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Osteoarthritic cartilage tissue displays a characteristic imbalance in trace element metabolism 
closely associated with the production of oxidative stress. This study revealed the pivotal role of iron-
overload-triggered and selenoprotein-catalyzed lipid peroxidation in osteoarthritis pathogenesis. Based 
on this discovery, we innovatively pioneered the integration of Fe2+-capturing (attack) nanocatalysts 
and selenium-enriched (defense) polypeptides (selenomethionine [SeMet]) into a hydrogel platform. 
Polyvinylpyrrolidone-assembled magnesium hexacyanoferrate (MgHCF) nanoparticles enabled efficient 
Fe2+ chelation to counteract ferroptosis. SeMet utilization by the selenoprotein glutathione peroxidase 4 is 
required to prevent hydroperoxide-induced ferroptosis. Furthermore, a dynamically cross-linked network 
was constructed from oxidized hyaluronic acid (OHA) and hyaluronic acid–adipic acid dihydrazide (HA-
ADH), enhanced by grafting SeMet onto the OHA chain and encapsulating MgHCF into the polymeric matrix. 
MgHCF@OHA/HA-ADH/SeMet hydrogels exhibited injectable, self-healing, and sustainable drug release 
capabilities. The platform promoted the anti-lipid peroxidation process and restored the mitochondrial 
homeostasis of chondrocytes under inflammatory stimulation via the phosphoinositide 3-kinase/Akt/
forkhead box O1 pathway. In vivo investigations showed its anti-inflammatory activity, ferroptosis-inhibiting 
capacity, and ability to reverse cartilage degeneration. This work establishes a therapeutic paradigm based 
on trace element synergy, providing a translatable disease-modifying candidate.

Introduction

   Catalytic antioxidation is a promising frontier in biomedical 
research, targeting the reversal of complex pathological pro-
cesses such as cancer, inflammation, and metabolic degenera-
tion [  1 ,  2 ]. A major driver of these processes is oxidative stress, 
triggered by reactive oxygen species (ROS) and/or metal ion 
accumulation [  3 –  5 ]. Such oxidative stress, together with asso-
ciated transcriptional and proteomic alterations, disrupts cel-
lular and tissue function, contributing to diverse diseases [ 2 ]. 

Increasing evidence shows that redox-imbalance-induced oxida-
tive stress in chondrocytes critically impairs cartilage homeo-
stasis in osteoarthritis (OA), a chronic degenerative disease 
affecting over 22% of individuals above 40 years and imposing 
a huge socioeconomic burden [  6 ,  7 ]. Thus, elucidating OA patho-
genesis is essential for developing safe and effective therapies.

   Trace elements are now understood to have a vital function 
in regulating redox processes within cells, serving as essential 
cofactors for normal cell growth and survival. However, recent 
pioneering investigations have illustrated that osteoarthritic 
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cartilage tissue displays a characteristic imbalance in trace ele-
ment metabolism, along with the production of oxidative stress 
[  8 –  10 ]. Importantly, this finding highlights the chondrocytic 
pathological origin of trace element imbalance, along with sec-
ondary oxidative stress, as a substantial therapeutic target for 
restoring trace element homeostasis and potentially preventing 
OA. During long-term joint remodeling, the joint adapts to 
specific levels of trace elements, including iron, copper, zinc, 
and selenium. Any deviation from these optimal levels—
whether excess or deficiency—can impair joint function and 
predispose the joint to OA. Furthermore, recent studies suggest 
that disruptions in the redox system within OA chondrocytes, 
coupled with iron deposition, contribute to the occurrence of 
ferroptosis [  11 ,  12 ]. In contrast, our previous research identified 
specific alterations in selenoproteins within OA chondrocytes. 
Interventions aimed at rebalancing selenium levels have shown 
promise in maintaining cartilage homeostasis by targeting sele-
noproteins to scavenge ROS [  13 ]. Notably, the identification of 
ferroptosis, along with the roles of iron and selenium, under-
scored the critical importance of intracellular trace element 
homeostasis [  14 ]. Iron homeostasis and selenium metabolism 
intersect in the study of ferroptosis, a nonapoptotic type of 
programmed cell death that is strictly related to lipid peroxida-
tion in cartilage and accelerates the progression of OA [  15 ,  16 ]. 
Given these findings, there is clinical interest in developing 
biomaterials capable of simultaneously decreasing lipid per-
oxidation levels resulting from iron-mediated cell death and 
improving selenoprotein expression. Such strategies could emerge 
as vital therapeutic approaches for improving ferroptosis-
triggered OA.

   Ferric hexacyanoferrate (Fe4[Fe(CN)6]3), also known as 
Prussian blue (PB), received approval from the US Food and 
Drug Administration as a detoxification agent for radioactive 
cesium and thallium poisoning, owing to its proven in vivo 
biocompatibility and biosafety [  17 ,  18 ]. Beyond this traditional 
use, PB nanoparticles have been engineered into diverse struc-
tures as nanotherapeutics for drug delivery and antioxidation 
[  19 ]. Moreover, PB analogs, synthesized by substituting non-
iron species for ferrous and/or ferric ions, have emerged as 
multifunctional nanotherapeutics [  20 ]. PB analog nanoparti-
cles possess a strong iron-chelating capacity, attributed to the 
extremely low solubility product constant of iron-based PB 
(3.3 × 10−41), which is lower than that of non-iron analogs. This 
enables efficient ferrous ion capture through rapid re-formation 
of PB nanoparticles [  21 ,  22 ], highlighting their broad potential 
in biomedical applications.

   All selenium within selenoproteins is located in active cen-
ters such as Sec, enabling them to perform physiological func-
tions, such as antioxidant, anti-inflammatory, and osteogenic 
effects [  23 ]. Among selenium-based compounds, selenome-
thionine (SeMet) can elevate selenium levels and be utilized in 
the synthesis of glutathione peroxidase (GPX) proteins. This 
process rapidly replenishes the selenium necessary for the cata-
lytic functions of GPXs without the need for complex transfor-
mation pathways [  24 ]. Previous studies have demonstrated that 
selenium utilization by glutathione peroxidase 4 (GPX4) is 
required to prevent hydroperoxide-induced ferroptosis [  25 ,  26 ]. 
However, small amino acid molecules such as SeMet face limi-
tations, including low stability, poor bioavailability, and a short 
half-life, which can compromise their biological activity over 
time [  27 ,  28 ]. These challenges may restrict the broader applica-
tion of SeMet in cartilage regeneration. Therefore, developing 

a delivery system that can sustain releasing highly active amino 
acid molecules remains a critical issue that needs to be solved.

   Over recent decades, synthetic hydrogels—hydrophilic poly-
mer networks resembling biological tissues—have advanced 
in drug delivery [ 28 –  30 ]. Their biocompatibility, tunable bio-
degradability, and controllable mechanical strength [  31 ,  32 ] have 
enabled widespread application in OA therapy. However, con-
ventional hydrogels are limited by single functionality, low 
mechanical strength, elevated porosity (resulting in rapid ero-
sion and drug diffusion), and uncontrolled drug release in patho-
logical conditions, restricting further development. Hyaluronic 
acid (HA)-based hydrogels, in particular, provide abundant 
reactive sites and distinct biological functions [  33 ,  34 ]. Indeed, 
small amino acid molecules offer advantages due to their struc-
tural diversity, defined configurations, ease of modification, and 
low immunogenicity [  35 ,  36 ]. Accordingly, this study employed 
cross-linked HA hydrogels as a foundational template. By estab-
lishing covalent bonds between the hydrogel and amino acid 
molecules, such as SeMet, through the amino or carboxyl termini 
of peptides, a dynamically modified hydrogel system can be engi-
neered. This approach ensured both high bioactivity and the 
sustained release of amino acid molecules.

   Here, microarray transcriptional profiling analysis highlights 
the dysregulation of iron metabolism and selenoprotein-catalyzed 
lipid peroxidation during cartilage degeneration. In light of 
the above considerations, we innovatively pioneered the inte-
gration of Fe2+-capturing magnesium hexacyanoferrate (MgHCF) 
nanoparticles, and selenium-enriched SeMet into an oxidized 
hyaluronic acid (OHA)/hyaluronic acid–adipic acid dihydrazide 
(HA-ADH) hydrogel platform. A schematic illustration of the 
fabrication of the injectable hydrogel system and the main 
research idea of this study is presented in Fig.  1 A to C. Based on 
the results, we (a) show that MgHCF@OHA/HA-ADH/SeMet 
hydrogels exhibit injectable, self-healing, and sustainable drug 
release capabilities; (b) verify that MgHCF@OHA/HA-ADH/
SeMet hydrogels work synergistically to mitigate ferroptosis-asso-
ciated cartilage damage via the phosphoinositide 3-kinase (PI3K)/
Akt/forkhead box O1 (FoxO1) signaling pathway; and (c) confirm 
that MgHCF@OHA/HA-ADH/SeMet hydrogels mitigate inflam-
matory responses, extracellular matrix remodeling, and ferroptosis 
when injected intra-articularly into OA rats.           

