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A B S T R A C T

Osteoarthritis (OA) is one of the most prevalent joint diseases and severely affects the quality of life in the elderly 
population. However, there are currently no effective prevention or treatment options for OA. Oxidative stress 
and pyroptosis play significant roles in the development and progression of OA. To address this issue, we have 
developed a novel therapeutic approach for OA that targets oxidative stress and pyroptosis. We synthesized 
tetrahedral framework nucleic acid (tFNAs) to form framework nucleic acid complexes (TNCs), which facilitate 
the delivery of the naturally occurring polymethoxyflavonoid nobiletin (Nob) to chondrocytes. TNC has 
demonstrated favorable bioavailability, stability, and biosafety for delivering Nob. Both in vitro and in vivo ex
periments have shown that TNC can alleviate OA and protect articular cartilage from damage by eliminating 
oxidative stress, inhibiting pyroptosis, and restoring the extracellular matrix anabolic metabolism of chon
drocytes. These findings suggest that TNC has significant potential in the treatment of OA and cartilage injury.

1. Introduction

Osteoarthritis (OA) is a highly prevalent joint disease that signifi
cantly impacts the quality of life in the elderly population [1,2]. OA is 
characterized by articular cartilage degeneration, subchondral bone 
sclerosis, osteophyte formation, and chronic synovitis, clinically pre
senting as gradually progressive pain, stiffness, and functional impair
ment in the joints [3,4]. The prevalence of OA remains substantial, 
exerting a significant impact on quality of life and imposing consider
able socioeconomic burdens globally [5]. Currently, there is a lack of 
effective preventive measures or treatments for OA, with drug therapy 
and joint replacement being the only options available in advanced 
stages of the disease [6,7]. The pathogenesis of OA encompasses a 
multitude of factors, wherein the degradation of the extracellular matrix 
(ECM) leading to articular cartilage degeneration emerges as one of the 
pivotal determinants [8,9]. Under physiological conditions, chon
drocytes play a crucial role in maintaining the homeostasis of the ECM 

and preserving the structural integrity of articular cartilage through a 
delicate balance between matrix synthesis and degradation [10]. How
ever, in the pathogenesis of OA, disruption of this delicate equilibrium 
can result in excessive chondrocyte damage and ECM degeneration, 
ultimately exacerbating articular cartilage degeneration. In the early 
stages of OA development, stimulation by inflammatory cytokines can 
induce chondrocytes to excessively produce matrix-degrading enzymes, 
thereby disrupting ECM homeostasis and accelerating articular cartilage 
degeneration [11,12].

Oxidative stress and pyroptosis can disrupt the homeostatic balance 
of chondrocytes, leading to cartilage damage and the pathogenesis of OA 
[13,14]. The accumulation of reactive oxygen species (ROS) and a 
concurrent decrease in antioxidant defenses result in heightened 
oxidative stress, which subsequently activates numerous catabolic me
diators and accelerates the degradation of the cartilage ECM [15]. In 
addition, previous clinical studies have demonstrated an interrelation 
between oxidative stress, aging, and OA [16]. In OA chondrocytes, 
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ROS-induced oxidative damage induces cellular senescence that impairs 
chondrocyte proliferation and viability [13].

Previous studies have demonstrated that the activation of the NLRP3 
inflammasome induces pyroptosis through oxidative stress [17]. An 
increasing body of evidence suggests that pyroptosis plays a significant 
role in the pathogenesis and progression of OA [14,18,19]. Pyroptosis is 
a recently identified form of programmed cell death characterized by 
inflammatory responses and cellular demise [20]. Inflammasomes are 
protein complexes comprising NOD-like receptor family pyrin domain 
containing 3 (NLRP3), apoptosis-associated speck-like protein (ASC), 
and Caspase-1 (CASP1) [21]. Upon activation of the inflammasome, 
Caspase-1 is triggered, leading to the maturation and subsequent release 
of IL-1β and IL-18, as well as the proteolytic cleavage of gasdermin D 
(GSDMD) [22]. In OA chondrocytes, the activation of pyroptosis can be 
induced by oxidized low-density lipoprotein (OxLDL) and lipopolysac
charide (LPS) [23,24]. The occurrence of pyroptosis in articular carti
lage disrupts the metabolic homeostasis of chondrocytes, ultimately 
contributing to the cartilage degeneration and OA onset [25]. Therefore, 
targeting the elimination of ROS, alleviating oxidative stress, and 
inhibiting pyroptosis represent pivotal strategies for the therapeutic 
management of OA.

