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A B S T R A C T

Articular cartilage injury (ACI) remains one of the key challenges in regenerative medicine, as current treatment
strategies do not result in ideal regeneration of hyaline-like cartilage. Enhancing endogenous repair via micro-
RNAs (miRNAs) shows promise as a regenerative therapy. miRNA-140 and miRNA-455 are two key and
promising candidates for regulating the chondrogenic differentiation of mesenchymal stem cells (MSCs). In this
study, we innovatively synthesized a multifunctional tetrahedral framework in which a nucleic acid (tFNA)-
based targeting miRNA codelivery system, named A-T-M, was used. With tFNAs as vehicles, miR-140 and miR-
455 were connected to and modified on tFNAs, while Apt19S (a DNA aptamer targeting MSCs) was directly
integrated into the nanocomplex. The relevant results showed that A-T-M efficiently delivered miR-140 and miR-
455 into MSCs and subsequently regulated MSC chondrogenic differentiation through corresponding mecha-
nisms. Interestingly, a synergistic effect between miR-140 and miR-455 was revealed. Furthermore, A-T-M
successfully enhanced the endogenous repair capacity of articular cartilage in vivo and effectively inhibited
hypertrophic chondrocyte formation. A-T-M provides a new perspective and strategy for the regeneration of
articular cartilage, showing strong clinical application value in the future treatment of ACI.

1. Introduction

The treatment of articular cartilage (AC) lesions induced by trauma,
inflammation, or chronic strain represents a vital challenge for regen-
erative medicine and clinical needs [1,2]. Spontaneous regeneration of
AC is considered unlikely due to its avascular status and nutrient

deficiencies [3,4]. The current surgical treatment strategies for AC
repair include microfracture techniques, autologous or allogeneic
cartilage (cell) transplantation, and the implantation of cartilage scaf-
folds [1,5]. However, based on long-term follow-up results, these sur-
gical strategies often result in the formation of fibrocartilage rather than
durable functional hyaline cartilage [6–8]. In recent years, therapy
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based on mesenchymal stem cells (MSCs) has emerged as a frontier in
development and has achieved encouraging results [9,10]. However,
several potential issues, including the high cost of in vitro cultivation,
loss of induced cell functionality and aging after cultivation, may limit
the efficacy of in vitro-cultivated MSC therapy within the joint cavity
[11,12].

Despite the relatively poor quality of regenerated tissue, the effec-
tiveness of the microfracture technique suggests that the repair of AC
injuries can be achieved by directly stimulating endogenous MSCs
within the joint cavity [13,14]. Previous studies have confirmed the
presence of MSCs at various sites within the joint, such as the bone
marrow, infrapatellar fat pad, and synovium [15]. When AC is damaged,
these resident intra-articular MSCs migrate and undergo chondrogenic
differentiation at the site of the defect, which is referred to as endoge-
nous repair [14,16]. Notably, osteotomy and knee joint distraction,
commonly used for treatment of osteoarthritis, also rely on this endog-
enous repair capability [1]. Unfortunately, due to the disruption of the
intra-articular microenvironment, the chondrogenic differentiation
process of endogenous MSCs without intervention also gradually de-
generates over time, eventually leading to a hypertrophic
chondrocyte-like phenotype [2,17]. Therefore, the development of
treatment strategies that can regulate the differentiation fate of endog-
enous MSCs and enhance their endogenous repair capacity is a highly
promising clinical translational approach to address the issue of AC
regeneration.