Results

Ferroptosis-related molecular patterns linked to iron 
metabolism dysregulation and lipid peroxidation 
resistance in OA cartilage
   The human OA dataset GSE75181 was obtained from the Gene 
Expression Omnibus database to assess the aberrant metabolic 
signature related to degenerative cartilage. Principal compo-
nent analysis revealed a clear distinction between the tran-
scriptional profiles of the OA and control groups, highlighting 
variations in gene expression patterns (Fig.  2 A). At a signifi-
cance threshold of P < 0.05, 522 differentially expressed genes 
(DEGs) were determined, including 332 overexpressed genes 
and 190 suppressed genes, as illustrated in the volcano plot 
(Fig.  2 B and Fig.  S1 A and B). Gene Ontology (GO) enrichment 
analysis illustrated that the majority of DEGs were strongly 
associated with biological processes, including iron ion trans-
membrane transport, intracellular iron ion homeostasis, unsat-
urated fatty acid biosynthesis, and long-chain fatty-acyl-CoA 
biosynthesis. Within the cellular component category of GO, 

https://doi.org/10.34133/research.0979


Hu et al. 2025 | https://doi.org/10.34133/research.0979 3

the top-ranking terms included the collagen-containing extra-
cellular matrix (ECM) and the mitochondrial outer membrane, 
suggesting their potential involvement in OA pathology. In 
terms of molecular function, the most enriched GO terms were 

GPX activity, NADP+ activity, and glutathione (GSH) binding 
(Fig.  2 C). Moreover, Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analysis of the DEGs illustrated enrichment 
in pathways such as ferroptosis, ECM–receptor interaction, 

Fig. 1. Schematic illustration of the preparation procedure of the MgHCF@OHA/HA-ADH/SeMet hydrogel and its antiferroptosis mechanism capable of “attack and defense” to 
combat osteoarthritis (OA). (A) The fabrication process of the MgHCF@OHA/HA-ADH/SeMet hydrogel for ferrous sequestering and catalytic anti-lipid peroxidation. 
(B) Injectable cross-linked MgHCF@OHA/HA-ADH/SeMet hydrogels developed as an intra-articular delivery platform for sustainably releasing MgHCF and SeMet in the inflamed 
joint. (C) Schematics of the mechanism of the MgHCF@OHA/HA-ADH/SeMet hydrogel for osteoarthritic cartilage damage mitigation. MgHCF, magnesium hexacyanoferrate; 
OHA, oxidized hyaluronic acid; HA-ADH, hyaluronic acid–adipic acid dihydrazide; SeMet, selenomethionine; TFR1, transferrin receptor protein 1; SLC3A2, solute carrier 
family 3 member 2; SLC7A11, solute carrier family 7 member 11; LIP, labile iron pool; PL, phospholipids; ACSL4, acyl-CoA synthetase long-chain family member 4; PUFA, 
polyunsaturated fatty acid; GSH, glutathione; GPX4, glutathione peroxidase 4; FoxO1, forkhead box O1; PI3K, phosphoinositide 3-kinase.
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Fig. 2. Ferroptosis-related molecular patterns linked to iron metabolism dysregulation and lipid peroxidation resistance in OA cartilage. (A) Principal component analysis 
(PCA) of differentially expressed genes (DEGs) in the 2 groups (n = 12). (B) Numbers of DEGs in the 2 groups. (C) The enriched Gene Ontology (GO) terms for DEGs 
between human OA samples and control samples based on 3 sub-ontologies: biological process, cellular component, and molecular function. (D) Kyoto Encyclopedia of 
Genes and Genomes (KEGG) analysis of the signaling pathway enriched by the DEGs between human OA samples and control samples. (E) Forty-five ferroptosis-related 
DEGs (FRDEGs) from the intersection of DEGs and ferroptosis-related genes (FRGs). (F) Protein–protein interaction (PPI) network of hub genes among human FRDEGs. 
(G) Relative level of iron ions in human OA cartilage and corresponding nonlesion cartilage (n = 4). (H) Cartilage sections from the undamaged or damaged region of 
human OA cartilage were stained with Safranin O–Fast Green (SOFG) and enhanced Perls’ Prussian blue and immunostained against GPX4 and ACSL4. Scale bar, 500 μm. 
Magnification: scale bar, 100 μm. Immunofluorescence staining of the (I) GPX4 and (J) ACSL4 levels of chondrocytes in the absence or presence of interleukin-1β (IL-1β). 
Scale bar, 100 μm. Magnification: scale bar, 25 μm. (K) Fluorescence-activated cell sorting analysis of C11-BODIPY fluorescence (n = 3). (L) The FerroOrange probe was 
used to quantify the level of Fe2+ expression in chondrocytes. Scale bar, 100 μm. (M) Relative level of Fe2+ content in chondrocytes treated with different concentrations 
of IL-1β (n = 3). (N) Polymerase chain reaction (PCR) with reverse transcription detection of GPX4, ACSL4, SLC7A11, TFRC, SLC40A1, NOX1, and PTGS2 expression 
in chondrocytes (n = 3). Data are represented as mean ± SD. *P < 0.05. ATP, adenosine triphosphate; NF-κB, nuclear factor kappa B; ECM, extracellular matrix; DAPI, 
4′,6-diamidino-2-phenylindole; mRNA, messenger RNA.
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and GSH metabolism (Fig.  2 D). These bioinformatics analy-
ses collectively suggested that the OA onset and progression 
are closely linked to cellular iron metabolism, lipid homeo-
stasis, and ferroptosis. This was further supported by gene set 
enrichment analysis, which established positive enrichment of 
genes related to “ferroptosis” and “arachidonic acid metabo-
lism” in the transcriptome of OA chondrocytes (Fig.  S2 ). 
Subsequently, 512 ferroptosis-related genes (FRGs) were deter-
mined from the FerrDb database. Among these, 45 ferroptosis-
related DEGs (FRDEGs) were detected through the intersection 
of DEGs and FRGs (Fig.  2 E). GO and KEGG enrichment analy-
ses of these FRDEGs illustrated their involvement in biological 
processes (including responses to iron ion transport and fatty 
acid metabolism) as well as molecular functions (very long-
chain fatty acid-CoA ligase activity and ferrous iron binding). 
KEGG pathway analysis further indicated that FRDEGs were 
related to ferroptosis, fatty acid, central carbon, and GSH 
metabolism (Fig.  S3 A and B). To examine the interactions 
among these genes, a protein–protein interaction network of 
the 45 FRDEGs was produced using the STRING database and 
visualized in Cytoscape. The cytoHubba plug-in was employed 
to identify hub genes using the degree algorithm. Based on 
correlation coefficients, key FRGs, such as TFRC, IL1B, IL6, 
﻿PTGS2, ACSL4, and SLC40A1, were identified as having high 
degrees of connectivity within the network (Fig.  2 F). In sum-
mary, these outcomes illustrate that both iron metabolism and 
lipid peroxidation play roles in OA pathogenesis.        

   Building on the bioinformatics analysis presented earlier, 
we measured the levels of iron ions in both undamaged and 
damaged cartilage tissues from OA patients. The results dem-
onstrated that the total iron ion levels were higher in damaged 
cartilage than in undamaged cartilage (Fig.  2 G). Furthermore, 
iron deposition, as visualized by enhanced Perls’ Prussian blue 
staining, was detectable in damaged cartilage (Fig.  2 H), indi-
cating iron accumulation in cartilage during OA progression. 
To further explore the molecular mechanisms underlying fer-
roptosis in OA, we investigated ferroptosis-related molecular 
patterns in both undamaged and damaged cartilage tissues. As 
a selenoprotein, GPX4 has a critical function in eliminating 
lipid peroxides and maintaining the antioxidant defense sys-
tem and is known to serve as a central regulator of antifer-
roptosis [  37 ]. In our study, GPX4 was strongly expressed in 
intact regions of arthritic cartilage but was nearly absent in 
OA-affected areas. In contrast, acyl-CoA synthetase long-chain 
family member 4 (ACSL4)—which catalyzes polyunsaturated 
fatty acid (PUFA)-containing lipid synthesis and drives lipid 
peroxidation accumulation [  38 ]—was markedly elevated in 
OA-damaged cartilage (Fig.  2 H). Consistent with these findings, 
GPX4 and ACSL4 protein expression in human cartilage sam-
ples was down-regulated and upregulated, respectively, at both 
the tissue and cellular levels (Fig.  2 I and J). To assess lipid 
peroxidation, we employed C11-BODIPY, a fluorescent probe 
widely used in ferroptosis studies, and quantified intracellular 
lipid ROS levels using flow cytometry. Figure  2 K illustrates that 
the relative levels of lipid ROS increased progressively with 
higher concentrations of interleukin-1β (IL-1β). Given that 
ferroptotic cell death is associated with the accumulation of 
cellular Fe2+ [  39 ], we also analyzed Fe2+ levels and observed an 
elevation in the abnormal buildup of Fe2+ after IL-1β treatment 
compared to the that in the control group (Fig.  2 L). Moreover, 
we measured the ferrous ion content in C28/I2 chondrocytes 
after incubation with several IL-1β levels and found that it 

