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ARTICLE INFO ABSTRACT
Keywords: Osteoarthritis (OA) has emerged as a significant health concern among the elderly population, with increasing
Osteoarth-ritis attention paid to ferroptosis-induced OA in recent years. However, the prolonged use of nonsteroidal anti-
Ferroptosis inflammatory drugs or corticosteroids can lead to a series of side effects and limited therapeutic efficacy. This
E:;i?:;;mducr study aimed to employ the Mannich condensation reaction between epigallocatechin-3-gallate (EGCG) and
Antioxidants selenomethionine (SeMet) to efficiently synthesize polyphenol-based nanodrugs in aqueous media for treating
OA. Molecular biology experiments demonstrated that EGCG-based nanodrugs (ES NDs) could effectively reduce
glutathione peroxidase 4 (GPX4) inactivation, abnormal Fe?" accumulation, and lipid peroxidation induced by
oxidative stress, which ameliorated the metabolic disorder of chondrocytes and other multiple pathological
processes triggered by ferroptosis. Moreover, imaging and histopathological analysis of the destabilization of the
medial meniscus model in mice confirmed that ES NDs exhibiting significant therapeutic effects in relieving OA.
The intra-articular delivery of ES NDs represents a promising approach for treating OA and other joint inflam-

matory diseases.

1. Introduction management with oral nonsteroidal anti-inflammatory drugs (NSAIDs)
and assisted targeted exercise regimens, which effectively reduce pain
Osteoarthritis (OA) is a prevalent chronic degenerative disease, and control OA progression [4,5]. However, prolonged use of NSAIDs
significantly affecting more than 22% of individuals aged 40 years and can result in significant toxicities, such as gastrointestinal irritation and
more worldwide [1,2], thereby imposing a substantial economic burden ulceration, bleeding, and azotemia, with decreased renal blood flow [4,
on families and society [3]. OA is usually treated through conservative 6]. Patients contraindicated for NSAIDs or who do not respond to them
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may be considered for intra-articular corticosteroid injections as an
alternative. Nevertheless, corticosteroids have the potential to accel-
erate cartilage degeneration [7]. Therefore, formulating safe and effec-
tive local treatment strategies according to the pathogenesis of OA not
only mitigates patient complications but also optimizes therapeutic
outcomes.

Age, obesity, and trauma are the primary causes of OA; however,
recent studies have highlighted the close relationship between ferrop-
tosis and the occurrence and progression of OA [8-10]. Ferroptosis is an
iron-dependent new type of programmed cell death, which is different
from apoptosis, necrosis, and autophagy [11]. The primary mechanism
of ferroptosis involves the catalysis of lipid peroxidation in the cell
membrane through the Fenton reaction mediated by divalent iron, ul-
timately leading to cell death [12]. Additionally, ferroptosis is charac-
terized by a reduction in the levels of glutathione peroxidase 4 (GPX4),
the core enzyme regulating the antioxidant system (glutathione system)
[13,14]. The ferroptosis-induced metabolic imbalance of articular
cartilage exacerbates the degradation of the extracellular matrix,
resulting in decreased expression of key components, such as aggrecan
(ACAN) and collagen-II (Col-2), and accelerating the progression of OA
[10]. Consequently, reducing lipid peroxidation levels caused by
iron-induced cell death in chondrocytes and enhancing GPX4 expression
have emerged as critical therapeutic strategies for alleviating
ferroptosis-induced OA.

Epigallocatechin-3-gallate (EGCG) is a natural antioxidant found in
tea. It exhibits various biological activities such as antioxidant, anti-
aging, and anti-inflammatory effects [15-17]. Furthermore, it protects
the biological functions of adipose-derived mesenchymal stem cells
(ADSCs) by clearing reactive oxygen species (ROS), which promotes cell
proliferation, facilitates cartilage differentiation of ADSCs, and enhances
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their capacity for joint cartilage repair [18]. A previous study demon-
strated that EGCG could alleviate the degradation of ACAN induced by
interleukin-1p (IL-18) and down-regulated the expression of matrix
metalloproteinase (MMP)-1 and MMP-13 in human chondrocytes [19].
However, EGCG possesses limited solubility and is susceptible to air
oxidation, resulting in reduced bioavailability and restricted clinical
application [20]. The development of nanodrug formulations offers an
opportunity to overcome the limitations posed by EGCG monomers
[21-23]. Nevertheless, existing techniques, such as polymer coupling
and metal coordination, involve complex synthesis processes and the use
of templates, which undoubtedly affect the biological activity of poly-
phenols and increase their potential biological toxicity [24-26].
Consequently, preparing highly bioactive EGCG nanodrugs using green
and efficient methods is essential for their effective application.

Small amino acid molecules exhibit notable advantages in con-
structing nanodrug formulations owing to their diverse variety, well-
defined structures, ease of modification, and low immunogenicity
[27-29]. Furthermore, certain small amino acid molecules [e.g., sele-
nomethionine (SeMet)] can function as antioxidants and GPX-like redox
catalysts, while also supplementing selenium levels, potentially exerting
a beneficial effect on the progression of ferroptosis-induced OA [30-32].
This study aimed to devise a rapid and convenient method to prepare an
EGCG-based nanodrug (ES ND) in water. The process mainly involved
the Mannich condensation reaction between EGCG and SeMet, gener-
ating EGCG-SeMet oligomers that subsequently assemble to form ES NDs
driven by hydrogen bonding and =n-n interactions [33,34]. The physi-
cochemical properties of ES NDs can be regulated by adjusting ther-
modynamic and kinetic parameters, such as the ratio, concentration,
and reaction time of the reactants. The results of our study demonstrate
that ES NDs could eliminate ROS accumulation in chondrocytes,

Intra-articular injection

Scheme 1. Schematic illustration of the construction of ES NDs and the treatment of OA. (A) Assembly process of ES NDs. (B) The uptake of ES NDs by chondrocytes

mitigates ferroptosis-induced OA.
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ameliorate the reduction of GPX4 expression, effectively inhibit the
secretion of inflammatory cytokines, and improve the metabolic disor-
der of chondrocytes, thereby alleviating the OA caused by ferroptosis. In
vivo research results indicated that ES NDs could be retained within the
joint cavity for at least 2 weeks, and substantially enhance the efficacy of
OA treatment (Scheme 1). This method showcased a green and facile
approach to prepare highly bioactive ES NDs, offering promising pros-
pects for treating OA.

