively reduce the coefficient of friction and provide 
lubrication. To examine the tribological characteristics of these hydrogel 
samples, frictional tests were conducted using a reciprocating UMT-3 
apparatus. As shown in the COF-time plots and COF histograms (Fig. 2 
B and C), it is evident that both hydrogels with and without PGA-Mn 
exhibit lower COF compared to PBS. In particular, OGPGM (1:5) 
demonstrated the most significant reduction in COF, with a sharp 
decrease from 0.03 to 0.012. These results suggested that the presence of 
PGA-Mn in hydrogels can enhance their lubrication properties, leading 
to a lower COF. 

3.3. Mechanical characteristics 

Given the substantial mechanical stress that knee joints endure, it is 
crucial for OGPGM hydrogels to exhibit exceptional mechanical strength 
to resist fracture under pressure [34]. Compressive experiments pro-
vided evidence that OGPGM(1:5) displayed the highest compression 

modulus, which increased from 168.07 to 264.89 kPa (Fig. S4). It is due 
to the cross-linked network that can be formed by PGA-Mn and OSA, 
which increases the consistency and structural stability of the hydrogel, 
thereby enhancing its compression resistance. Furthermore, oscillatory 
rheology analysis was employed to further investigate the mechanical 
properties of the hydrogel samples. As shown in Fig. 2 D and S5, the 
results consistently indicated that the storage modulus (G′) exceeded the 
loss modulus (G″) for all hydrogel samples, signifying their elastic 
behavior under applied strain. Notably, OGPGM(1:5) exhibited the 
highest G′ and G″ values, underscoring its superior mechanical proper-
ties. The inclusion of PGA-Mn in the OG hydrogel contributed to the 
improvement of their mechanical characteristics by facilitating covalent 
cross-linking and enabling energy dissipation through weak π-π stacking 
interactions within the hydrogel network. This promising finding holds 
significant potential for future biological applications. 

3.4. Cell viability and cell cytotoxicity 

The aforementioned experiments demonstrated that OGPGM(1:5) 
exhibited superior mechanical properties compared to OGPGM(1:10). 
Consequently, subsequent in vitro and in vivo experiments were con-
ducted using OGPGM(1:5). The biocompatibility of OGPGM nano-
composite hydrogels was further evaluated through both in vivo and in 
vitro investigations. In the in vitro experiments, various hydrogels were 
generated in the upper chamber of transwell plates, while chondrocytes 
were co-cultured in the lower chamber over three days (Fig. 3A). To 
assess biocompatibility, we employed live/dead cell staining and CCK-8 
assays. As shown in Fig. 3B, after live/dead staining, there were no dead 
cells in the chondrocytes co-cultured with OG and OGPGM hydrogels, 
and the density of viable cells continued to increase over time (Fig. 3C). 
Furthermore, the CCK-8 assay indicated no significant variation in cell 
proliferation among the three experimental groups (Fig. 3D). These 
findings robustly support the favorable biocompatibility of OG and 
OGPGM hydrogels. Given the local application of OG and OGPGM 
hydrogels within the joint, the limited presence of vascular tissue min-
imizes the likelihood of systemic dissemination. Histological examina-
tion, employing HE staining, was conducted on vital organs, including 
the liver, heart, kidney, spleen, and lung, within the OG and OGPGM 
groups. This examination revealed no evidence of inflammatory cell 
infiltration, cell death, or structural damage (Fig. 3E). These observa-
tions signify the excellent systemic biocompatibility of OG and OGPGM 
hydrogels, establishing their suitability and safety for OA treatment. 

3.5. PGA-Mn release and retention 

The sustained release of PGA-Mn from OGPGM hydrogels is essential 
for maintaining the functionality of PGA-Mn and avoiding the need for 
repeated injections. Therefore, the release rate of PGA-Mn in OGPGM 
hydrogel was observed. As shown in Fig. 3F, PGA-Mn release was rela-
tively rapid during the first 10 days, followed by a gradual slowing of 
release. The overall release was sustained and stable, and the total 
release reached 80% within 40 days. The degradation properties of 
biomaterials administered through intra-articular injection play a 
crucial role in the treatment of OA. The hydrogels were subjected to 
immersion in PBS and subsequently agitated at 37 ◦C using a shaker. OG 
exhibited rapid degradation at a relatively consistent pace, with com-
plete degradation observed by the eighth day. Conversely, OGPGM 
displayed a degradation rate of approximately half that of OG, taking 16 
days for complete degradation. This duration is considered adequate for 
PGA-Mn to effectively combat chronic inflammation associated with 
OA, while still allowing for timely clearance without being excessively 
prolonged (Fig. S6). To assess the residency duration of PGA-Mn in the 
joint, cy5.5-labeled PGA-Mn was utilized, and in vivo, imaging of rats 
was conducted at various time points (Fig. 3G). The results showed that 
PGA-Mn disappeared completely within 2 weeks after direct injection, 
which may be attributed to factors such as circulation, metabolic 
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enzymes, permeability, and joint movement [44]. Notably, when 
released from OGPGM hydrogels, PGA-Mn remained in the knee joint for 
a minimum of four weeks (Fig. 3H). This extended residency duration 
enables the optimal utilization of PGA-Mn’s biological properties. 
Consequently, the utilization of OGPGM hydrogels facilitates the pro-
longed and controlled delivery of PGA-Mn within the joint, eliminating 