Emerging research underscores the significance of small molecule 
drugs in the treatment of OA, where they exert therapeutic effects 
through their antioxidant and antipyroptotic properties [26,27]. Nobi
letin (Nob) is a naturally occurring polymethoxyflavone compound 
derived from the peels of citrus fruits [28]. Due to its broad spectrum of 
pharmacological effects, which include antioxidant [29], 
anti-inflammatory [30], and antipyroptotic activities [31], Nob has 
demonstrated potential therapeutic efficacy against a variety of diseases, 
including cancer and OA. Research has revealed that Nob in both 
IL-1β-induced human OA chondrocytes and surgical destabilization of 
the medial meniscus (DMM) mouse models of OA, IL-1β has been shown 
to exert anti-inflammatory and protective effects on chondrocytes by 
inhibiting the phosphatidylinositol-4,5-bisphosphate 3-kinase/protein 
kinase B (PI3K/Akt) and nuclear factor kappa B (NF-κB) pathways, 
demonstrating its potential value in the treatment of OA [32]. Addi
tionally, Nob has been shown to mitigate oxidative stress, restore 
mitochondrial membrane potential, and inhibit the expression of MMP3 
and MMP13, potentially improving the symptoms of rheumatoid 
arthritis (RA) [33]. Considering the rapid metabolism and relatively 
poor aqueous solubility of Nob within the joint cavity, a sophisticated 
drug delivery system is crucial for the sustained therapeutic effect of 
Nob on OA.

Tetrahedral framework nucleic acids (tFNAs) represent a novel class 
of DNA nanomaterials capable of self-assembling into tetrahedral 
structures through the temperature-dependent interaction of four single- 
stranded DNA molecules [34,35]. tFNA exhibit excellent biocompati
bility, safety, programmability, and mechanical stability, which are 
highly desirable attributes for a variety of biomedical applications 
[36–38]. In chondrocytes stimulated by IL-1β, tFNA has been demon
strated to effectively suppress oxidative stress and apoptosis, thereby 
serving a protective role for cartilage and exhibiting potential in the 
alleviation of OA [39]. Previous studies have demonstrated the suc
cessful delivery of microRNAs (miRNAs), small molecule drugs, and 
peptides to chondrocytes using tFNA for the treatment of OA [35,
40–42].

In the present study, we constructed a novel nanoparticle, TNC, 
which is a tFNA/Nob complex formed by loading Nob onto tFNA and 
serves as an efficient drug delivery system for Nob. We hypothesized 
that these novel nanoparticles may play a role in alleviating oxidative 
stress and pyroptosis, as well as promoting ECM anabolism, in the 
treatment of OA. Furthermore, we utilized tert-butyl hydroperoxide 
(TBHP) to stimulate chondrocytes and established a destabilization of 
the medial meniscus (DMM) animal model to validate the therapeutic 
effects of TNC in both in vitro and in vivo models.

2. Results and discussion

2.1. Preparation and characterization of tFNA and TNC

Based on the principle of base pairing, tFNAs were assembled using 
four single-stranded DNA molecules (Table 1) [35]. Four DNA strands 
were connected end-to-end to form a stable tetrahedral structure. Sub
sequently, Nob was combined with tFNA through oscillation to form a 
TNC complex (Fig. 1A). The molecular structure of Nob is shown in 
Fig. 1D. Previous studies have shown that flavonoids can directly 
interact with DNA by embedding into the double-stranded DNA and 
preferentially binding to the DNA structure [43]. The morphology of 
TNC was characterized by AFM and TEM (Fig. 1B and C). As shown in 
Fig. 1E, the UV–visible absorption spectrum of natural Nob in DMSO 
solution was revealed by scanning, showing a prominent high absorp
tion peak at around 340 nm. The high absorption peak of tFNA was 
located at around 260 nm. TNC showed two absorption peaks, with the 
value at around 340 nm being close to the absorption peak value of 
natural Nob, confirming the successful encapsulation of Nob in tFNA. 
Then, the AGE result (Fig. 1F) was obtained to verify the synthesis of the 
materials. This indicates that the tFNA were successfully synthesized 
and are not affected by Nob. Furthermore, the visible difference between 
synthetic TNC and free Nob is shown in Fig. 1G. TNC appears as a clear, 
transparent liquid, while free Nob is observed as an insoluble Nob in 
PBS. This confirms that TNC disperses well in aqueous solution. To 
determine the encapsulation efficiency of TFNs carrying Nob, we 
measured the encapsulation efficiency of different fractions of compo
nents as shown in Fig. S1. Based on previous experiments, the concen
tration of tFNA was fixed at 250 nM [35,44]. The results showed that the 
encapsulation efficiency of Nob loaded onto TFNA decreased, and the 
relative optimal encapsulation efficiency was achieved when 40 μM Nob 
was loaded onto 250 nM tFNA. It is worth noting that the encapsulation 
rate of 40 μM Nob to 250 nM tFNA was significantly better than that of 
other components. Therefore, in subsequent experiments, we chose to 
use 40 μM Nob and 250 nM tFNA to synthesize TNC. We employed 
dynamic light scattering (DLS) to analyze the particle size and zeta po
tential of the tFNA and TNC. As illustrated in Fig. 1H, the size and zeta 
potential of the tFNAs were 10.21 ± 3.42 nm, and the zeta potential was 
− 5.31 ± 1.24 mV. For TNC, the corresponding particle size was 35.42 ±
2.54 nm, and the zeta potential was − 16.42 ± 4.25 mV. TNC exhibits a 
more negative zeta potential and a larger size. According to the DLVO 
theory [40], TNC possesses greater structural stability. Subsequently, we 
evaluated the sustained release of Nob from TNC. As depicted in Fig. S2, 
within a period of 36 h, TNC gradually released Nob, with the release 
ratio remaining below 50 %. After 36 h, there was a significant increase 
in the release rate, reaching nearly 100 % by 72 h. The sustained release 
of Nob by TNC is crucial for the effective treatment of OA. Subsequently, 
we evaluated the serum stability of TNC/tFNA. The results obtained 
from the AGE assay in Fig. 1I demonstrate that free tFNA undergoes 
nearly complete degradation after approximately 10 h in both 2 % and 
10 % fetal bovine serum (FBS). In contrast, TNC exhibited degradation at 
around 12 h. These findings suggest that TNC possesses biostability 
comparable to that of tFNA, with additionally benefiting from enhanced 
stability conferred by the complexation between TNC and tFNA. We 
employed Cy5 fluorescence labeling of single-stranded nucleic acids and 
confocal microscopy to investigate the cellular uptake of tFNA and TNC. 
Immunofluorescence (IF) images (Fig. 1J and K) demonstrated that the 
cellular uptake of TNC surpassed that of tFNA at both 6 and 12 h, further 
substantiating the exceptional delivery capability of TNC.