2. Materials and methods
2.1. Materials

EGCG (MB1672) was purchased from Meilun Biotechnology Co., Ltd.
(China). SeMet (3211-76-5) was obtained from MedChemExpress
Biotechnology (China). 1,1-Diphenyl-2-picrylhydrazyl (DPPH, 1707-75-
1) and hydrogen peroxide (H202, 88,597-100ML-F, 3 wt%) was pur-
chased from Sigma-Aldrich (China). 2/,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA, S0033M) was purchased from Beyotime Biotech-
nology (China). Bovine serum albumin (BSA, A801320) was purchased
from Shanghai Macklin Biochemical Technology Co., Ltd. (China).
Dulbecco’s modled Eagle’s medium (DMEM, A4192001), fetal bovine
serum (FBS, 16140071), and Hoechst 33342 (H1399) were obtained
from Thermo Fisher Scientific (China). Cyanine 5 (Cy5, R-H-18281) was
obtained from Xian ruixi Biological Technology Co., Ltd. (China).

2.2. Preparation of ES NDs

To prepare ES NDs, EGCG (22.875 mg) and SeMet (3.26 mg) were
dissolved in deionized water (10 mL). Then, 7.5 pL of formaldehyde
solution (40%) was added to the mixed solution at room temperature
(25 °C). The ES NDs were finally obtained by centrifugation (12,000g, 5
min) and purification after 5 h of continuous vigorous magnetic stirring
in the dark.

2.3. Measurements

A Malvern dynamic laser scattering (DLS) analyzer (NanoZS, UK)
was used to measure the size distribution and zeta potential of the ES
NDs. Transmission electron microscope (TEM) images of the ES NDs
were acquired using a JEOL JEM-1400 TEM (Japan). The ultra-
violet-visible (UV-vis) spectra were obtained using a Shimadzu UV-
2600 spectrophotometer (Japan). High angle annular dark field
(HAADF) and the energy-dispersive X-ray (EDX) spectroscopy elemental
mapping images were characterized on a Thermo Scientific Talos F200i
TEM (USA) at an operation voltage of 200 kV. The components in ES
NDs were quantified using an Agilent 1260 Infinity II (USA) high per-
formance liquid chromatography (HPLC).

2.4. DPPH assays

DPPH free radical scavenging test was performed according to the
method described in a previous study [35]. First, stock solutions of
DPPH in ethanol (0.1 mM) were freshly prepared and stored in the dark.
Then, ES NDs resuspension was added to 4 mL of DPPH solution sepa-
rately; the EGCG concentration in the mixed solution was 2.5, 5.0, and
10.0 pg mL. Then, the mixed solution was placed in a dark place, and
absorption was detected at a predetermined time point. The DPPH
radical scavenging activity was calculated using the following formula:
S =1[1 - (Am — Ap)/Agl x 100%, where A, is the absorbance of the
mixture of DPPH and ES ND resuspension, An is the absorbance of ES
NDs in ethanol solution, and Ag is the absorbance of DPPH solution
without ES NDs. The UV-vis absorption peak at 517 nm was used to
calculated the scavenging activity.
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2.5. Cell viability

The cell viability was assessed using the Cell Counting Kit-8 (CCK-8)
assay kit (CKO4, Dojindo, Japan) following the manufacturer’s pro-
tocols. Briefly, the chondrocytes were seeded into 96-well plates. Then,
10 pL of CCK-8 solution was added per well, and the chondrocytes were
incubated for 2 h. The absorbance values at 450 nm were measured
using a microplate reader (VARIOSKAN FLASH, Thermo Fisher Scien-
tific, USA).

2.6. Intracellular uptake of ES NDs

Cy5-labeled ES NDs were co-cultured with chondrocytes for 3 h and
washed with PBS for three times. The chondrocytes were then fixed with
4% paraformaldehyde (G1101, Servicebio, China) for 15 min and
incubated in 0.5% Triton X-100 (T9284, Sigma, USA) for 15 min. After
washed again thrice with PBS, the chondrocytes were treated with 100
pM TRITC Phalloidin (CA1610, Solarbio, China) and Hoechst 33342
(diluted 1:1000) for 20 min. Subsequently, high-content screening
(Opera Phenix Plus, PerkinElmer, USA) was employed to observe and
analyze the chondrocytes. In addition, the chondrocytes were co-
cultured with Cy5-labeled ES NDs for 1 h, 3 h, 6 h, 12 h and 24 h, and
a BD flow cytometer (FACSCalibur, BD Biosciences, USA) was employed
to analyze the fluorescence intensity of Cy5 in chondrocytes.

2.7. Intracellular oxidative stress detection

The human knee cartilage samples were obtained from three female
patients (Patient 1: 56-year-old, BMI = 26.04. Patient 2: 60-year-old,
BMI = 35.16. Patient 3: 66-year-old, BMI = 30.10) who underwent
unilateral total knee arthroplasty at Qilu Hospital of Shandong Univer-
sity due to OA without any concomitant systemic diseases. The cartilage
samples from the medial and lateral femoral condyles of patients un-
dergoing total knee arthroplasty were collected and prepared into frozen
sections. Subsequently, the cartilage tissue was incubated with a 5 pM
Dihydroethidium (DHE) (S0063, Beyotime Biotechnology, China) solu-
tion at 37 °C for 30 min, followed by observation under a fluorescence
microscope (OLYMPUS, CKX53, Japan).