increased approximately 2-fold under 2 ng/ml IL-1β stimu-
lation compared to that in the 0 ng/ml group (Fig.  2 M). 
Depending on KEGG pathway and GO enrichment analyses 
(Fig.  S4 ), we identified altered expression of genes related to iron 
metabolism and lipid peroxidation in OA chondrocytes, includ-
ing SLC40A1, TFRC, ACSL4, and PTGS2. Quantitative poly-
merase chain reaction analysis further demonstrated that the 
levels of ACSL4, SLC7A11, TFRC, NOX1, and PTGS2 were mark-
edly increased under IL-1β stimulation and exhibited dose-
dependent elevation. In contrast, treatment with IL-1β decreased 
the levels of GPX4 and SLC40A1 (Fig.  2 N), rendering the cells 
more sensitive to ferroptosis. In summary, these findings provide 
compelling evidence that dysregulation of iron metabolism and 
impaired resistance to lipid peroxidation are key drivers of 
OA progression. In light of the above observations, biomaterials 
capable of cooperatively decreasing lipid peroxidation levels and 
mitigating iron-induced cell death could emerge as vital thera-
peutic approaches for alleviating ferroptosis-triggered OA.   

Fabrication and characterization of MgHCF 
nanoparticles and MgHCF@OHA/HA-ADH/ 
SeMet hydrogels
   Recent pioneering investigations have illustrated that a character-
istic imbalance in trace element (iron and selenium) metabo-
lism is involved in lipid peroxidation [  40 –  42 ]. We attempted to 
construct a trace element modulated biomaterial to attenuate 
lipid peroxidation and reverse the degenerative state of articular 
cartilage. The preparation of MgHCF nanoparticles was con-
ducted following previously reported literature with slight modi-
fications [  43 ]. The morphologies of MgHCF nanoparticles were 
distinguished via transmission electron microscopy, which illus-
trated that the nanoparticles exhibited excellent dispersion and 
maintained uniform spherical shapes (Fig.  3 A and Fig.  S5 A). 
Energy-dispersive spectrometry mapping illustrated the uni-
form distribution of Mg and Fe in MgHCF nanoparticles (Fig. 
 S5 B). Dynamic light scattering analysis indicated an average 
nanoparticle size of approximately 40 nm, indicating that the 
synthesized MgHCF nanoparticles were of high purity and rela-
tively homogeneous in both structure and size (Fig.  S5 C). 
X-ray diffraction analysis illustrated the characteristic peaks 
of the polyvinylpyrrolidone (PVP) polymer in MgHCF powder 
(Fig.  S5 D). Raman spectroscopy of MgHCF nanoparticles 
showed PVP-specific Raman shifts between 500 and 1,800 cm−1 
and a peak at 2,132 cm−1 corresponding to K3[Fe(CN)6] (Fig. 
 3 B) [  44 ]. Fourier transform infrared spectroscopy further con-
firmed C≡N stretching vibrations in MgHCF (Fig.  3 C). Together, 
these results verified the successful synthesis of MgHCF nanopar-
ticles. The nanoparticles could exhibit strong ferrous ion affin-
ity, promoting the re-formation of the original PB nanostructure 
while releasing Mg2+ (Fig.  3 D). To assess cation exchange with 
ferrous ions, different concentrations of ferrous sulfate (0 to 
40 μg/ml) were added to MgHCF suspensions (40 μg/ml), pro-
ducing immediate optical absorption changes and a color shift 
from green to blue. The observation of a blue color and the 
absence of green indicated that Fe2+ exchanged with the Mg2+ 
present (Fig.  3 E). Ionic dynamics were further examined by 
immersing MgHCF nanoparticles (1 mg/ml, 10 ml) in a dialysis 
membrane within ferrous sulfate solution (20 μg/ml). At prede-
termined time points, the concentration of iron decreased, while 
the concentration of magnesium increased, consistent with a 
displacement reaction (Fig.  3 F).        
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   The successful preparation of HA-ADH, OHA, and OHA/
SeMet was confirmed by Fourier transform infrared spectros-
copy and 1H nuclear magnetic resonance spectral analysis (Fig. 

 S6 A and B). Cell Counting Kit-8 (CCK-8) assay results demon-
strated that groups treated with MgHCF or SeMet at a concentra-
tion of ≤80 μg/ml or ≤30 μM, respectively, exhibited high cell 

Fig. 3. Synthesis of MgHCF@OHA/HA-ADH/SeMet hydrogels. (A) Transmission electron microscopy (TEM) image of MgHCF nanoparticles. Scale bar, 100 nm. The boxed area is 
enlarged on the right; the scale bar is 25 nm. (B) Raman spectra and (C) Fourier transform infrared spectroscopy (FTIR) spectra of MgHCF nanoparticles, polyvinylpyrrolidone 
(PVP), and K3[Fe(CN)6]. (D) Schematic illustration of the dialysis-membrane separation-regulated cation exchange for MgHCF nanoparticles. (E) Digital photograph of the 
aqueous solutions containing MgHCF nanoparticles with the additions of ferrous ions at varying concentrations. (F) Time-dependent elemental concentration profiles of Mg2+ 
and Fe2+ during the dialysis process. (G) The gelation process images of MgHCF@OHA/HA-ADH/SeMet hydrogels. (H) Gelation time, (I) swelling ratio, and (J) pore diameter 
of the hydrogel samples. (K) Scanning electron microscopy (SEM) analysis of the lyophilized hydrogel structure. Scale bar, 200 μm. NPs, nanoparticles.
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viability, approaching 100% of that of the 0 μM group (Fig.  S7 A 
and B). Composite hydrogels, namely, MgHCF@OHA/HA-ADH, 
OHA/HA-ADH/SeMet, and MgHCF@OHA/HA-ADH/SeMet, 
were obtained by incorporating SeMet and MgHCF during 
the dynamic hydrogel formation process (Fig.  3 G). Comparative 
analysis illustrated that adding SeMet and MgHCF had no 
effect on the gelation time (Fig.  3 H). Figure  3 I illustrates that all 
hydrogels displayed slightly lower swelling ratios compared to pure 
HA hydrogels, with MgHCF@OHA/HA-ADH/SeMet showing 
the lowest swelling ratio at 30.22% ± 3.65%. Lyophilized hydro-
gel samples, including OHA/HA-ADH, MgHCF@OHAHA-
ADH, OHA/HA-ADH/SeMet, and MgHCF@OHA/HA-ADH/
SeMet, displayed microporous structures with mean pore sizes 
of 37.19 ± 4.51, 36.84 ± 8.27, 31.70 ± 3.76, and 30.22 ± 3.65 μm, 
respectively (Fig.  3 J and K). Taken together, these outcomes 
illustrate that the incorporation of SeMet could result in a 
denser hydrogel network, likely due to the formation of new 
dynamic bonds.

   The storage modulus (G′) increased upon the addition of 
SeMet into the hydrogel, which could be attributed to the rise 
in cross-linking density within the hydrogel network. The strain 
sweep results revealed that the critical point, illustrating the col-
lapse of the hydrogel network, occurred when G′ and G″ inter-
sected at approximately 100% strain (Fig.  S8 ). Based on this 
finding, a continuous alternating strain sweep was conducted. 
The oscillatory strain amplitudes were alternated between 1% 
and 100%, with each interval lasting 120 s. Under increased 
dynamic strain, G′ reduced and fell below G″. However, when 
the strain was reduced to a lower value, both G′ and G″ promptly 
returned to their original values in all cycles (Fig.  4 A). Further
more, 3 separate hydrogels dyed pink, transparent, and blue were 
combined into a single, cohesive hydrogel, demonstrating excel-
lent self-healing properties (Fig.  4 B). The hydrogel could be 
continuously injected without clogging through a 26-gauge 
needle (Fig.  4 C). After injection into a joint cavity, the dynamic 
hydrogel is subjected to various mechanical stresses, necessitat-
ing adequate resistance to compression. Therefore, the compres-
sive properties of the dynamic hydrogels were assessed (Fig.  4 D). 
The compressive results were consistent with the rheological 
results, and the stress–strain curve showed the nonlinear mechan-
ical behavior of the hydrogels under compression (Fig.  4 E). 
Compared with that of OHA/HA-ADH, the compressive modu-
lus of MgHCF@OHA/HA-ADH did not exhibit a change, 
while the introduction of SeMet caused an increase, with val-
ues reaching 5.04 ± 1.77 kPa for OHA/HA-ADH/SeMet and 
7.75 ± 1.16 kPa for MgHCF@OHA/HA-ADH/SeMet (Fig.  4 F). 
The compressive strength followed a similar trend to the com-
pressive modulus (Fig.  4 G).        