Due to the poor water solubility of Nob, its bioavailability and 
plasma stability are limited. Consequently, various nanodelivery sys
tems have been developed for loading Nob. Qu et al. utilized a self- 
nanoemulsifying drug delivery system (SNEDDS) to deliver TGPs and 
P-glycoprotein (P-gp) inhibitor Nob effectively for treating refractory 
arthritis in rats with rheumatoid arthritis [45]. Ning et al. employed 
Soluplus and PVP/VA 64 as carriers to prepare a novel self-assembled 
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nanomedicine delivery system using thermo-melting extrusion tech
nology, which enhanced the liver protective effect of Nob on acet
aminophen (APAP)-induced acute liver injury (AILI) [46]. Wu et al. 
designed a biocompatible and biodegradable film based on 
metal-phenol coordination chemistry for encapsulating Nob, achieving 
controlled drug release in vitro and in vivo to enhance its bioactivity and 
bioavailability in cancer therapy [47]. Wang et al. synthesized 
NOB-polyethylene glycol-polycaprolactone block copolymers by dial
ysis, effectively preventing bone loss in OVX mice and improving bone 
density [48]. Similarly, TNC has successfully addressed the challenges of 
low bioavailability and instability of Nob in physiological fluids, 
showing great potential for application in OA treatment.

2.2. TNC alleviated TBHP-induced oxidative stress in C28/I2 cells

The accumulation of ROS induce oxidative stress, leading to chon
drocyte damage and senescence, ultimately resulting in cartilage 
degeneration [49]. Therefore, the inhibition of oxidative stress is crucial 
for maintaining ECM metabolism. Based on previous research findings, 
both free tFNA and Nob have demonstrated effective ROS scavenging 
and antioxidant capabilities [28,50]. We subsequently evaluated the in 
vitro antioxidant stress capabilities of Nob, tFNA, and TNC. In our initial 
evaluation, we employed the DCFH-DA probe to quantify intracellular 
ROS levels. We initially established an oxidative stress injury model in 
C28/I2 cells by stimulating them with TBHP (100 μM), a well-known 
inducer of oxidative stress. The stimulatory effects of TBHP on both 
oxidative stress and pyroptosis of chondrocytes have been previously 
confirmed [51,52]. As illustrated in Fig. 2A, treatment with TBHP 
significantly augmented ROS production, indicating successful estab
lishment of the oxidative stress model. Subsequently, both Nob (40 μM) 
and free tFNA (250 nM) treatments effectively attenuated ROS levels, 
demonstrating robust anti-ROS effects consistent with previous findings. 
Notably, TNC exhibited the most potent ability to scavenge ROS, 
effectively reducing ROS levels to a level comparable to that of normal 
cells. Oxidative stress is known to induce mitochondrial membrane 
potential depolarization [53]. Therefore, we also assessed changes in 
mitochondrial membrane potential using the JC-1 probe. The results 
indicated that treatment with TBHP caused a decrease in fluorescence 
intensity of JC-1 aggregates and an increase in that of monomers, 
indicating TBHP-induced oxidative stress led to mitochondrial mem
brane potential depolarization (Fig. 2B and C). The mitochondrial 
membrane potential was significantly restored by Nob, tFNA, and TNC, 
with TNC exhibiting the most pronounced effect. Superoxide dismutase 
(SOD) is a key primary enzyme involved in antioxidant defense, while 
malondialdehyde (MDA) and advanced oxidation protein products 
(AOPPs) represent later-stage ROS products [54]. Levels of SOD, MDA, 
and 8-hydroxy-2′-deoxyguanosine (8-OHdG) in C28/I2 cells were 
quantified using corresponding assay kits. The obtained experimental 
results were consistent with those from the DCFH-DA and JC-1 assays, 
indicating that TNC had the most potent antioxidant effect against 
oxidative stress, followed by Nob and tFNA (Fig. 2D–F). In summary, 
TNC demonstrated remarkable in vitro ROS scavenging activity and 
antioxidant stress capabilities.