Briefly, chondrocytes were cultured with HyO5 (0.2 mM), H20 (0.2
mM) + SeMet (89.7 pM), H20; (0.2 mM) + EGCG (0.11 mM), and Hz02
(0.2 mM) + ES NDs (equivalent SeMet concentration of 89.7 uM and
EGCG concentration of 0.11 mM) for 12 h. DCFH-DA probe was used to
detect the ROS levels in chondrocytes [36]. Then, the chondrocytes were
washed thrice with preheated PBS, and the DCFH-DA probe was diluted
in serum-free DMEM medium at a ratio of 1:1000 to form the staining
solution. After incubated in a 5% CO, cell incubator at 37 °C for 30 min,
the chondrocytes were washed thrice with a serum-free medium, and
observed under a fluorescence microscope (OLYMPUS, CKX53, Japan).
The mitochondrial membrane potential of chondrocytes was detected by
mitochondrial membrane potential assay kit (C2006, Beyotime
Biotechnology, China). Chondrocytes were incubated with JC-1 staining
solution at 37 °C for 30 min, followed by three washes using 1X JC-1
buffer, and observed under a fluorescence microscope (OLYMPUS,
CKX53, Japan). Subsequently, the levels of lipid peroxidation (malon-
dialdehyde, MDA), Fe?* in chondrocytes were detected by the corre-
sponding assay kits (M496 and F374, Dojindo, Japan) according to their
manufacturer’s instructions, the levels of MDA were measured using a
microplate reader (VARIOSKAN FLASH, Thermo Fisher Scientific, USA),
Fe?t in chondrocytes observed under a fluorescence microscope
(OLYMPUS, CKX53, Japan). The oxygen consumption rate (OCR) of
chondrocytes in various treatment groups was performed on Seahorse
Instrument (Agilent Technologies, USA).

2.8. Quantitative real-time polymerase chain reaction analysis

Total RNA from each treatment group was extracted using an RNA
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extraction kit (RNOO1, Yishan Biotechnology, China) to determine the
RNA concentration of each group. The RNA was reverse-transcribed into
cDNA using a reverse transcription kit (RT001, Yishan Biotechnology,
China). Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed on a 7500 RT-PCR system (Applied Biosystems, USA).
The primer nucleotide sequences used in this experiment are presented
in Table S1.

2.9. Western blot analysis

Collecting each group of chondrocytes and extracting the total pro-
tein from them. After centrifugation at 12,000g for 20 min at 4 °C, the
supernatant was decanted and mixed with sample loading buffer at a
ratio of 4:1. The mixture was then heated to 100 °C for 10 min. The
target proteins were transferred onto a polyvinylidene difluoride (PVDF)
membrane (IPVH00010, Millipore, USA), following electrophoresis on a
10% sodium dodecyl sulfate-polyacrylamide gel, blocked with 5% BSA
at room temperature for 1 h, and subsequently probed with their cor-
responding primary antibodies (Table S2). After overnight incubation at
4 °C, the proteins were washed four times with TBS + Tween (TBST)
buffer solution for 10 min each. Subsequently, PVDF membranes were
incubated with secondary antibodies (ZB-5301, ZSGB-BIO, China) at
room temperature for 2 h and washed thrice with TBST for 10 min each
time. Finally, the protein content was visualized using a Tancon 5200
automatic chemiluminescence image analysis system (Tancon, China).

2.10. Immunofluorescence staining

Briefly, the chondrocytes were fixed with 4% paraformaldehyde for
20 min, permeabilized using 0.5% Triton X-100 for 15 min, and then
blocked with 5% bovine serum albumin (BSA) for 2 h. Subsequently,
rabbit primary antibodies against COX-2, SOX9, and GPX4 (Table S2)
were diluted at a ratio of 1:100, incubated at a temperature of 4 °C for
12 h. Subsequently, the goat anti-rabbit secondary antibody (GB27303,
Servicebio, China) was diluted to a concentration of 1:100 and incu-
bated with the chondrocytes at room temperature for 1 h. The chon-
drocytes were then stained with 100 pM TRITC Phalloidin and Hoechst
33342 (diluted 1:1000) for 20 min, and finally observed using high-
content screening (Opera Phenix Plus, PerkinElmer, USA).

2.11. Destabilization of the medial meniscus (DMM) model of mice

All the animal care and experimental protocols were performed by
the Animal Ethical and Experimental Committee of the Chinese PLA
General Hospital. Ten-week-old C57BL/6 mice were selected to establish
the DMM model. Sodium pentobarbital was administered for complete
anesthesia. Then, aseptic preparation was performed on the knee joint,
and a 0.8 cm longitudinal incision was made along the medial aspect of
the joint. The medial meniscus was meticulously exposed layer by layer,
and the medial meniscotibial ligament was incised to create a model of
joint instability. The mice were divided into five groups: Control, DMM,
EGCG, SeMet, and ES NDs (n = 4). Phosphate buffered saline (PBS, 1x),
EGCG, SeMet, and ES NDs were injected into the knee articular cavity of
mice biweekly. After 3 months of post-surgery, the knee joints of the
mice were harvested for subsequent studies.