   Next, the hydrogel degradation rate was evaluated in phosphate-
buffered saline (PBS). Among the tested hydrogels, the OHA/
HA-ADH hydrogel exhibited the fastest degradation rate, with 
only 1.39% of its mass remaining after a 7-d incubation. In 
contrast, the residual weights of the MgHCF@OHA/HA-ADH, 
OHA/HA-ADH/SeMet, and MgHCF@OHA/HA-ADH/SeMet 
hydrogels were 4.63%, 15.22%, and 18.23%, respectively (Fig. 
 S9 ). Moreover, as shown in Fig.  4 H and I, selenium and mag-
nesium were released in a sustained manner over 21 d as the 
MgHCF@OHA/HA-ADH/SeMet hydrogel degraded. These 
results suggested that the hydrogel remained relatively stable 
under physiological conditions. However, the pH-responsive 
Schiff base linkers could be cleaved in an OA microenviron-
ment, enabling the on-demand release of SeMet and MgHCF 

nanoparticles. Furthermore, MgHCF@OHA/HA-ADH/SeMet 
hydrogel biocompatibility was assessed via the Live/Dead stain-
ing and CCK-8 assay. The CCK-8 outcomes illustrated that 
the cell count in each group elevated over time, with no varia-
tions observed between the groups (Fig.  4 J). Likewise, the 
Live/Dead assessment outcomes illustrated that nearly all cells 
remained viable after 2 d of culture (Fig.  4 K). The above out-
comes illustrate the excellent biocompatibility of MgHCF@
OHA/HA-ADH/SeMet hydrogels.   

In vitro therapeutic effects of MgHCF@OHA/HA-
ADH/SeMet hydrogels
   As reported in previous studies, oxidative stress can trigger 
chondrocyte damage, leading to the biodegradation of the 
ECM. Moreover, the levels of matrix-degrading enzymes play 
a role in matrix degradation in OA cartilage [  45 ]. Therefore, 
we investigated the expression of ECM-related markers in an 
IL-1β-stimulated human chondrocyte cell line (C28/I2) co-
cultured with the leaching solution of different hydrogels. 
As shown in Fig.  5 A to D, immunofluorescence analysis 
revealed that the MgHCF@OHA/HA-ADH/SeMet hydrogel 
could overexpress collagen type II (COL2) and suppress 
matrix metallopeptidase 13 (MMP13) in IL-1β-treated C28/I2 
cells, suggesting that it effectively reversed ECM metabolic 
imbalance in degenerated chondrocytes. We subsequently 
investigated the effects of the MgHCF@OHA/HA-ADH/
SeMet hydrogel on the dysregulation of IL-1β-triggered mito-
chondrial activity. Using MitoTracker Red staining, we observed 
morphological changes in C28/I2 chondrocytes following IL-1β 
treatment, characterized by fragmented and shrunken mito-
chondria. Importantly, treatment with the MgHCF@OHA/
HA-ADH/SeMet hydrogel effectively mitigated the IL-1β-
induced mitochondrial damage in C28/I2 chondrocytes (Fig. 
 5 E). Mitochondrial membrane potential, a key indicator 
of cellular oxidative metabolic state [  46 ], was also assessed. 
Posttreatment with the MgHCF@OHA/HA-ADH/SeMet 
hydrogel in the presence of IL-1β, the red fluorescence observed 
by the JC-1 probe was elevated compared to that of treatment 
with either the vehicle or OHA/HA-ADH alone (Fig.  5 F and 
G). This increase in red fluorescence reflected an improved 
cellular energy state, suggesting a reduction in oxidative stress 
levels within the cells. In summary, these findings demon-
strate that MgHCF@OHA/HA-ADH/SeMet hydrogels are 
capable of promoting ECM restoration and maintaining mito-
chondrial homeostasis through the synergistic release of SeMet 
and nanoparticles.           

Attack and defense therapy and in vitro 
antiferroptosis effect of MgHCF@OHA/HA-ADH/
SeMet hydrogels
   Lipid peroxidation and iron-dependent buildup characterize 
ferroptosis, a separate type of cell death. Many biological activi-
ties rely on it, including the metabolism of iron and PUFAs as 
well as the production of antioxidants like GSH [  47 ]. Herein, 
we examined the antiferroptosis effects of the MgHCF@OHA/
HA-ADH/SeMet hydrogel on C28/I2 chondrocytes following 
IL-1β treatment. To assess the accumulation of Fe2+ in chon-
drocytes, we utilized the FerroOrange probe. As illustrated 
in Fig.  6 A, an increase in abnormal Fe2+ accumulation was 
observed in the IL-1β-treated group compared to that in the 
control group. However, Fe2+ accumulation was reduced to 
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Fig. 4. Characterization of MgHCF@OHA/HA-ADH/SeMet hydrogels. (A) Rheological behaviors of the hydrogel with alternate strains switched from 1% to 100% for 3 
cycles. (B) Photographs of the macroscopic healing capacities of the hydrogel. (C) Images of MgHCF@OHA/HA-ADH/SeMet hydrogels injected from a 26-gauge needle 
without clogging. (D) Illustration of the compression test. Created with BioRender.com. (E) Compression curves of the hydrogels. (F) The compression modulus and 
(G) compression strength of the hydrogels. The release performance of (H) Se and (I) Mg from the MgHCF@OHA/HA-ADH/SeMet hydrogel. (J) Cell Counting Kit-8 (CCK-8) 
test and (K) Live/Dead staining of C28/I2 cells treated by the hydrogels (n = 3). Data are represented as mean ± SD. ns means no significance. OD, optical density; PI, 
propidium iodide.
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Fig. 5. Assessment of MgHCF@OHA/HA-ADH/SeMet hydrogels on matrix restoration and mitochondrial homeostasis. (A to D) Immunofluorescence images of collagen type II 
(COL2; green) and matrix metallopeptidase 13 (MMP13; red) after incubation with each group and corresponding relative fluorescence intensity quantification (n = 3). Scale 
bar, 100 μm. (E) Representative images of chondrocytes 48 h post indicated treatments visualized with MitoTracker Red staining. Dotted areas are magnified in the bottom 
left. Scale bar, 20 μm. (F) JC-1 staining and (G) quantification of chondrocytes following co-incubation with each group (n = 3). Scale bar, 50 μm. Data are represented as 
mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.



Hu et al. 2025 | https://doi.org/10.34133/research.0979 10

Fig. 6. Efficacy of MgHCF@OHA/HA-ADH/SeMet hydrogels in ameliorating ferroptosis capable of attack and defense. (A) The FerroOrange probe was used to quantify the 
level of Fe2+ expression in chondrocytes. Scale bar, 100 μm. (B) Quantification of the relative concentration of GSH in chondrocytes (n = 3). (C) The cell lipid peroxidation 
signal was assayed via C11-BODIPY fluorescence by flow cytometry and (D) quantification (n = 3). (E) Immunofluorescence staining and (F) quantification of the GPX4 and 
ACSL4 levels in chondrocytes (n = 3). Scale bar, 100 μm. (G) TEM images of the indicated groups. Scale bars, 2 μm (low field), 500 nm (high field). Data are represented as 
mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001.

https://doi.org/10.34133/research.0979
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varying degrees following intervention with MgHCF@OHA/
HA-ADH, OHA/HA-ADH/SeMet, and MgHCF@OHA/HA-ADH/
SeMet. Notably, MgHCF@OHA/HA-ADH/SeMet demonstrated 
superior efficacy compared to the other 2 formulations. Given 
the disruption of cellular redox homeostasis during ferroptosis, 
these findings were further corroborated by the measurement 
of GSH concentrations across the different groups. Specifically, 
the relative GSH concentration in the MgHCF@OHA/HA-ADH/
SeMet group increased compared to that in the blank group, 
suggesting that the hydrogel could effectively restore GSH 
production despite IL-1β-induced ferroptosis (Fig.  6 B). In 
addition, we measured intracellular lipid ROS levels in C28/
I2 cells treated with PBS, MgHCF@OHA/HA-ADH, OHA/
HA-ADH/SeMet, or MgHCF@OHA/HA-ADH/SeMet hydro-
gels. C11-BODIPY staining illustrated that lipid peroxidation was 
elevated in response to IL-1β stimulation but was mitigated to 
varying degrees by the aforementioned interventions (Fig.  6 C 
and D). Collectively, these findings indicate that MgHCF@OHA/
HA-ADH/SeMet hydrogels ameliorate abnormal intracellular 
iron metabolism through their iron-chelating capacity and 
alleviate ferroptosis-related lipid peroxidation in chondrocytes 
under inflammatory conditions. The hydrogel’s antiferroptosis 
properties are likely attributable to the GPX4 activator SeMet 
and ferrous ion-capturing nanoparticles.        