2.3. TNC reduced TBHP-induced cell pyroptosis in C28/I2 cells

Pyroptosis is considered as a crucial pathogenic factor contributing 
to the onset of OA [55,56]. In the pathogenesis of OA, stimuli such as 
OxLDL and LPS induce pyroptosis in chondrocytes by activating 
inflammasomes [23,24]. Pyroptosis induces chondrocyte death and 
triggers catabolic metabolism of the extracellular matrix (ECM), thereby 
exacerbating articular cartilage degeneration [57]. Consequently, tar
geting pyroptosis in chondrocytes is crucial for OA treatment. Previous 
research has shown that both Nob and free tFNA possess the ability to 
mitigate cellular pyroptosis [31,58,59]. Subsequently, the effects of 
Nob, tFNA, and TNC on C28/I2 cell pyroptosis were evaluated in vitro. 
Live/dead staining and CCK-8 assays showed that TBHP-induced cell 
viability inhibition was mediated through pyroptosis, resulting in a 
significant reduction in cell number. However, treatment with Nob, 
tFNA, or TNC alleviated this damage (Fig. 3A and B). Furthermore, 
Western blot (WB) analysis was performed to assess the expression of 
pyroptosis-associated proteins. The results demonstrated that TBHP 
stimulation significantly upregulated the expression of NLRP3, CASP1, 
and IL-1β (Fig. 3C–F). While treatment with Nob, tFNA, or TNC sup
pressed their expression. Notably, TNC exhibited the most pronounced 
inhibitory effect among all treatments. Additionally, the levels of lactate 
dehydrogenase (LDH) in the cell supernatant were assessed to monitor 
changes in pyroptosis under different treatment conditions (Fig. 3G). 
Consistent with the aforementioned Western blot findings, the LDH 
assay results supported these observations. Furthermore, CASP1 and 
IL-1β IFexperiments indicated that TNC demonstrated superior efficacy 
in mitigating pyroptosis compared to Nob and tFNA (Fig. 3H and I). In 
summary, TNC significantly attenuated chondrocyte pyroptosis in vitro.

2.4. TNC reduced TBHP-induced ECM catabolic metabolism 
enhancement in C28/I2 cells

Under normal physiological conditions, the equilibrium between 
catabolism and anabolism of the ECM in chondrocytes maintains artic
ular cartilage homeostasis [10]. However, this balance can be disrupted 
by oxidative stress, pyroptosis, and apoptosis, leading to cartilage 
degradation and the onset of OA. Therefore, we subsequently evaluated 
the impact of Nob, tFNA, and TNC on ECM metabolism in C28 chon
drocytes. Stimulation with TBHP resulted in reduced staining intensity 
of Alcian blue and toluidine blue; however, Nob, tFNA, or TNC reversed 
this effect. Notably, TNC exhibited the most significant effect 
approaching levels observed in the NC group (Fig. 4A). WB analysis 
revealed that TBHP stimulation led to decreased ECM anabolic meta
bolism as evidenced by reduced expression of type II collagen (COL2) 
and SRY-box 9 (SOX9) in C28/I2 chondrocyte. Conversely, catabolic 
metabolism marked by increased MMP3 and MMP13 was enhanced 
(Fig. 4B–F). However, Nob, tFNA, and TNC effectively suppressed ECM 
catabolism while restoring anabolic metabolism with TNC demon
strating the most pronounced effect. Previous studies have shown that 
Nob and tFNA can promote anabolic metabolism in chondrocytes 
thereby playing a protective role on cartilage matrix which is consistent 
with our findings [32,35]. IF for aggrecan and COL2 yielded consistent 
results (Fig. 4G and H). Inflammatory mediators such as prostaglandin 
E2 (PGE2), nitric oxide (NO), IL-6, IL-1β and tumor necrosis factor-alpha 

Table 1 
Sequence of four ssDNA.

ssDNA Direction Base sequence

S1 5′ to 3′ ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTTGAGACGAACAT TCCTAAGTCTGAA
S2 5′ to 3′ ACATGCGAGGGTCCAATACCGACGATTACAGCTTGCTACACGATTCAGAC TTAGGAATGTTCG
S3 5′ to 3′ ACTACTATGGCGGGTGATAAAACGTGTAGCAAGCTGTAATCGACGGGAAG AGCATGCCCATCC
S4 5′ to 3′ ACGGTATTGGACCCTCGCATGACTCAACTGCCTGGTGATACGAGGATGGG CATGCTCTTCCCG
Cy5-S1 5′ to 3′ Cy5-ATTTATCACCCGCCATAGTAGACGTATCACCAGGCAGTT 