2.12. Extraction of chondrocytes from mice

The cartilage tissue was collected from the knee joints of 1-week-old
C57 mice under sterile conditions and cut into 0.5 m® soft tissue blocks
with sterile scissors. The cartilage tissue was digested with 0.25%
trypsin (25200-072, Gibco, USA) in a cell incubator containing 5% CO
at 37 °C for 15 min. The supernatant was removed by centrifugation and
digested with 0.2% collagenase-II (2275MG100, BioFroxx, Germany) in
a cell incubator containing 5% CO, for 4 h at 37 °C. The cells were
filtered using a 100-mesh filter and seeded into cell culture dishes for
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further culture and subsequent experiments.
2.13. p-galactosidase staining

B-galactosidase staining was carried out in accordance with the
manufacturer’s instructions (C0602, Beyotime Biotechnology, China).
After the chondrocytes were washed with PBS for three times, 1 mL of
pB-galactosidase staining fixative was added and the cells were fixed at
room temperature for 15 min. Then, cells were washed three times with
PBS and 1 mL of staining working solution was added to each well and
incubated overnight at 37 °C. Finally, the chondrocytes were observed
under an ordinary light microscope (TS2, Nikon, Japan).

2.14. Biodistribution and retention of ES NDs in vivo

Cy5-labeled ES NDs and Cy5 dye alone were separately injected into
the knee joints of mice. The fluorescence intensity of Cy5 in the knee
joint was monitored using a in vivo imaging system (IVIS Spectrum,
PerkinElmer, USA) at various time points (0, 3, 5, 7, 10, and 14 days)
postinjection.

2.15. Micro computed tomography (CT)

The mice knee specimens were scanned using a Quantum GX Micro
CT Imaging System (PerkinElmer, USA) with the following experimental
settings: 90 kV X-ray voltage, 80 pA node current, and 1500 ms exposure
time for each of the 360 rotational steps. Then, three-dimensional (3D)
images were reconstructed using multimodal 3D visualization software.

2.16. Histological staining

After rinsing thrice with precooled PBS, the mice knee joints were
fixed with 4% paraformaldehyde for 48 h. Afterward, the mice knee
tissues were immersed in a decalcifying solution, and the fresh solution
was replenished daily until the joint tissues were sufficiently softened.
Subsequently, the joint tissues were embedded in paraffin wax, and
trimmed blocks were sectioned using a paraffin microtome. Then, the
paraffin sections were placed in an oven at 65 °C for 2 h, deparaffinized
with environmentally friendly deparaffinized solution, and washed with
absolute ethanol, 75% alcohol and distilled water. Hematoxylin and
eosin (H&E) staining was carried out in accordance with the manufac-
turer’s instructions (G1076, Servicebio, China), and observed under a
microscope. For Safranin O-Fast Green (SO-FG) staining (G1053, Serv-
icebio, China), the sections were then stained in fast green staining so-
lution, washed with water to remove the excess staining solution,
immersed in 1% hydrochloric acid alcohol for 10 s, and immersed in
safranin O staining after washing with water. After rapid dehydration
with absolute ethanol, the slices were rendered transparent with xylene,
sealed, and observed under a microscope. Toluidine blue (TB) staining
(G1032, Servicebio, China) was conducted in accordance with the
manufacturer’s instructions. Briefly, the sections were rinsed with
distilled water, immersed in TB staining solution for 5 min, washed with
water, cleared with xylene for 5 min, and observed under a microscope.

2.17. Immumohistochemical staining

Briefly, the knee joint tissues were embedded in paraffin, and trim-
med wax blocks with a thickness of 4 pm were sectioned using a paraffin
microtome for subsequent experimental manipulations. The paraffin-
embedded sections were deparaffinized using an environmentally
friendly deparaffinization solution. Antigen retrieval was performed
using an antigen repair solution, endogenous peroxidase was blocked
with 3% H,0,, and then 3% BSA was used to block for 1 h at room
temperature. The specific rat primary antibodies of ACAN, Col-2, and
GPX4 (Table S2) were incubated at a dilution ratio of 1:100 overnight at
4 °C, followed by four washes with PBS for 10 min each. The secondary
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antibodies (G1213, GB27303 and G1214, Servicebio, China) were then
incubated at room temperature with a dilution ratio of 1:100 for 1 h.

2.18. Statistical analysis

The data were analyzed using GraphPad Prism 8.0 (GraphPad Soft-
ware Inc., CA, USA). All data were shown as mean + standard deviation.
Comparison between more than two groups was analyzed by one-way
analysis of variance followed by Tukey’s post hoc test. A P value <
0.05 indicated a statistically significant difference.

3. Results and discussion
3.1. Preparation and characterization of ES NDs

We synthesized ES NDs by a simple process of adding a trace amount
of formaldehyde to the EGCG-SeMet mixed aqueous solution, stirring
vigorously at room temperature for 5 h. The ES NDs were then obtained
through centrifugation and purification. As illustrated in Fig. 1A, DLS
results revealed that the particle size of ES NDs was approximately
175.2 nm with a negative charge of —32.8 mV. TEM image showed that
ES NDs exhibited a regularly spherical and had good dispersibility
(Fig. 1B). Subsequently, we investigated the formation and growth
process of ES NDs with reaction time. As shown in Fig. S1A, large
number of small complexes were formed after 2 h of reaction between
EGCG and SeMet. These small complexes gradually converged into
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larger aggregates (Fig. S1B), and the aggregates assembled into com-
plete spherical ES NDs after 5 h of reaction (Fig. 1B). The formation
mechanism of ES NDs can be divided into the following two steps.
Firstly, EGCG and SeMet are covalently crosslinked through Mannich
condensation reaction to form EGCG-SeMet oligomers [33,34]. Subse-
quently, these polyphenol-amino acid oligomers were assembled into
the complete spherical ES NDs driven by non-covalent interactions such
as hydrogen bonding and n-n stacking [37,38]. As illustrated in Fig. 1C
and Fig. S2, the size of ES NDs gradually increased as the reaction time
prolongs, and the particle size increased to around 1.2 pm at 24 h. At the
same time, we monitored the zeta potential of ES NDs and the results
demonstrated that the zeta potential remained around —36 to —32 mV
with reaction time. As depicted in Fig. 1D, HAADF and EDX mapping
images showed that the elements of C, N, O, and Se were uniformly
distributed throughout the ES NDs, confirming the successful loading of
SeMet. As shown in Fig. 1E, UV-vis spectrum of ES NDs exhibited a
characteristic absorption peak at 273 nm, which matched well with that
of free EGCG. Combined with the results determined by HPLC, the
contents of EGCG and SeMet in ES NDs were determined to be 86.4%
and 13.6%, respectively.