the requirement for frequent injections and ensuring effective treatment. 

3.6. ROS scavenging activity of PGA-Mn and OGPGM 

The imbalance between the production of ROS and the protective 
antioxidant mechanisms in chondrocytes plays a significant role in the 

Fig. 4. ROS scavenging activity of PGA-Mn and OGPGM. (A–D) Clearance of ABTS, ⋅OH, H2O2, and ⋅O2
− by PGA-Mn with increasing concentration (n = 3). (E–F) UV 

characteristic absorption of PGA-Mn ABTS, ⋅OH, H2O2, ⋅O2
− over time (n = 3). (I–K) Fluorescence micrographs (1), flow cytometry (2), and intensity quantification (3) 

show the activities of OGPGM to scavenge different types of ROS in chondrocytes with H2O2 treatment (n = 3). (H) Live/dead Fluorescence micrographs of 
chondrocytes under different treatments (n = 3). (Data presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant). 
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Fig. 5. OGPGM alleviated chondrocyte inflammation and promoted ECM synthesis (A, B) Representative immunofluorescence staining images display the protein 
expression level of COL2, MMP13, TNF-α, and IL-1β in the H2O2 treated chondrocytes, which are co-cultured with the OG and OGPGM for 12 h. Green: COL2; Blue: 
cell nuclei; Red: cell F-actin. (n = 3) (C–F) Relative fluorescence quantitative analysis of TNF-α, IL-1β, MMP13, and COL2 in different groups. (G) Western blot 
analysis and semi quantification of TNF-α, IL-1β, MMP13, and COL2 proteins (n = 3). (I–K) Relative protein expression of TNF-α, IL-1β, MMP13 and COL2. (Data 
presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant). 
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Fig. 6. The radiological data of animal experiments. (A) Overview of animal experiments. (B) Representative x-ray (n = 5) and (C) micro-CT images in anterior- 
posterior (AP) and lateral (LAT) view of the knee joint (n = 5). (D) Relative knee joint gap widths on the LAT and (E) AP of the knee in different groups of X- 
rays (F) The relative osteophyte volume measured from micro-CT images. (Data presented as mean ± SD, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, 
not significant). 
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advancement of OA [45]. To investigate the ROS scavenging capacity of 
PGA-Mn in OGPGM, we conducted colorimetric assays to assess 
PGA-Mn’s ability to scavenge common ROS (⋅OH, ⋅O2

− , H2O2). The re-
sults demonstrated that PGA-Mn exhibited high scavenging activity 
against several ROS species, including ⋅OH, ⋅O2

− , and H2O2. The scav-
enging rate increased with increasing concentration of PGA-Mn. For 
instance, at a concentration of 100 μg/mL, PGA-Mn was able to scavenge 
95.40% of ⋅OH, 96.21% of ⋅O2

− , and 83.89% of H2O2 (Fig. 3A–C). We 
further evaluated the total antioxidant capacity of PGA-Mn using ABTS 
free radicals. The results showed that nearly all ABTS radicals were 
scavenged by PGA-Mn at a concentration of 100 μg/mL (Fig. 3D). 
Moreover, the characteristic absorption peaks of ⋅OH, ⋅O2

− , H2O2, and 
ABTS radicals gradually decreased over time in the presence of PGA-Mn 
(Fig. 3E–H). These findings indicated that PGA-Mn exhibited robust ROS 
scavenging ability even at lower concentrations and within a short 
period. This suggested that PGA-Mn has the potential to effectively 
mitigate ROS-induced oxidative stress in chondrocytes implicated in the 
progression of OA. 