   Subsequently, the role of MgHCF@OHA/HA-ADH/SeMet 
hydrogels in mitigating IL-1β-triggered ferroptosis in chon-
drocytes was assessed by enumerating key markers, GPX4 and 
ACSL4. As shown in Fig.  6 E and F, immunofluorescence 
revealed that MgHCF@OHA/HA-ADH/SeMet exerted the 
strongest regulatory effects, upregulating GPX4 and down-
regulating ACSL4 compared with those in the blank group. 
These results indicate that the hydrogels confer resistance to 
ferroptosis by enhancing ferroptosis-protective factors and sup-
pressing pathogenic ones. Transmission electron microscopy 
analysis further demonstrated that IL-1β exposure induced 
mitochondrial atrophy and loss of cristae in C28/I2 cells, while 
these changes were alleviated by MgHCF@OHA/HA-ADH/
SeMet treatment (Fig.  6 G). Collectively, these findings sug-
gest that MgHCF@OHA/HA-ADH/SeMet hydrogels attenu-
ate inflammation-induced ferroptosis in chondrocytes through 
dual pharmacological actions.   

Transcriptomic and metabolomic profiling of 
MgHCF@OHA/HA-ADH/SeMet hydrogel-mediated 
cartilage protection
   An illuminating exploration of the mechanisms that steer C28/
I2 cells’ fate was undertaken through RNA sequencing analysis 
of the cell–MgHCF@OHA/HA-ADH/SeMet hydrogel interac-
tion. Principal component analysis showed a clear demarcation 
between all genes within the MgHCF@OHA/HA-ADH/SeMet 
group and those within the IL-1β group, underlining their dis-
tinct transcriptional profiles (Fig.  7 A). A total of 667 DEGs 
were determined, comprising 392 down-regulated and 275 
upregulated genes (Fig.  7 B and C and Fig.  S10 ). Functional 
enrichment analysis revealed involvement in lipid metabo-
lism, inflammatory response, and cellular components such 
as mitochondria and extracellular space (Fig.  7 D). KEGG 
pathway analysis (bubble chart, Fig.  7 E) highlighted enrich-
ment in PI3K–Akt and FoxO signaling, cysteine and methio-
nine metabolism, and oxidative phosphorylation. Heatmap 
analysis of PI3K–Akt-related genes showed that MgHCF@

OHA/HA-ADH/SeMet upregulated PCK2, LAMC2, and CREB5 
while down-regulating BCL2L11, PIK3R3, and NR4A1 (Fig. 
 S11 A). Clustering analysis of crucial genes related to the FoxO 
signaling pathway revealed that MgHCF@OHA/HA-ADH/
SeMet down-regulated the expression of the genes, including 
TNFSF10, SKP2, BCL2L11, and PIK3R3 (Fig.  S11 B). Gene set 
enrichment analysis was employed to observe the influence 
of MgHCF@OHA/HA-ADH/SeMet treatment on various cel-
lular processes. Consistently, the IL-1β plus MgHCF@OHA/
HA-ADH/SeMet group displayed overexpression of genes par-
ticipating in aminoacyl transfer RNA ligase activity and iron 
sulfur cluster assembly (Fig.  7 F). The Cytoscape software was 
utilized to visualize the genes in the above pathways and gener-
ate a “pathwaytarget” diagram (Fig.  S12 ). To further investigate 
intracellular metabolic changes induced by MgHCF@OHA/
HA-ADH/SeMet and elucidate downstream pathways, untar-
geted metabolomics was performed on C28/I2 cells with or 
without MgHCF@OHA/HA-ADH/SeMet treatment. Pathway 
enrichment confirmed that cysteine and methionine metabo-
lism, glycerophospholipid metabolism, and glycine, serine, and 
threonine metabolism were enriched in IL-1β plus MgHCF@
OHA/HA-ADH/SeMet-treated cells compared with those in 
IL-1β-stimulated cells (Fig.  7 G). Differentially abundant metab-
olites were further enriched in amino acid biosynthesis, sphin-
golipid metabolism, and carbon metabolism (Fig.  S13 ). These 
outcomes illustrate that regulating the cartilage protection by 
MgHCF@OHA/HA-ADH/SeMet is potentially mediated by the 
PI3K/Akt/FoxO1 pathway, reprogramming ferroptosis-related 
patterns and thus reducing matrix degeneration.        

   To confirm the molecular mechanism of MgHCF@OHA/
HA-ADH/SeMet hydrogel-mediated cartilage protection, we 
induced C28/I2 cells with IL-1β and MgHCF@OHA/HA-ADH/
SeMet for 48 h. Western blot was used to assess PI3K, p-PI3K, 
Akt, p-Akt, FoxO1, and p-FoxO1 protein expression. Western 
blot results confirmed that adding MgHCF@OHA/HA-ADH/
SeMet to C28/I2 cells resulted in decreased protein levels of 
p-PI3K, p-Akt, and p-FoxO1, as well as increased protein level 
of FoxO1, validating the successful inactivation of the PI3K/
Akt pathway and suppression of FoxO1 phosphorylation (Fig. 
 7 H). We next explored whether the MgHCF@OHA/HA-ADH/
SeMet hydrogel is essential for FoxO1 nuclear translocation. 
Immunofluorescence staining of FoxO1 revealed that upon 
IL-1β stimulation, FoxO1 transferred from the nucleus to the 
cytoplasm, while the MgHCF@OHA/HA-ADH/SeMet hydrogel 
promoted the translocation of FoxO1 protein from the cyto-
plasm to the nucleus (Fig.  7 I). Previous studies have demon-
strated that notopterol mitigate OA by inhibiting PI3K/Akt 
phosphorylation and enhancing antioxidant defenses through 
GSH and GPX4 upregulation, thereby preventing lipid peroxi-
dation [  48 ]. FoxO1 nuclear activity regulates the transcription 
of lipid catabolism and antioxidant response genes [  49 ], while 
reduced NAD+ levels promote FoxO1 phosphorylation, leading 
to GPX4 inhibition and ferroptosis induction [  50 ]. GSH, the 
key cellular antioxidant capable of inhibiting lipid peroxidation 
via the activity of the enzyme GPX4, is generated directly from 
the sulfur-containing amino acid cysteine and indirectly from 
methionine via the transsulfuration pathway [  51 ]. Therefore, 
MgHCF@OHA/HA-ADH/SeMet hydrogels could promote the 
antioxidant process in the ferroptosis of chondrocytes under 
inflammatory stimulation, possibly by impairing PI3K/Akt 
signaling and suppressing FoxO1 phosphorylation, thereby 
maintaining cartilage metabolic homeostasis (Fig.  7 J).   
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Fig. 7. Transcriptomic and metabolomic shifts following MgHCF@OHA/HA-ADH/SeMet intervention in IL-1β-treated chondrocytes and therapeutic mechanism exploration of 
cartilage protection. (A) PCA of genes in chondrocytes after treatment with IL-1β or with IL-1β plus MgHCF@OHA/HA-ADH/SeMet. Three replicates are shown. (B) Numbers of 
DEGs in the 2 groups. (C) Volcano plots were generated between the IL-1β plus MgHCF@OHA/HA-ADH/SeMet group and the IL-1β group. (D) GO enrichment analysis of DEGs 
between the 2 groups. (E) KEGG enrichment analysis of the pathways involved in the biological effect induced by IL-1β or IL-1β plus MgHCF@OHA/HA-ADH/SeMet treatment. 
(F) Gene set enrichment analysis (GSEA) was applied to compare the gene sets involved in aminoacyl transfer RNA (tRNA) ligase activity and iron sulfur cluster assembly 
between the 2 groups. (G) Metabolic pathway enrichment results showing affected pathways, comparing the groups IL-1β plus MgHCF@OHA/HA-ADH/SeMet versus IL-1β. 
(H) Western blot analysis of the expression of proteins related to the PI3K/Akt/FoxO1 signaling pathway. (I) Immunofluorescence assay depicting the location of FoxO1 in C28/
I2 cells in each group. Scale bar, 50 μm. (J) The potential mechanisms of the trace element modulated nanocomposite hydrogel for cartilage matrix reconstruction. MAPK, 
mitogen-activated protein kinase; ES, enrichment score; FDR, false discovery rate.