As an excellent natural antioxidant, EGCG could effectively eliminate
ROS produced by chondrocytes, thereby inhibiting the process of OA. As
shown in Fig. 1F, DPPH assay was used to detect the antioxidant activity
of ES NDs, and the results proved that the free radical scavenging ability
of the ES NDs increased with the increase in EGCG concentration. When
the concentration of EGCG in ES NDs reached 10 pg mL™}, the free
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Fig. 1. Physicochemical properties of ES NDs. (A) DLS result of ES NDs, where the inset represents the corresponding resuspension solution. (B) TEM image of the ES
NDs. Scar bar: 200 nm. (C) Size and zeta potential variations of ES NDs with reaction time. (D) HAADF and the corresponding EDX spectroscopy elemental mapping
images of ES NDs. Scar bar: 50 nm. (E) UV-vis spectra of EGCG, SeMet, and ES NDs. (F) Radical scavenging ability variation with time and ES NDs concentration, the
equivalent EGCG concentrations are 2.5, 5.0, and 10.0 pug mL7}, respectively. (G) UV-vis spectra of the DPPH ethanol solution incubated with ES NDs for 30 min, the
equivalent EGCG concentrations from (2)~(4) are 2.5, 5.0, and 10.0 pg mL ), respectively; the inset shows the photograph of the final solutions.
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radical scavenging ability reached more over 90%. As shown in Fig. 1G,
after co-incubating DPPH with the particles for 30 min, the color of the
DPPH solution changed from purple to pale yellow, and the character-
istic absorption peak almost completely disappeared. The excellent
antioxidant activity of ES NDs also served as the basis for the subsequent
inhibition of OA.

3.2. The biocompatibility of ES NDs and their endocytosis by
chondrocytes

The state of chondrocytes required for the experiment was first
assessed using p-galactosidase staining. Optical image of chondrocytes
revealed a predominance of normal cells with only a minor presence of
senescent cells, indicating the favorable conditions of chondrocytes
(Fig. S3). Then, the impact of ES NDs on chondrocyte viability was
evaluated using the CCK-8 assay. As shown in Fig. 2A and 2B, after
chondrocytes co-cultured with ES NDs for 24 h and 48 h, the concen-
trations ranging from O to 20 pg mL! exhibited favorable biocompati-
bility with negligible cytotoxicity. Therefore, we selected a
concentration of 20 pg mL ™! for subsequent experiments. As depicted in
Fig. 2C, the flow cytometry results demonstrated a gradual increase in
both the number of Cy5-positive cells and intracellular fluorescence
intensity with prolonged exposure time. This study unequivocally
confirmed the ability of chondrocytes to internalize ES NDs, which
exhibited an incremental uptake over time. Subsequently, high-content
screening was used to observe the uptake ability of ES NDs by chon-
drocytes. As depicted in Fig. 2D, a significant quantity of Cy5-labeled ES
NDs was found to be internalized by chondrocytes within 3 h.

3.3. ES NDs ameliorated H20-induced ferroptosis of chondrocytes

GPX4, an essential selenoprotein for cartilage growth, is pivotal in
regulating ferroptosis [39,40]. Selenium is closely linked to the
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expression of GPX4 and can facilitate its transcriptional upregulation
[41]. Moreover, a deficiency in selenium may significantly impede the
growth of bone and cartilage tissue [42]. Hence, targeting the
selenium-GPX4 axis represents a pivotal strategy for ameliorating
ferroptosis-driven OA. GPX4 plays a crucial role in conferring resistance
to ferroptosis. The depletion of GPX4 significantly elevates intracellular
Fe?*t levels, which triggers excessive ROS production via the Fenton
reaction and ultimately promotes lipid peroxidation [8,14]. Meanwhile,
lipid peroxidation can lead to mitochondrial ultrastructure abnormal-
ities, such as reduced mitochondrial volume, increased mitochondrial
membrane density, and loss of mitochondrial ridges [45]. These path-
ological changes further disrupt the functional homeostasis of cartilage
tissue, thereby contributing to the development and progression of OA.
Therefore, ameliorating various pathological processes that lead to fer-
roptosis represents a novel approach to alleviating OA. Previous
research has demonstrated the potential of EGCG in mitigating diverse
pathological processes associated with ferroptosis, whereby it attenuates
hepatic lipidtoxicity induced by high-fat diets through targeting mito-
chondrial ROS-mediated ferroptosis [46]. Previous research has
demonstrated that supplementation of SeMet enhances the expression of
GPX4 at the cellular level and effectively mitigates the production of
lipid ROS [41]. The findings suggest that EGCG and SeMet were effective
in reducing ferroptosis, thereby establishing a robust theoretical foun-
dation for employing ES NDs in the treatment of ferroptosis-induced OA.