GAGACGAACATTCCTAAGTCTGAA
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Fig. 1. Synthesis and characterization of TNC. (A) A schematic diagram of tFNA self-assembly and loading with the Nob component to form TNC. (B) the AFM 
image of TNC. (C) the TEM image of TNC. (D) The Molecular structure of Nob. (E) Spectra of Nob, tFNA and TNC between 200 and 800 nm. (F) Confirmation of the 
successful synthesis of tFNA and TNC by AGE. (G) Images of Nob, tFNA, and TNC dissolved in PBS solution. (H) the particle size and zeta potential of tFNA and TNC. 
(I) The stability of tFNA and TNC in FBS by AGE. (J) Cellular uptake of Cy5-tagged tFNA and TNC by C28/I2 cells was observed through immunofluorescence 
microscopy, where Cy5 fluorescence was depicted in red, cellular cytoskeleton in green, and nuclear staining in blue (bar = 10 μm). (K) Quantitative analysis of 
immunofluorescence results. The data are presented as the mean ± SD, n = 3.
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(TNF-α) can enhance catabolic metabolism of chondrocytes resulting in 
cartilage degradation [60]. We measured inflammatory mediator levels 
using enzyme-linked immunosorbent assay (ELISA) kit. TBHP signifi
cantly upregulated inflammatory mediator expression in C28/I2 cells 
whereas TNC exhibited potent inhibitory effects on inflammation 
(Fig. 4I–M). In summary, TNC had a greater impact on ECM anabolic 
metabolism compared to Noband tFNA.

2.5. In vivo assessment of the protective effects of Nob, TNC, and tFNA on 
an OA model

Finally, the in vivo effects of tFNA and TNC on osteoarthritis (OA) 
were assessed. Mice were treated with Nob/tFNA/TNC every 2 days 
following DMM surgery. After 4 and 8 weeks, the mice were euthanized, 
and knee joints were harvested for histological examination (Fig. 5A). 
Initially, Safranin O, Alcian blue and Masson staining were performed to 

Fig. 2. TNC effectively attenuates TBHP-induced oxidative stress in C28/I2 cells. (A) Intracellular ROS levels were assessed using the DCFH-DA Probe. (B) 
The mitochondrial membrane potential was observed using a JC-1 probe. (C) The aggregate/monomer fluorescence intensity ratio of JC-1 in C28/I2 cells. (D–F) The 
levels of SOD, MDA, and 8-OHdG in C28/I2 cells were measured by corresponding assay kits. The data are presented as the mean ± SD, n = 5. *p < 0.05, **p < 0.01 
relative to the NC group. @P < 0.05, @@P < 0.01 relative to the TBHP-stimulated group. #P < 0.05, ##P < 0.01 relative to the Nob-treated group. &P < 0.05, &&P <
0.01 relative to the tFNA-treated group.
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evaluate the integrity of ECM in articular cartilage. These stainings 
revealed severe cartilage wear and compromised integrity in the knee 
joints of mice after DMM surgery, confirming successful establishment 
of the OA animal model (Fig. 5C and Fig. S3). Furthermore, treatment 
with Nob and tFNA demonstrated alleviation of OA symptoms consistent 
with previous research [61,62]. Notably, TNC had the most pronounced 
effect by effectively protecting articular cartilage and reducing wear. 
Additionally, OARSI scoring based on Safranin O staining indicated that 
TNC had the most pronounced effect on alleviating OA (Fig. 5B and 
Fig. S4). Subsequently, IF staining was conducted for MMP13, NLRP3, 
and SOD2 in the knee joints to evaluate ECM metabolism oxidative 
stress, and cellular pyroptosis in articular cartilage. The results showed 
that Nob, tFNA, and TNC effectively suppressed ECM catabolism, miti
gated oxidative stress, and reduced cellular pyroptosis in knee joints. 

TNC exhibited the most pronounced effect among them (Fig. 6A, C-E). 
Additionally, COL2 immunohistochemical (IHC) staining was performed 
on knee joints. The results confirmed findings from IF analysis where 
TNC group displayed highest proportion of COL2-positive cells 
(Fig. 6B–F). Furthermore, a WB experiment was performed using carti
lage protein extracted from mouse knee joints which yielded consistent 
results with those obtained from IF and IHC staining (Fig. S5). The 
aforementioned experimental results indicate that TNC can effectively 
inhibit ECM catabolism, mitigate oxidative stress occurrence, and 
reduce cellular pyroptosis, induced by DMM in OA mice, eventually 
serving to protect articular cartilage and alleviate OA symptoms (Fig. 8).

Fig. 3. TNC reduces the pyroptosis caused by TBHP in C28/I2 cells. (A, B) Live/dead staining were performed to evaluate the viability of cells, with quantitative 
analyze, n = 3. (C–F) Protein levels of CASP1, NLRP3, and IL-1β were evaluated by western blotting and statistical analysis, n = 3. (G) LDH activity in the supernatant 
of C28/I2 cells was measured using a corresponding kit. (H, I) IF staining of CASP1 and IL-1β in C28/I2 cells under different treatment. The data are presented as the 
mean ± SD. *p < 0.05, **p < 0.01 relative to the NC group. @P < 0.05, @@P < 0.01 relative to the TBHP-stimulated group. #P < 0.05, ##P < 0.01 relative to the Nob- 
treated group. &P < 0.05, &&P < 0.01 relative to the tFNA-treated group.
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Fig. 4. The role of TNC in TBHP-induced dysregulation of extracellular matrix (ECM) metabolism in C28/I2 cells. (A) Alcian blue staining and Toluidine blue 
staining of C28/I2 cells. (B–F) Protein levels of COL2, SOX9, MMP13, and MMP3 were evaluated by western blotting and statistical analysis, n = 3. (G, H) IF staining 
of Aggrecan and COL2 in C28/I2 cells under various treatment. (I–M) Cytokine levels of NO, TNF-α, IL-1β, IL-6, and PGE2 were quantified in the supernatants of C28/ 
I2 cells following various treatment, utilizing ELISA, n = 3. The data are presented as the mean ± SD, n = 3. *p < 0.05, **p < 0.01 relative to the NC group. @P <
0.05, @@P < 0.01 relative to the TBHP-stimulated group. #P < 0.05, ##P < 0.01 relative to the Nob-treated group. &P < 0.05, &&P < 0.01 relative to the tFNA- 
treated group.
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2.6. The security of TNC in vivo