MicroRNAs (miRNAs) can regulate gene expression by interfering
with mRNA translation and play an important role in cell fate [18,19].
Notably, miRNAs play a crucial role in cartilage development and ho-
meostasis and are important regulators of the chondrogenesis of MSCs
[20,21]. Among the miRNAs, miR-140 has been shown to be an essential
upregulated factor induced by SOX9, with cartilage specificity, and to
play a critical role in the MSC chondrogenic differentiation process
[22–24]. Karlsen et al. demonstrated that miR-140 enhances the chon-
drogenic differentiation of human MSCs by targeting RALA [25]. Spe-
cifically, Zhao et al. reported that combined gene therapy with
intra-articular administration of IGF-1 and miR-140 improved cartilage
injury repair [26]. Furthermore, Rajagopal et al. reported that contin-
uous delivery of miR-140 to MSCs in a three-dimensional (3D) matrix
resulted in the formation of transparent cartilage-like tissue, reduced
hypertrophy, and successfully simulated endogenous stem cell-mediated
cartilage repair [27]. In addition, recent studies have revealed another
key positive regulatory factor, miR-455, involved in the chondrogenic
differentiation of MSCs [28,29]. Studies have shown that the expression
of both miR-455–5p and miR-3p is upregulated by the overexpression of
Sox9, which is highly expressed during the chondrogenic differentiation
of MSCs [29]. In several published studies by Zhang et al., miR-455-3p
was demonstrated to directly target Runx2 to activate early chondro-
genesis and to inhibit the degenerative process of MSC chondrogenic
differentiation through DNA methylation [29,30]. Moreover, Sun et al.
confirmed that exosomes derived from TGF-β3-pretreated bone marrow
MSCs promote AC regeneration by delivering miR-455 [31]. Overall,
miR-140 and miR-455 are two promising candidates for regulating the
differentiation of endogenous MSCs and enhancing the endogenous
repair capacity of AC. We speculate that the codelivery of miR-140 and
miR-455 may play a positive role in the repair and treatment of AC.
However, due to their inherent limitations, such as poor stability,
compatibility issues with commonly used delivery vectors, cell toxicity,
and high off-target effects, miRNAs are substantially restricted in clinical
applications. Therefore, there is an urgent need to develop a targeted
codelivery system that can stably and efficiently deliver miR-140 and
miR-455 to enhance the endogenous repair capacity of AC via miRNAs.

Tetrahedral framework nucleic acids (tFNAs), novel DNA nano-
materials with powerful biocompatibility, high editability, and cellular
internalization capability, have emerged as ideal nanovehicles for drug
delivery, demonstrating strong potential and value in the field of
biomedicine [32,33]. In our early explorations, tFNAs demonstrated

powerful regulatory effects on biological functions such as proliferation,
migration, and differentiation of MSCs [34–36]. Furthermore, our pre-
vious studies have shown that tFNAs may be synergistic agents that
promote the chondrogenic differentiation of synovium-derived MSCs
(SMSCs) and enhance in situ AC regeneration in animal models [37].
Hence, tFNAs are ideal vehicles for the codelivery of miR-140 and
miR-455 for the treatment of AC injury. In this work, we first synthesized
a complex of tFNAs and miRNAs, referred to as tFNAs-miR140-miR455
(T-M). Then, we incorporated Apt19S [38,39], a DNA aptamer that
specifically recognizes pluripotent stem cells, into T-M to establish a
multifunctional tFNA-based miRNA delivery system, denoted “A-T-M”.
We aimed for A-T-M to specifically codeliver miR-140 and miR-455 into
MSCs to exert their roles in regulating cell differentiation. Additionally,
we investigated the potential mechanisms of A-T-M through tran-
scriptome sequencing and constructed a classic in vivo model of AC
defects to explore the ability of A-T-M to enhance the endogenous repair
capacity (Fig. 1). This work first reveals the synergistic effect of miR-140
and miR-455 on regulating MSC chondrogenic differentiation and rep-
resents a novel application of functional cartilage miRNAs combined
with tFNAs. A-T-M indeed effectively enhances the endogenous repair of
AC by regulating the chondrogenic differentiation of MSCs, indicating
its potential as a regenerative enhancer for the treatment of AC defects
with strong clinical application value in the future.

Fig. 1. A multifunctional tFNA-based miRNA delivery system enhances the
endogenous repair of AC by modulating the chondrogenic differentiation
of MSCs.
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2. Results and discussion

2.1. Design, preparation, and characterization of A-T-M

As an ideal vehicle for miRNAs, tFNAs can be rapidly self-assembled
from four predesigned ssDNA stands (S1, S2, S3 and S4; Table S1;
Supporting Information) through a simple program [40], resulting in a
strongly editable structure. However, the current methods for delivering
miRNAs via tFNAs often lack specificity, and these molecules can be
widely taken up by various types of cells, resulting in suboptimal ther-
apeutic effects. Inspired by the precise targeting of missiles, we sought to
develop a nanovehicle material based on the fundamental tFNA struc-
ture that can carry multiple miRNAs and target specific cells for de-
livery. In this study, miR-140-5p and miR-455-3p were added to the 3′
ends of S1 and S2, respectively, yielding S1-miR140 and S2-miR455
(Table S1, Supporting Information); subsequently, a DNA aptamer
called Apt19S, which specifically recognizes pluripotent stem cells, was

added to the 3′ end of S3 (S3-Apt19S; Table S1, Supporting Information).
Finally, A-T-M was synthesized following the same steps as those used
for tFNAs (Fig. 2A and Fig. S1A, Supporting Information).