Before we conducted in vitro experiments to further investigate the
pathological changes induced by ROS in chondrocytes, the ROS levels
were assessed in chondrocytes derived from OA patients. As shown in
Fig. S4, ROS has been detected in chondrocytes in both mild OA (lateral
femoral condyle) and relatively severe OA areas (medial femoral
condyle), and the ROS levels are higher in relatively severe OA areas.
The results demonstrate the presence of ROS in clinical OA specimens
and its correlation with OA severity. To evaluate the role of ES NDs in
scavenging ROS, intracellular ROS level was measured using DCFH-DA
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Fig. 2. Cytocompatibility and cellular uptake of ES NDs. (A-B) Cell viability of chondrocytes co-cultured with various concentrations of ES NDs at 24 h and 48 h. (C)
Fluorescence intensity of Cy5 in chondrocytes was measured using flow cytometry. (D) High-content screening assay was conducted to evaluate the uptake capacity
of chondrocytes for ES NDs. Scale bar: 25 pm ns (no statistical significance), *P < 0.05, ***P < 0.001.
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probe. After H,O5 treatment, the ROS (green fluorescence) significantly
increased compared with the control group. And the intracellular ROS
levels significantly decreased after treatment with EGCG, SeMet, and ES
NDs. It is noted that ES NDs had a stronger effect in reducing the ROS
levels than SeMet and EGCG (Fig. 3A and 3C). The FerroOrange probe
(Fe?* probe) was employed to measure the accumulated Fe?* content in
chondrocytes after HyO, treatment. As shown in Fig. 3B and 3D, our
findings indicated a significant increase in the abnormal accumulation
of Fe?* following H20; treatment compared with that in the control
group. However, the abnormal accumulation of Fe?™ in chondrocytes
gradually reduced after intervention with EGCG, SeMet, and ES NDs,
and the efficacy of ES NDs surpassed that of SeMet and EGCG. We further
assessed the extent of lipid peroxidation in chondrocytes induced by
H202 by quantifying the levels of MDA. As shown in Fig. 3E, the
expression level of MDA in chondrocytes was significantly elevated
following Hy0O, treatment. However, SeMet failed to attenuate the
expression level of MDA, whereas EGCG and ES NDs treatment markedly
reduced the expression level of MDA. The reduction in the expression
level of MDA was obviously more pronounced following treatment with
ES NDs compared with EGCG; however, the difference between the two
treatments did not reach statistical significance. This implied that the
effectiveness of SeMet in eliminating MDA was limited, and the scav-
enging activity of ES NDs on MDA was mainly attributed to EGCG.
Hence, ES NDs could mitigate HyO5-induced ROS and Fe?* accumula-
tion in chondrocytes, as well as attenuate lipid peroxidation elicited by
H20,, which was evidenced by a reduction in the expression level of
MDA.

We subsequently assessed the involvement of ES NDs in mitigating
H,05-induced ferroptosis in chondrocytes by quantifying key ferroptosis
markers, including GPX4, ferritin heavy chain 1 (FTH1), acyl-CoA syn-
thetase long-chain family member 4 (ACSL4), and NADPH oxidases 1
(NOX1). As illustrated in Fig. 3F-I, HoOy significantly reduced the
mRNA expression levels of ferroptosis protective factors (GPX4 and
FTH1), but increased the mRNA expression levels of ferroptosis activa-
tors (ACSL4 and NOX1) compared with those in the control group.
Treatment with SeMet, EGCG, and ES NDs significantly increased the
mRNA expression levels of GPX4 and FTH1, it decreased the mRNA
expression levels of ACSL4 and NOX1 in chondrocytes, indicating that
SeMet, EGCG, and ES NDs could alleviate the pathological process of
ferroptosis. ES NDs exhibited superior efficacy compared with SeMet
and EGCG in restoring the reduced levels of GPX4 and FTH1 mRNA
expression levels induced by HyO,. After treatment with ES NDs, the
mRNA expression levels of GPX4 and FTH1 reached their peak
compared with SeMet and EGCG. ES NDs exhibited superior efficacy in
reducing the mRNA expression levels of ACSL4 and NOX1. However, no
significant difference in terms of reducing the mRNA expression level of
NOX1 was found between ES NDs and SeMet. Therefore, ES NDs could
downregulate ferroptosis-related indicators and upregulate anti-
ferroptotic markers. As depicted in Fig. 3J, 3K and 3M, treatment with
H20; significantly decreased the protein expression level of GPX4 in
chondrocytes, whereas SeMet, EGCG, and ES NDs treatments led to a
significant increase in the expression levels of GPX4. Compared with the
EGCG treatment, SeMet and ES NDs treatments resulted in a more pro-
nounced upregulation of the expression level of GPX4. Furthermore, the
highest expression level of GPX4 was observed in the ES ND group. JC-1
was used to detect the functional status of mitochondria. As depicted in
Fig. 3L and 3N, our study found that the HyO5 treatment significantly
reduced the mitochondrial membrane potential of chondrocytes
compared with that in the control group. However, SeMet, EGCG, and ES
NDs intervention significantly improved the loss of mitochondrial
membrane potential of chondrocytes. Among these, ES NDs had the best
therapeutic effect compared with SeMet and EGCG. Then, the mito-
chondrial function was further evaluated through the oxygen con-
sumption rate (OCR). The results showed a significant decrease in OCR
value of chondrocytes after treatment with HoO5. However, the decrease
of OCR values was reversed by the treatment with SeMet, EGCG, and ES
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NDs. It is worth noting that the OCR values of the EGCG and ES ND
group are comparable to that of the control group, proving that EGCG
and ES NDs have the superior ability to protect mitochondria function
(Fig. S5). As depicted in Fig. S6, the morphological changes of mito-
chondria in chondrocytes were observed using TEM. Our investigation
revealed that chondrocytes exposed to HyO» exhibited mitochondrial
atrophy and a decrease or even disappearance of mitochondrial ridges,
which could be ameliorated by ES NDs intervention. Based on the
aforementioned experiments, it was inferred that ES NDs exerted a dual
pharmacological effect in attenuating HyOs-induced ferroptosis of
chondrocytes. Specifically, chondrocytes were capable of internalizing
ES NDs and subsequently releasing EGCG and SetMet. ES NDs containing
SeMet and EGCG demonstrated robust resistance against various path-
ological processes leading to ferroptosis, primarily by upregulating the
expression of proteins that are resistant to ferroptosis and eliminating
pathogenic factors associated with ferroptosis. This included rescuing
the decreased expression of anti-ferroptotic markers (GPX4 and FTH1),
inhibiting the increased expression of pro-ferroptotic markers (ACSL4
and NOX1), decrease the intracellular ROS levels generated in chon-
drocytes under conditions of oxidative stress, and alleviating Fe>*
accumulation, thereby decreasing MDA expression level and maintain-
ing mitochondrial function homeostasis.