To verify the biocompatibility of TNC, we conducted experiments 
from two perspectives. First, we stained various organs and tissues 
(heart, liver, spleen, lung, and kidney) with HE stain. The results are 
shown in Fig. 7A. No significant changes were found, indicating that 
TNC is safe. Then, we conducted blood biochemical tests on each group 
of mice (Fig. 7B). The results also indicate that TNC is safe.

3. Conclusion

Oxidative stress and pyroptosis in chondrocytes, which lead to 
metabolic disorders in the ECM, are significant contributors to the 
pathogenesis and progression of OA. In this study, we successfully syn
thesized a novel DNA nanoparticle called TNC for OA treatment. The 
uptake of tFNA by chondrocytes is rapid and facile, enabling sustained 
release of Nob. Additionally, TNC exhibits excellent biocompatibility, 
biodegradability, and low cytotoxicity in vivo. Both in vitro and in vivo 
experiments have shown that Nob and tFNA can mitigate oxidative 
stress, cellular pyroptosis, and ECM catabolism associated with OA. 
Notably, TNC synergistically enhances the therapeutic effects both in 
vitro and in vivo. Therefore, we believe that TNC holds great clinical 
potential for treating OA.

4. Methods

4.1. Synthesis of tFNA and TNC

Initially, a mixture of four distinct single-stranded DNA oligonucle
otides, as delineated in Table 1, was prepared in equimolar proportions 
from Shenggong Biotech (Shanghai, China.) This mixture was subse
quently dissolved in a 1 × TM buffer solution, which was adjusted to a 
pH of 8.0 and contained Tris-HCl and magnesium chloride (MgCl2). The 
solution underwent thermal denaturation by heating at 95 ◦C for 10 min, 
followed by controlled cooling to 4 ◦C over a duration of 20 min. Af
terwards, the tFNA with a concentration of 1000 nmol/L was combined 
with an optimal concentration of Nob. The resulting mixture was 
agitated for 6 h to facilitate the formation of a stable complex [34,63]. 
Then, the residual Nob was removed by centrifugation through a 30 kDa 
ultrafiltration tube.

4.2. Characterization of the tFNA and TNC

To evaluate the integrity of the synthesized tFNA and the TNC, 
agarose gel electrophoresis (AGE) was employed as an analytical tool. 
For morphological analysis, the nanostructure and dimensions of TNC 
were examined and measured using transmission electron microscopy 
(TEM, Hitachi HT7800, Japan) and atomic force microscopy (AFM, 
Bruker Dimension Icon, Germany), respectively. Additionally, the 
encapsulation efficiency of TNC was quantitatively analyzed using a 
spectrophotometer (Shimadzu RF-5301PC, Japan). The absorbance of 

Fig. 5. In vivo assessment of the protective effects of Nob, tFNA, and TNC on DMM OA model. (A) Schematic diagram of Nob, tFNA, and TNC treatment for OA 
in DMM mice. (B) OARSI grade (0–6). (C) Images of Alcian Blue, Safranin O and Masson staining in mice knee joint articular cartilage under various treatment 
conditions at 8 weeks, n = 6. The data are presented as the mean ± SD. *p < 0.05, **p < 0.01 relative to the sham group. @P < 0.05, @@P < 0.01 relative to the DMM 
group. #P < 0.05, ##P < 0.01 relative to the Nob-treated group. &P < 0.05, &&P < 0.01 relative to the tFNA-treated group.
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Nob at 340 nm wavelength was detected. The encapsulation and binding 
of Nob in TNC were further studied by spectral analysis. Equivalent TNC 
and Nob were dissolved in PBS (0.01 M, pH 7.4) to observe the solubility 
of the formulation [64].

Subsequently, the particle size distribution and zeta potential of both 
the tFNA and TNC were measured using a nanoparticle size analyzer 
(Malvern Zetasizer Nano ZS90, UK). To further investigate the in vivo 
stability of tFNA and TNC, they were incubated with fetal bovine serum 
(FBS) at varying concentrations (2 % or 10 %) and at multiple time 
points (0, 2, 4, 6, 8, 10, and 12 h), and their stability profiles were 
subsequently analyzed using AGE [37]. Finally, the distribution of tFNA 
and TNC within the gel was captured and documented using a gel im
aging system (Bio-Rad Gel Doc XR, USA).