https://doi.org/10.34133/research.0979


Hu et al. 2025 | https://doi.org/10.34133/research.0979 13

Fig. 8. Radiological evaluation of osteoarthritic knee joints. (A) Schematic illustration of OA rat model construction induced by the combination of destabilization of the 
medial meniscus (DMM) with strenuous treadmill exercise, MgHCF@OHA/HA-ADH/SeMet hydrogel treatment, and therapeutic efficacy evaluation. SD, Sprague Dawley. 
(B) Radiographs of the knee joint in anteroposterior (AP) and lateral (LAT) views. (C) Eight weeks after surgery, the relative knee joint space width of the rat was quantified. 
(D) Representative 2-dimensional (2D) and 3-dimensional (3D) microcomputed tomography (micro-CT) images of the knee joints of rats in different groups. (E) Eight weeks 
after the operation, quantitative analysis of medial subchondral bone in rats. Data are computed as average ± SD (n = 5; “*”, “**”, and “***” represent statistical significance 
when setting the alpha level to 0.05, 0.01, and 0.001, respectively). MMTL, medial meniscotibial ligament; PBS, phosphate-buffered saline; BV/TV, bone volume/total volume; 
Tb.N, trabecular number; Tb.Sp, trabecular separation.
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In vivo radiological evaluation of  
intra-articular delivery using  
MgHCF@OHA/HA-ADH/SeMet hydrogels
   Based on the promising restorative effects observed on matrix 
degradation in vitro, we further evaluated the in vivo therapeu-
tic efficacy of MgHCF@OHA/HA-ADH/SeMet hydrogels using 
a rat model of OA induced by surgical destabilization of the 
medial meniscus (DMM) combined with exercise intervention 
(Fig.  8 A). At 8 weeks postsurgery, OA samples were collected 
from the knee joints and analyzed using x-ray imaging and 
microcomputed tomography (micro-CT). X-ray imaging revealed 
that the joint space width in the PBS-treated group was only 
27.37% of that in the sham group, indicating joint space nar-
rowing and structural destabilization following OA induction. 
In contrast, the hydrogel-treated groups showed varying 
degrees of joint space width recovery. Notably, the MgHCF@
OHA/HA-ADH/SeMet group exhibited the most pronounced 
recovery, with the joint space width reaching up to 80.32% 
of that in the sham group, suggesting that the MgHCF@OHA/
HA-ADH/SeMet hydrogel could effectively reverse joint space 
narrowing in the OA rat model. Furthermore, the joint space 
width in the MgHCF@OHA/HA-ADH and OHA/HA-ADH/
SeMet groups was 1.26 times and 1.30 times greater, respec-
tively, than that in the OHA/HA-ADH group (Fig.  8 B and C). 
These results highlight the limited capacity of pure OHA/
HA-ADH hydrogels to reverse joint space narrowing and 
underscore the synergistic roles of SeMet and MgHCF in 
enhancing cartilage repair and OA treatment efficacy. Further
more, osteophyte formation in the hydrogel-treated groups 
followed a trend consistent with the recovery of joint space 
width, further demonstrating the ability of these composite 
hydrogels to delay OA progression (Fig.  8 D). Micro-CT anal-
ysis revealed pathological changes in the subchondral bone, 
such as trabecular bone sclerosis and thickening, in the 
PBS and OHA/HA-ADH groups. These changes were alle-
viated to some extent in the other hydrogel-treated groups. 
Importantly, the MgHCF@OHA/HA-ADH/SeMet group exhib-
ited the most homogeneous subchondral trabecular bone 
structure among all OA groups, closely resembling that of 
the sham group (Fig.  8 D and Fig.  S14 ). Quantitative analy-
sis of subchondral bone parameters further confirmed that 
intra-articular delivery of these hydrogels effectively reversed 
OA progression to some extent (Fig.  8 E). In summary, the 
injectable dynamic hydrogels demonstrated excellent prop-
erties in maintaining joint structure integrity. When com-
bined with the therapeutic effects of concurrently delivered 
SeMet and MgHCF, these hydrogels enhance the overall 
therapeutic efficacy, offering a promising approach for OA 
treatment.           

Anti-inflammatory evaluation of MgHCF@OHA/HA-
ADH/SeMet hydrogels in vivo
   Next, we performed histological evaluation on the morphol-
ogy, structure, and composition of synovial tissues dissected 
from the knee joints at week 8 after surgery via hematoxylin 
and eosin staining. As shown in Fig.  9 A, compared with that 
in the sham group, the synovial lining cell layer in the PBS 
group was enlarged, with a marked increase in cellularity and 
infiltration of inflammatory cells, displaying classic pathologi-
cal features of inflammatory OA. However, the groups treated 
with other hydrogels exhibited varying degrees of synovial 

inflammation resolution. Among these, the MgHCF@OHA/
HA-ADH/SeMet group demonstrated a notable alleviation of 
overactivated synovial inflammation, as evidenced by the low-
est synovial score and thickness, which were comparable to 
those of the PBS group (Fig.  9 B and C). Based on these in vivo 
findings, it can be inferred that the intra-articular delivery 
of MgHCF@OHA/HA-ADH/SeMet hydrogels can amelio-
rate chronic inflammation. Macrophage infiltration in the 
synovium plays a critical role in triggering OA-related inflam-
mation [  52 ]. Notably, the immunofluorescence evaluation 
of synovial macrophage reprogramming showed that the 
expression of inducible nitric oxide synthase in the MgHCF@
OHA/HA-ADH/SeMet group was lower than those in 
the PBS and OHA/HA-ADH groups (Fig.  9 D). Moreover, 
CD206 expression was increased in the MgHCF@OHA/
HA-ADH/SeMet group (Fig.  9 E), indicating that these hydro-
gels could ameliorate OA inflammation-induced synovial 
macrophage polarization. Inflammatory cytokines released in 
the synovium can sensitize nociceptive nerve terminals, 
contributing to inflammatory OA pain. As shown in Fig.  9 F, 
footprints from each experimental group were collected 8 
weeks postoperation. Representative footprints, with blue 
indicating the healthy side and red representing the modeling 
side, were compared. Subsequent parameter analysis of 
the collected footprints revealed that the stride length in the 
hydrogel-treated groups increased to varying degrees, with 
the MgHCF@OHA/HA-ADH/SeMet group showing a particu-
larly increase compared to the PBS group. Statistical analysis 
of the footprint length further demonstrated an increase in the 
MgHCF@OHA/HA-ADH/SeMet group compared to the PBS 
group (Fig.  9 G and H). In summary, these results provide 
compelling evidence that MgHCF@OHA/HA-ADH/SeMet 
hydrogels effectively ameliorate inflammation-induced pain 
in the OA rat model.           

Enhanced cartilage repair effect of MgHCF@OHA/
HA-ADH/SeMet hydrogels in vivo
   Subsequently, we used Safranin O–Fast Green and hematoxylin 
and eosin staining to assess histological changes in the knee car-
tilage at 8 weeks postoperatively. The Safranin O–Fast Green 
staining results revealed disorganized chondrocytes and a com-
plete disruption of tidemark integrity in the PBS group. In con-
trast, the MgHCF@OHA/HA-ADH/SeMet group exhibited the 
highest proteoglycan content, which was comparable to that of 
the PBS group (Fig.  10 A). The above observations were con-
sistent with the Osteoarthritis Research Society International 
scores and the ratio of hyaline cartilage to calcified cartilage 
(Fig.  10 B and C). To further elucidate the molecular mecha-
nisms underlying the dynamic hydrogel-mediated cartilage 
regeneration, we evaluated the in vivo expression levels of 
protein markers associated with ECM metabolism. Immuno
histochemical staining for MMP13 demonstrated that treat-
ment with the dynamic hydrogel reduced MMP13 expression 
(Fig.  10 A). Quantitative analysis revealed that the percentage 
of MMP13-positive cells in the MgHCF@OHA/HA-ADH/
SeMet group was comparable to that observed in the sham 
group (Fig.  10 D). In addition, COL2-positive cells were barely 
detected in the PBS group. However, following the injection of 
dynamic hydrogels, the number of COL2-positive cells in 
the cartilage of the treated groups increased progressively 
(Fig.  10 A). Quantitative analysis further indicated that the 
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Fig. 9. Assessment of inflammatory response and gait tests in vivo. (A) Hematoxylin and eosin (H&E) staining of synovial membranes in MgHCF@OHA/HA-ADH/SeMet-
treated joints at 8 weeks. Scale bar, 100 μm. The boxed area is enlarged at the bottom. Scale bar, 25 μm. Quantitative analysis of inflammation in the synovium with H&E, 
including (B) thickness and (C) grade. Co-immunofluorescence staining of (D) CD68 (red) and inducible nitric oxide synthase (iNOS; green) and (E) CD68 (red) and CD206 
(green) in repaired synovial tissues. Scale bar, 100 μm. (F) Footprints of rats 8 weeks after surgery. Red: modeling side; blue: healthy side. Gait assessment for (G) stride 
length and (H) footprint length. Data are computed as mean ± SD (n = 5; “*”, “**”, and “***” denote statistical significance when setting the alpha level to 0.05, 0.01, and 
0.001, respectively).
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Fig. 10. Therapeutic effects of MgHCF@OHA/HA-ADH/SeMet hydrogels on the ECM and ferroptosis. (A) SOFG and H&E staining of joint sections (top 2 rows) and 
immunohistochemical staining for MMP13 and COL2 of joint sections (bottom 2 rows) at 8 weeks. Scale bar, 200 μm. (B) Medial tibial plateau joint score based on the 
Osteoarthritis Research Society International (OARSI) scoring system. (C) Ratio of the hyaline cartilage relative to the calcified cartilage. Quantification of (D) MMP13- and 
(E) COL2-positive chondrocytes in cartilage. (F) Immunofluorescence staining for GPX4 (green) and ACSL4 (red) in cartilage (top 2 rows) and immunohistochemical staining 
for 4-hydroxynonenal (4-HNE) in cartilage (bottom row) at 8 weeks. Scale bar, 200 μm. (G to I) Quantification of GPX4-, ACSL4-, and 4-HNE-positive chondrocytes in cartilage. 
Data are computed as mean ± SD (n = 5; “*”, “**”, and “***” denote statistical significance when setting the alpha level to 0.05, 0.01, and 0.001, respectively). HC/CC, ratio 
of the hyaline cartilage relative to the calcified cartilage.
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percentage of COL2-positive cells in the MgHCF@OHA/
HA-ADH/SeMet group was comparable to that in the sham 
group (Fig.  10 E). These results suggest that the MgHCF@
OHA/HA-ADH/SeMet hydrogels could effectively restore the 
metabolic balance of the ECM, thereby delaying the progres-
sion of OA.        