3.4. ES NDs ameliorated the inflammatory response and metabolic
dysregulation of chondrocytes induced by H202

Previous studies have demonstrated that iron overload in chon-
drocytes leads to elevated intracellular levels of ROS and down-
regulation of GPX4, thereby enhancing the susceptibility of
chondrocytes to oxidative stress [47,48]. This process stimulates the
secretion of inflammatory mediators, such as IL-1B, and matrix metal-
loproteinases like MMP13, exacerbating extracellular matrix degrada-
tion and accelerating OA progression, therefore, the inhibition of
chondrocyte ferroptosis serves as a crucial approach to mitigate chon-
drocyte inflammation and alleviate OA [10]. As illustrated in Fig. 4A-E,
H,0, upregulated the mRNA expression of inflammatory cytokines
COX-2, IL-6, and iNOS, as well as ADAMTS-5 and MMP-13. However,
treatment with SeMet, EGCG, and ES NDs significantly attenuated the
mRNA levels of COX-2, IL-6, iNOS, ADAMTS-5, and MMP-13. Specif-
ically, ES NDs exhibited a statistically significant reduction in the COX-2
mRNA expression levels compared with both EGCG and SeMet, and the
efficacy of ES NDs in reducing iNOS mRNA expression level was found to
be superior to that of SeMet. Although all three compounds (SeMet,
EGCG, and ES NDs) significantly decreased the mRNA expression level
of IL-6, no statistically significant difference was found among them.
What counts is ES NDs exhibited significant advantages in reducing the
expression levels of ADAMTS-5 and MMP-13 compared with SeMet and
EGCG. SOX9 is a pivotal transcription factor that governs chondro-
genesis and facilitates the expression of Col-2 and ACAN [49]. There-
fore, it is crucial in the maintenance of cartilage matrix homeostasis. As
shown in Fig. 4F, Hy0; significantly downregulated the expression of
SOX-9, while SeMet, EGCG, and ES NDs largely reverse this change.
Subsequently, we detected the intracellular immunofluorescence of
COX-2 and SOX9 by the high-content screening imaging. As shown in
Fig. 4G and 4I, the fluorescence of COX-2 in chondrocytes treated with
H20, was significantly enhanced, but the fluorescence intensity was
effectively attenuated by SeMet, EGCG, and ES NDs. And ES NDs
exhibited superior efficacy over SeMet and EGCG in suppressing the
expression of COX-2. As shown in Fig. 4H and 4J, we observed a sig-
nificant decrease in the fluorescence intensity of SOX9 upon adminis-
tration of HyO5, while SeMet, EGCG and ES NDs treatments gradually
increased SOX9 expression. And ES NDs exhibited superior efficacy
compared to EGCG. Although the expression level of SOX9 was higher in
the ES ND group than that in the SeMet group, there was no statistically
significant difference between these two groups. To further validate the
impact of ES NDs on mitigating the inflammatory response and
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ameliorating the metabolic disorder of chondrocytes, the protein
expression levels of COX-2, ADAMTS-5, Col-2, and SOX9 were assessed
via Western blot analysis. As shown in Fig. 4K, the protein levels of
COX-2 and ADAMTS-5 induced by H,05 were significantly inhibited by
SeMet, EGCG, and ES NDs. The ES NDs exhibited the highest efficacy in
suppressing the expression levels of COX-2 and ADAMTS-5. Compared
with SeMet and EGCG, ES NDs exhibited significant advantages in
mitigating the HyOo-induced decrease in SOX9 and Col-2 protein
expression levels, indicating that ES NDs effectively maintained carti-
lage matrix homeostasis (Fig. 4L). The findings suggest that ES NDs exert
a significant impact on mitigating the inflammatory response of chon-
drocytes, alleviating the metabolic disorders of chondrocytes, reducing
the expression levels of pro-catabolic enzymes, and alleviating the
depletion of major components of cartilage. Moreover, they offer
notable advantages over SeMet or EGCG alone.

3.5. Imaging assessment of the impact of ES NDs on OA in mice using the
DMM model

To assess the retention of ES NDs in the knee joint, Cy5 dye alone and
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Cy5-labeled ES NDs were intra-articularly injected into the knee joint of
both groups of mice, and the duration of treatment was determined by
monitoring the fluorescence signal intensity. As shown in Fig. 5A and
5B, the fluorescence signal in the knee joint of mice in the Cy5 dye group
exhibited a rapid decline and nearly vanished by the 10th day. However,
the knee joints of mice still exhibited a visible fluorescence signal and
maintained a persistent fluorescence intensity until the 14th day after
treatment with Cy5-labeled ES NDs. The results demonstrated the
excellent joint retention ability of ES NDs and provided a reference for
the interval time of drug administration. We subsequently developed a
DMM model to assess the efficacy of ES NDs in ameliorating OA in mice.
As shown in Fig. 5C and 5E, the micro-CT results of the knee joint
revealed that the PBS group exhibited severe articular deformation, a
significant increase in medial osteophytes, notable narrowing of joint
space, and marked subchondral bone sclerosis compared with the con-
trol group. These findings provided the successful construction of OA
model in mice. As depicted in Fig. 5D and 5F, mice treated with SeMet,
EGCG, and ES NDs showed a significant reduction in the number and
volume of osteophytes in the knee joint, an increase in joint space, and
an improvement in subchondral bone sclerosis within the knee joint.
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Fig. 5. Invivo retention and therapeutic efficacy of ES NDs. (A) Representative fluorescence images and (B) fluorescence intensity of Cy5 dye and Cy5-labeled ES NDs
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Furthermore, the ES ND group exhibited significantly superior outcomes
compared with both the EGCG and SeMet groups. This demonstrated
that ES NDs were a more effective treatment for OA than either EGCG or
SeMet monotherapy, highlighting their potential to enhance treatment
efficacy through synergistic effects.