4.3. Cell culture

The human chondrocyte line C28/I2 was purchased from the Cell 
Bank of the Chinese Academy of Science (Shanghai, China). C28/I2 cells 
were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, 
USA) supplemented with 10 % FBS (Gibco, USA) and 1 % penicillin/ 
streptomycin (Gibco, USA) and maintained in an incubator at 37 ◦C with 
5 % CO2.

4.4. C28/I2 uptake by the TFNA and TNC

To confirm the successful uptake of TNC by C28/I2 cells, we initially 
labeled single-stranded nucleic acids with a Cy5 fluorescent molecule 
(Cy5-S1). Subsequently, C28/I2 cells were cocultured with Cy5-tFNA or 
Cy5-TNC at a concentration of 250 nM for 4 or 12h, respectively. After 
coculture, the cells were harvested and fixed with 4 % 

Fig. 6. (A) IF staining of MMP13, NLRP3, and SOD2 in mice knee joint articular cartilage under various treatment conditions at 8 weeks, n = 3. (B) Immumo
histochemical staining of COL2 in mice knee joint articular cartilage under various treatment conditions at 8 weeks, n = 3. (C–E) Statistical analysis of IF staining of 
MMP13, NLRP3, and SOD2. (F) Statistical analysis of immumohistochemical staining of COL2. The data are presented as the mean ± SD. *p < 0.05, **p < 0.01 
relative to the sham group. @P < 0.05, @@P < 0.01 relative to the DMM group. #P < 0.05, ##P < 0.01 relative to the Nob-treated group. &P < 0.05, &&P < 0.01 
relative to the tFNA-treated group.
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Fig. 7. In vivo safety assessment of Nob, tFNA, and TNC. (A) HE staining of important organs in mice for safety evaluation. (B) Blood biochemical examination in 
mice for safety evaluation.

Fig. 8. The mechanistic illustration of TNC in alleviating oxidative stress and pyroptosis induced by TBHP in chondrocytes and in a DMM-induced OA mouse model.
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paraformaldehyde (PFA) for 30 min. The C28/I2 cells were then stained 
with fluorescein isothiocyanate (FITC)-conjugated phalloidin (Beyo
time, Shanghai, China) and 4′,6-diamidino-2-phenylindole (DAPI) 
(Beyotime, Shanghai, China) to observe the cytoskeleton and nucleus, 
respectively, of the cells.

4.5. ROS detection at the cellular level

In our study, we employed DCFH-DA (Beyotime, Shanghai, China) 
probe to assess the levels of ROS within cells and mitochondria, 
respectively. This approach allowed us to evaluate the oxidative stress 
status of cells. In brief, cells were first seeded in a 24-well plate and 
allowed to reach 50 % confluence before staining with DCFH-DA probes. 
After washing the cells with PBS (phosphate-buffered saline), the cells 
were subsequently incubated in serum-free medium at 37 ◦C supple
mented with DCFH-DA (10 μM) for 30 min. Finally, the cells were 
observed under a fluorescence microscope, and the fluorescence in
tensity was quantified using ImageJ software.

4.6. Mitochondrial membrane potential measurement

We utilized JC-1 to assess the mitochondrial membrane potential. 
Briefly, the cells were incubated with the JC-1 probe for 30 min under 
light-protected conditions. Subsequently, the cells were washed three 
times with PBS, and finally, cellular observation was conducted using an 
Olympus FV3000 confocal microscope.

4.7. Evaluation of SOD and MDA

A malondialdehyde (MDA) assay kit (Beyotime, Shanghai, China) 
and total superoxide dismutase (SOD) assay kit (Beyotime, Shanghai, 
China) were used to measure the expression of SOD and MDA, respec
tively, as indicators of oxidative stress.

4.8. Live/dead cell staining

A Calcein/PI Cell Viability/Cytotoxicity Assay Kit (Beyotime, 
Shanghai, China) was used to detect cell viability. First, C28/I2 cells 
were inoculated into a 96-well plate, and once the cell density reached 
70–80 % confluence, live/dead staining was performed. After washing 
three times with PBS, an appropriate volume of calcein AM/PI working 
solution was added for cell viability assessment. The cells were then 
incubated at 37 ◦C in the dark for 30 min. Ultimately, images were 
captured using a fluorescence microscope for analysis.

4.9. Alcian blue and toluidine blue staining

C28/I2 cells were plated in a 24-well plate and allowed to grow until 
they reached 80 % confluence for subsequent experimentation. The cells 
were then fixed with 4 % PFA for 30 min, followed by rinsing with PBS. 
Subsequently, the cells were stained with Alcian blue (Beyotime, 
Shanghai, China) and solution and toluidine blue (Sigma–Aldrich, USA) 
and incubated at 37 ◦C for 1 h.