   Based on in vitro evidence that MgHCF@OHA/HA-ADH/
SeMet hydrogels reduce lipid peroxidation, we further inves-
tigated the inhibitory effects of these hydrogels on OA pro-
gression through an antiferroptosis mechanism in OA rats. 
Following treatment with the dynamic hydrogels, we observed 
an increase in GPX4-positive cells within the cartilage across 
all hydrogel-treated groups. Quantitative analysis revealed 
that the percentage of GPX4-positive cells in the MgHCF@
OHA/HA-ADH/SeMet group exhibited the most pronounced 
recovery (Fig.  10 F and G). In contrast, compared to that in the 
sham group, the expression levels of ACSL4 were markedly 
elevated in the PBS group. However, in the hydrogel-treated 
groups, ACSL4 expression was reduced to varying degrees. 
Specifically, quantitative analysis revealed that the percentage of 
ACSL4-positive cells in the MgHCF@OHA/HA-ADH/SeMet 
group was comparable to that observed in the sham group (Fig. 
 10 F and H). Next, we evaluated the expression of 4-hydroxynon-
enal, an advanced lipid peroxidation end product [  53 ], through 
immunohistochemical staining. The quantitative analysis of 
4-hydroxynonenal staining exhibited a consistent trend with 
the ACSL4 results, further supporting the antiferroptosis effects 
of the hydrogels (Fig.  10 F and I). Moreover, in vivo studies dem-
onstrated the excellent biocompatibility of the MgHCF@OHA/
HA-ADH/SeMet hydrogels following local injection (Fig.  S15 ). 
Overall, these findings indicate that the MgHCF@OHA/HA- 
ADH/SeMet hydrogels exhibit an optimal ferroptosis inhibition 
effect, achieved through the synergistic action of MgHCF and 
SeMet, thereby effectively retarding the process of OA.    

Discussion

   OA is the result of interactions of multiple factors, including 
traumatic injury, metabolic disorders, inflammatory responses, 
and biochemical changes. The metabolism of trace elements 
maintains the structure and function of bones and cartilage 
by participating in processes such as mineralization, matrix 
synthesis, antioxidation, and anti-inflammation [  54 ]. Notably, 
additional research is required to completely discover the con-
tents of various trace elements in cartilage, bone, blood, and 
other tissues, as well as the values of their imbalanced contents 
and the mechanisms underlying the onset of OA.

   Few studies have explored therapeutic strategies capable of 
regulating multiple trace elements during repair, despite grow-
ing evidence that trace elements play a critical role in cartilage 
regeneration [ 23 ]. Our previous study confirmed that IL-1β 
treatment decreases the expression of selenoproteins in chon-
drocytes, and administration of hydrogels loaded with selenium 
nanoparticles induces selenoprotein expression and reduces 
the ROS level, highlighting that selenium imbalance serves as 
targets for OA treatment [ 13 ]. Organic forms of selenium, prin-
cipally SeMet, can be directly incorporated into selenoprotein 
GPXs [ 25 ]. Further, SeMet was reported to be covalently 
immobilized within ultraviolet-responsive gelatin methacry-
loyl hydrogels via acrylate-functionalized polyethylene glycol 
tethers, with good plasticity, release properties, and mechanical 
properties [ 42 ]. These consistent conclusions in this study 

reflect the multiple efficiencies of SeMet. In addition, we uncov-
ered that the total iron ion levels were higher in damaged car-
tilage than in undamaged cartilage, and iron deposition was 
detectable in the damaged cartilage. Hydrophilic iron chela-
tors, such as deferoxamine, have demonstrated powerful 
capabilities in removing intracellular reactive iron [  55 ], but 
concerns regarding the safety, including hypersensitivity reac-
tions, increased infection risk, and neurotoxicity, remain con-
troversial [  56 ]. The hydrophobicity and poor solubility of 
curcumin in physiological environments result in low bioavail-
ability despite the highly conjugated β-diketone group in its 
chemical structure conferring metal-ion-chelating properties 
[  57 ,  58 ]. Wang et al. [ 40 ] designed a dynamic hydrogel with 
abundant Schiff base moieties as molecule traps to scavenge 
excessive ferrous ions through coordination. Nevertheless, their 
chelation effects for ferrous ions are not strong enough com-
pared to chemical capture into hexacyanoferrate nanoparticles 
[ 43 ]. Intra-articular injections of Mg2+﻿ at 0.5 mol/l attenuated 
the progression of OA in rats [  59 ], and the protective effect of 
Mg﻿2+﻿ on OA cartilage was unveiled, primarily mediated by the 
PI3K/Akt pathway [  60 ]. Thus, the release of Mg2+ from the 
nanoparticles could contribute positively to OA treatment [  9 ].

   Highly oxidizable PUFAs promote lipid peroxidation with 
phospholipids, driving ferroptosis. In our previous work, the 
AMPK/ACC/ACSL4 axis was shown to reshape PUFA avail-
ability and regulate chondrocyte ferroptosis sensitivity [  61 ]. 
Herein, transcriptomics analysis also highlighted lipid metabo-
lism, indicating that MgHCF@OHA/HA-ADH/SeMet modu-
lated lipid metabolic processes, with the most pronounced 
effect being ACSL4 down-regulation. To further explore the 
mechanisms, metabolomics analysis revealed that MgHCF@
OHA/HA-ADH/SeMet regulated not only glycerophospholipid 
metabolism but also cysteine and methionine metabolism. 
Moreover, MgHCF@OHA/HA-ADH/SeMet increased cysteine 
metabolism products, including GSH, a key endogenous anti-
oxidant essential for ferroptosis regulation. As an essential 
component of GSH biosynthesis, cysteine availability is rate 
limiting, with methionine serving as a metabolic precursor 
through the transsulfuration pathway [ 47 ]. Notably, researchers 
have demonstrated that augmenting cellular cysteine uptake 
can effectively scavenge ROS generated via the Fenton reac-
tion, thereby maintaining redox homeostasis [  62 ,  63 ]. SeMet, 
released from the hydrogel system, may be one of the potential 
mechanisms by which MgHCF@OHA/HA-ADH/SeMet hydro-
gels exert their effects. In summary, our multiomics analysis 
indicates that MgHCF@OHA/HA-ADH/SeMet hydrogels regu-
late ferroptosis through complex mechanisms, including tran-
scriptional regulation of lipid-metabolism-related genes and 
metabolic regulation of cysteine and other energy metabolism 
pathways. Further exploration is needed in the future to fully 
elucidate these mechanisms.