Motivated by the robust ROS scavenging capabilities of PGA-Mn 
demonstrated in tubes, we conducted comprehensive investigations to 
assess its impact on intracellular ROS scavenging within hydrogels co- 
cultured with cells. Following exposure to stimulation of 250 μM 
H2O2, the cells exhibited a remarkable upregulation of ROS production, 
sensitively detected through the application of 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA) for specific intracellular H2O2 detec-
tion (Fig. 4I1). Analysis via fluorescence microscopy and flow cytometry 
unveiled the peak fluorescence intensity within both the Blank group 
and the OG group, with no statistically significant disparity observed 
between these groups (Fig. 4I2, 4I3). Conversely, maintaining highly 
efficient H2O2 scavenging capability, the OGPGM group displayed 
fluorescence intensity similar to the control group. Notably, the detec-
tion of ⋅O2

− and ⋅OH radicals was facilitated through the utilization of 
dihydroethidium (DHE) and hydroxyphenyl fluorescein (HPF), respec-
tively, with resulting signals appearing in the red and green channels. By 
observing the extensive and high-intensity red fluorescence signal in the 
H2O2 group, it is evident that a significant amount of ⋅O2

− is generated in 
most cells when exposed to H2O2 stimulation (Fig. 4J). Notably, only 
OGPGM loaded with PGA-Mn exhibits the capacity to scavenge ⋅O2

− , 
whereas OG alone does not display significant ⋅O2

− scavenging ability. 
This observation is further supported by Fig. 4K, where an abundance of 
green fluorescence signals is present in the H2O2 group; however, in 
comparison to the OG group, only the signal intensity in the OGPGM 
group is weakened. These findings suggested that the generation of ⋅OH 
induced by H2O2 can be reduced by OGPGM, whereas OG does not 
possess notable ⋅OH scavenging ability. The aforementioned findings 
demonstrate that the utilization of OGPGM loaded with PGA-Mn is 
highly effective in efficiently scavenging various forms of ROS. 

As ROS stands as a pivotal factor driving cell necrosis [46], we 
proceeded to investigate cellular bioactivity under varying treatment 
conditions. Employing live-dead staining alongside fluorescence mi-
croscopy, a distinct abundance of non-viable cells was visually 
discernible within the Blank and OG groups, while conversely, the 
OGPGM group exhibited only a limited extent of cellular death (Fig. 4L1, 
4L2). Subsequent verification through CCK8 analysis consistently 
revealed diminished cell survival rates for both the Blank and OG 
groups, which amounted to a mere 51.0% and 48.6% of the control 
group, respectively. Remarkably, no significant disparity in cell survival 
rates emerged between the OGPGM group and the control group 
(Fig. 4L3). Collectively, the findings derived from live-dead staining and 
CCK8 analysis establish the remarkable capacity of OGPGM to fully 
shield cells from the deleterious effects conferred by 250 μM H2O2, a 
concentration substantially surpassing the pathological microenviron-
mental threshold commonly associated with OA. 

3.7. OGPGM decreased inflammation, promoted ECM anabolic, and 
inhibited ECM catabolic 

OA is a multifaceted disease influenced by various factors, and its 
pathogenesis and progression involve multiple mechanisms. ROS found 
in deteriorating joints can disrupt cellular processes and trigger the 
activation of pro-inflammatory factors, such as TNF-α and IL-1β [10]. 
These inflammatory factors contribute to the degradation of the ECM, 
which is a characteristic feature of OA [47–49]. Inflammatory condi-
tions can lead to a decrease in the expression of COL2, a critical 
component of the ECM, while the expression of MMP13, a protease that 
is significantly upregulated during joint degeneration, is increased. 
Imbalanced expression of MMP13 and COL2 plays a role in degrading 
the ECM and accelerating the degradation of cartilage [50]. To mimic 
the inflammatory environment of OA, chondrocytes were induced using 
H2O2, and the effects of OGPGM were observed on inflammation levels 
and ECM metabolism using immunofluorescence and western blot 
techniques. These experiments aimed to assess the ability of OGPGM 
hydrogels to improve the inflammatory response and regulate ECM 
metabolism in chondrocytes. 