4.10. Western blotting

After being washed three times with prechilled PBS, the cells were 
lysed by the addition of RIPA buffer (Beyotime, Shanghai, China), which 
is a strong lysis buffer supplemented with phosphatase inhibitors 
(Beyotime, Shanghai, China) and protease inhibitors (Beyotime, 
Shanghai, China). Subsequently, the protein concentration of the cell 
lysate was quantified using a BCA assay kit (Beyotime, Shanghai, China). 
Proteins were then diluted with 5× SDS‒PAGE sample loading buffer 
and denatured at 95 ◦C for 8 min. Cellular proteins (20 μg) were sub
jected to electrophoresis on a 12 % sodium dodecyl sulfate poly
acrylamide gel (SDS‒PAGE) and transferred onto a polyvinylidene 

fluoride (PVDF) membrane. After blocking with 5 % bovine serum al
bumin (BSA), the membrane was incubated overnight at 4 ◦C with the 
following primary antibodies (each at a dilution of 1:1000): Caspase 1, 
SOX9, MMP13, MMP3, and β-actin (Proteintech, Wuhan, China); NLRP3 
and IL-1β (Abcam, Cambridge, UK); and Collagen II (Affinity, USA). On 
the following day, based on the type of primary antibody corresponding 
to the secondary antibody, the PVDF membrane was incubated with 
HRP-conjugated IgG secondary antibody at room temperature for 1 h. 
Ultimately, the bands were visualized using an ECL Plus detection re
agent kit, and the band intensities were quantified using ImageJ 
software.

4.11. Cellular IF staining

First, C28/I2 cells were inoculated into a 24-well plate, and once the 
cell density reached 70–80 % confluence, IF staining was performed. 
The cells were then fixed with 4 % PFA for 30 min, followed by rinsing 
with PBS. Subsequently, the cells were permeabilized with 0.5 % Triton 
X-100 for 30 min and then blocked with 0.5 % BSA for 20 min. There
after, the cells were incubated with the appropriate primary antibodies, 
followed by the application of secondary antibodies. Ultimately, the 
cells were examined under an Olympus FV3000 confocal microscope.

4.12. ELISA measurement

Using ELISA, we assessed the levels of TNF-α, IL-1β, IL-6 (Abcam, 
Cambridge, UK), and PGE2 (Cusabio, Wuhan, China) in the supernatants 
of C28/I2 cells, as well as the intracellular levels of 8-OHdG (Cusabio, 
Wuhan, China). The supernatants and cells were collected and subjected 
to the corresponding analyses according to the manufacturer’s 
instructions.

4.13. DMM-induced OA mouse models

Compliance with ethical guidelines and protocols was maintained 
throughout all animal-based research, adhering to the principles out
lined by the NIH. The study involving mice was approved by the Animal 
Experimentation Ethics Committee of Zhejiang University (reference 
number: ZJU20240332). Eight-week-old male C57BL/6 mice were 
housed individually and maintained under standardized conditions for 
the experiment. As previously described [65], the OA model was 
established using DMM surgery. The DMM was made as follows: the 
mice were first anesthetized with sodium pentobarbital, and the joint 
capsule was cut to expose the medial meniscus tibial ligament (MMTL). 
Then, the MMTL was cut, causing subluxation of the medial meniscus. 
For the sham group, the joint capsule of the mice was merely opened 
without any additional manipulation and was then directly sutured 
closed. 10 μL of PBS or varying formulations (tFNA, Nob, or TNC) was 
injected into the joint cavity daily after DMM. Following a consecutive 
4-week and 8-week treatment period, the mice were euthanized, fol
lowed by subsequent testing.

4.14. Histological analysis and scoring system

The five organs and knee joints of the mice were fixed with 4 % PFA, 
followed by decalcification of the knee joints with EDTA. Thereafter, 
both the organs and knee joints were paraffin-embedded, and 5 μm 
sections were prepared. HE staining was applied to both the five organs 
and knee joints, while the knee joints were subjected to Alcian blue, 
Safranin O and Masson staining. The articular cartilage destruction in 
mice was assessed using the Osteoarthritis Research Society Interna
tional (OARSI) scoring system for the medial tibial condyle.

4.15. Immunofluorescence and immunohistochemical staining in vivo

Initially, the paraffin-embedded sections were incubated at 60 ◦C for 
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1 h. Subsequently, the sections were deparaffinized in xylene and 
rehydrated through a graded series of alcohol solutions, each for 5 min, 
in the following sequence: xylene I, xylene II, anhydrous ethanol, 95 % 
ethanol I, 95 % ethanol II, 85 % ethanol, and 75 % ethanol. Endogenous 
peroxidase activity was then blocked with 3 % H2O2. Next, the sections 
were blocked with 10 % BSA before being incubated with the following 
primary antibodies overnight at 4 ◦C: MMP13 (diluted 1:100), NLRP3 
(diluted 1:200), and SOD2 (diluted 1:200). Ultimately, the slides were 
incubated with Alexa Fluor-conjugated secondary antibodies and 
examined under an Olympus FV3000 confocal microscope. Standard 
protocols were used for IHC on paraffin sections. The following anti
bodies were applied: Collagen II (diluted 1:100). Then, the sections were 
stained with secondary antibodies and DAB substrate.

4.16. Statistical analysis

The results are expressed as the mean ± SD. One-way analysis of 
variance (ANOVA) or the Kruskal-Wallis test (for nonparametric data) 
was used to calculate statistical significance. All the statistical analyses 
were conducted using GraphPad Prism version 9.0 software. A P value <
0.05 was considered to indicate statistical significance.
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