   These results strongly support the potential of the MgHCF@
OHA/HA-ADH/SeMet hydrogel in mitigating ferroptosis-
driven OA, presenting a promising avenue for the development 
of innovative therapeutic strategies. Nevertheless, this study still 
has some limitations. First, using an iron-overloaded or sele-
nium-deficient culture medium as a positive control would sup-
port our conclusion. Second, it has been demonstrated that 
diverse macrophage subsets seeding the synovial joint tissue are 
implicated in OA pathology. The effect of the MgHCF@OHA/
HA-ADH/SeMet hydrogel on macrophage subset polarization 
needs to be further investigated. With a single administration, 
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the hydrogel, offering both lubrication and anti-inflammation 
as a localized modulation platform, demonstrates the potential 
to repair cartilage in OA. MgHCF achieved “attack” on ferrop-
tosis inducers by efficiently capturing Fe2+ and sustainedly 
releasing Mg2+, contributing positively to cartilage matrix syn-
thesis; SeMet realized “defense” against oxidative damage by 
activating GPX4 and scavenging lipid peroxides. However, to 
facilitate the successful translation of this promising hydrogel 
from the laboratory to clinical practice, scalable and stable man-
ufacturing processes, detailed cost analyses, ease of use, and 
patient education should be considered in further study.   

Conclusion
   In summary, this study uncovered ferroptosis-related molecu-
lar patterns characterized by dysregulated iron metabolism and 
resistance to lipid peroxidation in degenerative cartilage chon-
drocytes under OA conditions. Drawing inspiration from the 
pathogenesis of OA cartilage degeneration, we developed an 
injectable, dynamically cross-linked HA/SeMet hydrogel inte-
grated with nanoparticles. This construct exhibited robust 
ferrous ion capture and anti-lipid peroxidation capabilities, 
facilitating the restoration of ECM metabolic homeostasis. Our 
findings strongly support the potential of trace element modu-
lated hydrogels to mitigate ferroptosis and promote cartilage 
matrix reconstruction, presenting a promising avenue for the 
development of innovative therapeutic strategies.   

Methods

Synthesis of MgHCF nanoparticles
   A mixture of 163 mg of MgCl2·6H2O and 300 mg of PVP (Mw = 
10,000) was dissolved in 40 ml of HCl solution (pH = 1) and stirred 
for 10 min at room temperature. Subsequently, 40 ml of HCl solu-
tion (pH = 1) containing 0.8 mmol of potassium ferricyanide was 
added dropwise at 80 ml/h. The mixture was stirred for 2 h at room 
temperature and dialyzed against deionized water for 6 h. The 
resulting dispersion was freeze-dried to obtain MgHCF nanopar-
ticle powders.   

Preparation of hydrogels
   The hydrogel was prepared with equal volumes of 2% (w/w) 
OHA and 2% (w/w) HA-ADH at room temperature, which was 
designated as OHA/HA-ADH. Similarly, MgHCF, SeMet, and 
SeMet + MgHCF were added into the above mixture, thus 
forming MgHCF@OHA/HA-ADH, OHA/HA-ADH/SeMet, 
and MgHCF@OHA/HA-ADH/SeMet hydrogels, respectively. 
The final concentrations of MgHCF and SeMet in the hydrogels 
were 80 μg/ml and 30 μM, respectively.   

Release kinetics test of hydrogels
   One milliliter of MgHCF@OHA/HA-ADH/SeMet hydrogel 
was immersed in 10 ml of PBS at 37 °C. At predetermined 
time intervals, 1 ml of the medium was collected and replen-
ished with fresh buffer to restore the initial volume. The con-
centrations of Se and Mg in the release buffer were quantified 
using inductively coupled plasma mass spectrometry after 
digestion with HNO3.   

Transcriptional profiling and bioinformatics analysis
   The human OA dataset GSE75181 was obtained from the 
National Center for Biotechnology Information Gene Expression 

Omnibus database ( https://www.ncbi.nlm.nih.gov/geo/ ). DEGs 
were identified using the DESeq2 package with adjusted P < 0.05 
and |log2FC| ≥ 1. Functional enrichment of DEGs was assessed 
via KEGG and GO analyses. Overlapping DEGs with FRGs from 
the FerrDb database ( http://www.zhounan.org/ferrdb/current/ ) 
were utilized to construct a protein–protein interaction network 
through the STRING database ( https://string-db.org/ ). The net-
work was imported into Cytoscape (v3.9.1) and analyzed with 
the cytoHubba plug-in to identify the top hub genes. Additionally, 
RNA sequencing of C28/I2 cells was performed by Biotree 
Biotech Co., Ltd. (Shanghai, China) following standard proto-
cols. DEGs were identified via the Limma package and subjected 
to bioinformatics analysis.   

Iron ion detection in cartilage
   The iron ion levels in cartilage were measured via the Iron Assay 
Kit (Servicebio, Wuhan, China) as per the manufacturer’s proto-
col; 100 mg of fresh human OA cartilage tissue was added to 1 ml 
of assay buffer in a sterile 2-ml tube, and homogenization was 
conducted on ice at 4 °C. The homogenate was spun at 16,000 × 
g for 10 min, followed by collection of the supernatant. A detec-
tion probe was added to quantify the total iron, followed by incu-
bation at 37 °C for 40 min. Absorbance was assessed at 593 nm 
via a microplate reader, and total iron levels were assessed for both 
OA cartilage and corresponding nonlesion cartilage.   

Culture and stimulation of human chondrocytic 
C28/I2 cells
   The immortalized human chondrocyte cell line C28/I2 was 
acquired from the Cell Bank of Type Culture Collection, Chinese 
Academy of Sciences. Cells were cultured in Dulbecco’s modified 
Eagle medium/F-12 medium (Gibco) supplemented with 10% 
fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml strepto-
mycin (Gibco) in a humidified incubator at 37 °C with 5% CO2. 
The medium was substituted every 3 d. For experiments, C28/
I2 cells were exposed to 2 or 5 ng/ml IL-1β (PeproTech, Rocky 
Hill, NJ) and cultured in hydrogel leachate.   

Lipid peroxidation assay
   C28/I2 cells were incubated with 5 μM BODIPY 581/591 C11 
(Thermo Fisher, D3861) for 40 min, rinsed with PBS, tryp-
sinized, and filtered to obtain single-cell suspensions. Flow 
cytometry was conducted via BD FACS Aria II (Becton Dickinson). 
Upon oxidation, the excitation maximum shifted from 581 to 
500 nm, and the emission maximum, from 591 to 510 nm. 
Oxidized BODIPY-C11 was detected with a fluorescein iso-
thiocyanate filter (emission 510 nm). Data were analyzed by 
microscopy or FlowJo v10 (BD Biosciences).   

Detection of the mitochondrial network and 
membrane potential
   For mitochondrial staining, the incubation of cells was con-
ducted with MitoTracker Red (Beyotime, China) at 37 °C for 
30 min, followed by washing with PBS. To assess mitochon-
drial membrane potential, cells were analyzed using the JC-1 
Mitochondrial Membrane Potential Assay Kit (Beyotime, 
China). Briefly, the incubation of cells was conducted with 1× 
JC-1 staining solution for 20 min in the dark at 37 °C. Confocal 
microscopy photographs were taken using either a Zeiss LSM 
710 laser scanning microscope or a Leica TCS SP8 STED confo-
cal microscope.   

https://doi.org/10.34133/research.0979
https://www.ncbi.nlm.nih.gov/geo/
http://www.zhounan.org/ferrdb/current/
https://string-db.org/


Hu et al. 2025 | https://doi.org/10.34133/research.0979 19

Gait analysis
   To evaluate alterations in the gait of rats, gait analysis was con-
ducted. The right feet of the rats were marked with red ink, 
while the left feet were marked with blue ink. The rats were 
then led to walk naturally across a sheet of paper to obtain their 
footprints. These footprints were manually analyzed, and spe-
cific parameters, such as stride length and print area, were 
quantified. Notably, the first few footprints were typically 
excluded from statistical analysis, as the rats might not yet be 
walking consistently during this initial period.   

Micro-CT analysis
   The knee joint specimens were initially fixed in 4% paraformalde-
hyde for 48 h, 3 washes were conducted with PBS, and the speci-
mens were subsequently stored in 70% ethanol. Scanning and 
reconstruction of the samples were conducted using high-resolu-
tion micro-CT (SkyScan 1172) and CT reconstruction software 
(NRecon v1.6). X-ray photographs were acquired to assess the 
joint space widths. For 3-dimensional model visualization and 
further data analysis, CTAn v1.9 and CTVol v2.0 were utilized. 
Micro-CT scanning was performed with the following parameters: 
x-ray voltage set at 50 kV, source current at 200 μA, and a resolu-
tion of 10 μm. Following the scanning process, 3-dimensional 
reconstruction was carried out, and the subchondral bone param-
eters were analyzed under consistent conditions.   

Statistical analysis
   The analysis was performed in a blinded way. GraphPad Prism 
9.0 was utilized to conduct statistical analyses (GraphPad 
Software, La Jolla, USA). For comparisons between 2 groups, 
2-tailed unpaired t tests were used, while one-way analysis of vari-
ance followed by Tukey–Kramer post hoc tests was applied for 
comparisons among 3 or more groups. Data are reported as mean 
± standard deviation, with P < 0.05 regarded as significance.    
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