In Fig. 5A, the results demonstrated that upon stimulation with 
H2O2, the fluorescence intensity of IL-1β and TNF-α significantly 
increased in the blank group, showing upregulation by 3.13 fold 
compared with the control group. The OG group exhibited no significant 
difference in fluorescence intensity compared to the blank group. 
Interestingly, the OGPGM group showed no significant difference in 
fluorescence intensity compared to the control group, indicating that the 
use of OGPGM loaded with PGA-Mn can effectively reduce the expres-
sion of inflammatory factors induced by H2O2 (Fig. 5C and D). As shown 
in Fig. 5B, the reduction of inflammatory factors produced a large pro-
moting effect on ECM synthesis. In the blank group, the staining in-
tensity of COL2 markedly weakened, accompanied by downregulation 
of its expression by 0.35 fold, while the expression of MMP13 increased 
by 3.13 fold compared with the control group. In the OG group, there 
were no significant differences observed in the expression of COL2 and 
MMP13 compared to the blank group. However, in the OGPGM group, 
the expression levels of COL2 and MMP13 were not noticeably altered, 
indicating that OGPGM could hinder the degradation of the ECM, pro-
mote its synthesis, and improve the denaturation process (Fig. 5E and F). 
Similarly, Western blot analysis revealed that the expression of IL-1β, 
TNF-α, MMP13, and COL2 in chondrocytes was consistent with the 
findings mentioned above, which suggested that OGPGM had a signifi-
cant treatment effect on inflammation and ECM metabolic imbalance. 
(Fig. 5G–K). The findings revealed that chondrocytes exhibited height-
ened production of inflammatory factors, including TNF-α and IL-6, 
upon exposure to ROS, leading to ECM metabolism imbalance and a 
shift towards ECM degradation. Significantly, following co-culture with 
OGPGM loaded with PGA-Mn, the expression of ROS-induced inflam-
matory factors decreased, and ECM metabolism was restored. This 
suggested that OGPGM possessed the capability to diminish inflamma-
tory factors in OA and upheld the metabolic equilibrium of cartilage 
tissue, as evidenced by in vivo experiments, thereby signifying its po-
tential as a treatment for OA. 

3.8. Therapeutic effect on OA in vivo 

To evaluate the therapeutic impact of OGPGM on OA in rats in vivo, 
we established a rat OA model through ACL transection and medial 
meniscectomy, and conducted imaging and histological examinations 
(Fig. 6A). OA is typically characterized by joint space narrowing and the 
formation of osteophytes [51–53]. As shown in Fig. 6B–D, and E, the 
joint space widths (JSWs) were observed under x-ray and were signifi-
cantly reduced in the PBS group compared to the sham group. The OG 
group, owing to the hygroscopicity and the component of OG, preserved 
the JSWs to some extent, albeit smaller than that in the sham group. 
Remarkably, the OGPGM group demonstrated significantly higher JSWs 
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Fig. 7. The histological data of animal experiments. (A) Macroscopic observation of the femur. (B) Representative images of HE staining and (C) Safranin O-fast 
green staining from each group at 8 weeks after surgery (n = 5). (D) IHC of COL2 and MMP13 at 8 weeks after surgery (n = 5). (E) OARSI score, (F) and Mankin score 
of knee joint tissue. (G) Apoptosis level of chondrocytes in the knee joint detected by TUNEL (n = 5). (H) TNF-α characterized by knee joint tissue immunofluorescent 
staining (n = 5). (I) Quantification of the relative expression of collagen II and (J)MMP -13 (n = 5). (K) Percentage of TUNEL-positive cell nuclei. (L) Relative 
fluorescence intensity of TNF-α. The white dotted lines point toward the surface of the articular cartilage. (Data presented as mean ± SD, *P < 0.05, **P < 0.01, ***P 
< 0.001, ****P < 0.0001, ns, not significant). 
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compared to the PBS group, with no significant difference observed 
when compared to the sham group. This suggested that OGPGM shows 
potential as a joint lubricant and drug carrier, effectively reducing joint 
wear and cartilage degeneration. Osteophytes, which serve as a 
compensatory response to OA injury, are another characteristic feature 
of the disease. As depicted in Fig. 6C, it can be observed that the sham 
group did not display any significant osteophyte formation, while the 
PBS group exhibited a substantial amount of osteophyte formation. 
Importantly, after intra-articular injection, the volume of osteophytes 
was significantly reduced by 53.1% and 23.47% in the OG and OGPGM 
groups, respectively, compared to the osteophyte volume observed in 
the PBS group. (Fig. 6F). Overall, these findings demonstrated that 
OGPGM possessed the potential to mitigate joint wear, cartilage 
degeneration, and osteophyte formation, potentially serving as an 
effective therapeutic intervention for OA in a rat model. 