3.6. In vivo study of ES NDs for alleviating OA in mice

We conducted histological staining of cartilage tissue using H&E, SO-
FG, and TB staining on cartilage tissue to further confirm the effec-
tiveness of ES NDs in alleviating OA in mice. As illustrated in Fig. 6A, the
histological examination of mice knee joints revealed that the PBS group
exhibited severe OA compared with the control group, characterized by
extensive full-thickness injury of knee cartilage, discontinuity and
erosion of cartilage surface, significant wear of articular cartilage,
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**P < 0.001, ****P < 0.0001.

marked reduction in normal chondrocyte count, and exposure of sub-
chondral bone. EGCG, SeMet, and ES NDs exhibited a certain thera-
peutic effect on OA compared with that in the PBS group. The SeMet and
EGCG groups exhibited only a limited degree of cartilage damage, with a
slight reduction in the number of normal chondrocytes. On the contrary,
the ES ND group exhibited smooth articular cartilage without any
apparent damage and a normal number of articular chondrocytes. As
shown in Fig. 6B and 6C, the results of SO-FG and TB staining indicated
that the PBS group had more severe articular cartilage damage, signif-
icant depletion of proteoglycan components, and exposure of sub-
chondral bone. However, the pathological changes were significantly
improved after treatment with SeMet, EGCG, and ES NDs. Following
SeMet and EGCG treatment, only localized loss of proteoglycan com-
ponents was observed in the articular cartilage tissue. The SeMet group
exhibited a wider range of proteoglycan component loss compared with
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Fig. 6. Histological evaluation of the therapeutic effect of ES NDs on OA. (A) Morphology of the knee joint of mice was detected by H&E staining. Scale bar: 100 pm
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the EGCG group, but with a smoother articular cartilage surface. Both
the SeMet and EGCG groups displayed partial cracks on the articular
surface and thinning of the articular cartilage layer. However, only a
minor reduction in proteoglycan content was detected in the ES ND
group, and no visible crack or subchondral bone exposure was observed
on the smooth surface of the articular cartilage. After the intervention of
ES NDs, a remarkable enhancement was observed in articular cartilage
regarding matrix staining, morphological alterations, and overall
integrity. Notably, the cartilage surface exhibited a smoother appear-
ance accompanied by intensified proteoglycan staining. Based on the
results of histopathological staining, the severity of OA was subse-
quently evaluated using the Mankin score. As depicted in Fig. 6F, the
PBS group demonstrated significantly higher scores compared with the
other groups, indicating a more severe manifestation of OA. After
treatment with SeMet, EGCG, and ES NDs, the Mankin score gradually
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decreased, indicating the efficacy of SeMet, EGCG, and ES NDs in alle-
viating OA. The ES ND group demonstrated a significantly lower Mankin
score compared with the other two groups, indicating that ES NDs
possessed superior therapeutic efficacy for OA. IHC staining was per-
formed to assess the expression levels of Col-2 and ACAN in articular
cartilage. As depicted in Fig. 6D and 6E, 6G and 6H, the expression of
Col-2 significantly diminished in the PBS group. However, the SeMet,
EGCG, and ES ND groups exhibited remarkable efficacy in mitigating
Col-2 degradation compared with the PBS group. The content of Col-2
significantly increased in the SeMet, EGCG, and ES ND groups
compared with the PBS group. The ES ND group showed a significantly
higher Col-2 content than the EGCG group, but no significant difference
was observed between the ES ND and SeMet groups. In addition to
EGCG, both SeMet and ES NDs demonstrated significant advantages in
alleviating ACAN loss, with the effect of ES NDs being significantly
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better than that of the SeMet.

Immunofluorescence staining was employed to assess the expression
level of GPX4 in the knee joint of mice. As depicted in Fig. S7A and S7B,
a significant reduction in GPX4 expression was observed within the knee
cartilage of PBS group compared with control group. Although EGCG
could elevate the expression level of GPX4, no statistically significant
difference was observed compared with PBS. The deletion of GPX4 was
significantly ameliorated by both SeMet and ES NDs, with SeMet
demonstrating superior therapeutic efficacy, although without statisti-
cal significance compared to the ES ND group. As shown in Fig. S8, the
biosafety of EGCG, SeMet, and ES NDs was demonstrated through a
histological examination using H&E staining of major organs in mice.
Our in vivo experiments fully demonstrated the efficacy of ES NDs in
treating OA, as evidenced by their ability to mitigate the loss of major
components of articular cartilage, maintain joint morphology, and
extend treatment duration through sustained release. Furthermore, the
ES NDs exhibited favorable biosafety.

4. Conclusion

Taken collectively, we report the strategy for the treatment of OA by
inhibiting the inflammatory response and metabolic disorder caused by
ferroptosis. The ES NDs prepared through a green and efficient strategy
maximize the biological activity of each component. ES NDs enhances
the therapeutic effects on OA by mitigating oxidative stress-induced
ferroptosis, attenuating chondrocyte inflammatory response, suppress-
ing cartilage catabolism, and promoting cartilage anabolism, thereby
maintaining the metabolic homeostasis of cartilage. In vivo experiments
have confirmed that ES NDs can effectively alleviate OA, and have good
biological safety, thus proving that the potential efficacy of ES NDs in
the treatment of OA is promising. Our research strongly supported the
potential of ES NDs in alleviating ferroptosis-induced OA, offering a
promising strategy for the development of novel therapeutic options.
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