In Fig. 7A, the gross observation of the knee surface of OG and 
OGPGM after 8 weeks of treatment is presented. In the sham group, a 
smooth articular surface was evident without any noticeable wear. In 
the PBS group, the articular surface exhibited roughness and uneven-
ness, with the formation of osteophytes and a substantial amount of 
irregular white connective tissue wrapping around the area, possibly 
associated with long-term wear and delayed repair. Partial wear and 
osteophyte formation were also observed in the OG group. Importantly, 
in the OGPGM group, the smoothness of the articular surface was rela-
tively preserved, and there was no significant osteophyte formation. 
Furthermore, histological evaluation of rat tissues was conducted to 
assess articular cartilage changes. HE and Safranin O-fast green staining 
were performed in Fig. 7B and C illustrates the joints in the sham group, 
which exhibited smooth articular surfaces, normal structural organiza-
tion, regular cell counts, and strong Safranin O-fast green staining (the 
cartilage appears red). In contrast, the PBS group displayed severe 
articular surface wear, disorganized structure, significantly reduced cell 
count, and attenuated Safranin O-fast green staining. However, in the 
OG and OGPGM groups, degeneration was reduced, with the OGPGM 
group showing no significant degeneration. To systematically evaluate 
the quality of articular cartilage, we summarized the results of the 
OARSI score (24 points in total) and the Mankin score (14 points in 
total). The OGPGM group exhibited the lowest OARSI score (3.33) and 
was closest to the sham group compared to the PBS group (14.66) and 
the OG group (8.67) (Fig. 7D). Additionally, the Mankin score indicated 
that the repair effect in the OGPGM group (5 points) was superior to that 
in the PBS (4 points) and OG (6 points) groups (Fig. 7E). Furthermore, 
the protein levels of COL2 and MMP13 were evaluated using immuno-
histochemistry (Fig. 7F). PBS group exhibited significantly lower COL2 
expression (0.27 fold) and elevated MMP13 (3.82 fold) expression 
compared to the sham group (1.0 fold). The OG group showed a partial 
decrease in COL2 expression (0.37 fold) and a partial increase in MMP13 
expression (3.18 fold). Conversely, the OGPGM group displayed 
expression levels of COL2 (0.64 fold) and MMP13(1.59 fold) that were 
not significantly different from the sham group (Fig. 7I. J). These results 
histologically demonstrated that OGPGM can reduce joint wear and 
retard the progression of OA. 

To detect articular chondrocyte apoptosis, the TUNEL assay was 
performed (Fig. 7G). Sham group and OGPGM group exhibited weak 
fluorescent expression of TUNEL-positive chondrocytes, with no signif-
icant difference, yielding a positive rate of 10.07% and 20.04%, 
respectively. In contrast, the PBS and OG groups demonstrated greater 
expression of TUNEL-positive chondrocytes, with positive rates of 
46.78% and 38.01%, respectively (Fig. 7K). This confirmed that OGPGM 
reduced apoptosis during the joint degenerative process. The presence of 
inflammation within the joint was further confirmed by immunofluo-
rescence of TNF-α (Fig. 7H). The strong fluorescent expression observed 
in the PBS group compared to the sham group indicates significant 
inflammation during the degenerative process. Conversely, the fluores-
cence intensity in the OG and OGPGM groups was diminished, with the 
OGPGM group displaying fluorescence intensity only 45.4% of that in 

the PBS group (Fig. 7L). This suggested that OGPGM reduces the in-
flammatory response brought about by joint friction and can effectively 
protect chondrocytes in articular cartilage. 

4. Conclusion 

In this work, we have successfully developed a nanocomposite 
hydrogel with remarkable attributes, encompassing high-strength 
lubrication and potent anti-inflammatory effects. This achievement 
was made possible through the self-assembly of GA with Mn2+, followed 
by its incorporation into a nanocomposite hydrogel composed of OSA 
and gelatin. The integration of PGA-Mn into OGPGM provided not only 
exceptional capabilities for scavenging ROS but also a significant 
abundance of phenolic hydroxyl groups. These hydroxyl groups 
contributed to the improved hygroscopicity and lubrication properties 
of OGPGM. Furthermore, by crosslinking the molecular chains of OSA 
and gelatin, our nanocomposite hydrogels, OGPGM, exhibited robust 
mechanical properties and had the ability to release PGA-Mn steadily 
over an extended period within the joints. Through in vitro cellular ex-
periments, we have established the biocompatibility of OGPGM, as it 
showed reduced inflammatory responses in chondrocytes while signifi-
cantly enhancing protein levels associated with cartilage anabolism. 
Moreover, our in vitro experiments demonstrated that OGPGM effec-
tively mitigated cartilage wear and protected chondrocytes from in-
flammatory interference, thereby preserving their vitality and overall 
health. Given these compelling findings, we hold an optimistic outlook 
regarding the potential of OGPGM to revolutionize the treatment land-
scape for chronic inflammatory disorders associated with friction, 
notably OA. 
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