According to the difference in mobility of these nanostructures, 8 %
polyacrylamide gel electrophoresis (PAGE) was performed to confirm
the successful synthesis of the tFNAs and A-T-M. The PAGE results
(Fig. 2B) suggested that the mobility of A-T-M with a higher molecular
weight was significantly slower than that of the tFNAs. Consistent with
the PAGE results, the high-performance capillary electrophoresis
(HPCE) results reconfirmed the successful synthesis of A-T-M (Fig. 2C
and Fig. S2, Supporting Information). In addition, we performed dy-
namic light scattering (DLS) to determine the particle size and zeta
potential of the tFNAs (Fig. S1B, Supporting Information) and A-T-M
(Fig. 2D). The DLS results suggested that the particle sizes of the tFNAs
and A-T-M were ≈6.492 nm and 14.04 nm, respectively. For the zeta
potential, both the tFNAs and A-T-M were negatively charged (− 2.68
mV and − 6.75 mV, respectively), indicating that A-T-M has a stable

Fig. 2. Preparation, Characterization and Cellular Uptake of A-T-M. A) Diagram of A-T-M synthesis. B) The successful synthesis of tFNAs, T-M and A-T-M was
verified by 8 % PAGE. C) HPCE confirmed the successful self-assembly of tFNAs, T-M and A-T-M. D) The particle size and zeta potential of A-T-M detected by a
nanoparticle potentiometer and DLS. E) The structural stability of A-T-M in FBS and after MSC lysis. F) Molecular structure of A-T-M imaged using AFM. Scale bar:
100 nm and 50 nm. G) TEM images of the molecular structure of A-T-M. Scale bars: 100 nm and 50 nm. H) The uptake of ssDNA, miRNA, T-M and A-T-M by SMSCs
after 12 h was detected via confocal laser scanning microscopy. Scale bar: 25 μm. I) Flow cytometry was used to evaluate the uptake of ssDNAs, miRNAs, T-M and A-
T-M by SMSCs.
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structure consistent with that of the tFNAs. Moreover, the shape of A-T-
M in aqueous buffer was determined by atomic force microscopy (AFM,
Fig. 2F) and transmission electron microscopy (TEM, Fig. 2G). The
structure of A-T-M was similar to a triangle, and A-T-M was uniformly
distributed in aqueous buffer. In addition, the structural stability of A-T-
M is crucial for its viability as an optimal nanobiocarrier. Therefore, we
assessed the stability of A-T-M in 10 % fetal bovine serum (FBS) and
after MSC lysis (Fig. 2E). The results demonstrated that A-T-M exhibited
robust stabilization in 10 % FBS and MSC lysis medium for a minimum
duration of 24 h, which was deemed optimal for the efficient delivery of
miRNAs to MSCs. In summary, the integration of aptamers with tFNAs
results in highly functionalized biomolecular systems. As artificial oli-
gonucleotides, aptamers are widely used in the functionalization of
nanomaterials and targeted drug delivery due to their impressive af-
finity for specific targets, ease of synthesis, and rapid tissue penetration
[41–43]. Thererore, the application of aptamer Apt19S has significantly
improved the off-target effects of tFNA-based miRNA delivery systems.
Furthermore, these nanostructures are not only effective but also align
with the principles of green biomaterials, emphasizing sustainable
synthesis, biodegradability, biocompatibility, and reduced environ-
mental impact [44].

2.2. Cellular internalization and biocompatibility of A-T-M

To verify the ability of A-T-M to transport miRNAs to MSCs, we
linked miR-140 to cyanine 3 (Cy3) and synthesized Cy3-T-M and Cy3-A-
T-M with Cy3-miR140. Furthermore, SMSCs were incubated with Cy3-
ssDNAs, Cy3-miR140, Cy3-T-M or Cy3-A-T-M for 12 h, and confocal
laser microscopy and flow cytometry were subsequently performed to
determine the cellular uptake rate. Confocal fluorescence images
(Fig. 2H and Fig. S4, Supporting Information) showed that pure ssDNAs
and pure miR-140 could barely enter the SMSCs, while T-M could be
transported into the cells in large quantities without the need for any
transfection reagents. Importantly, during the same incubation time, A-
T-M loaded with Apt19S had a greater cellular uptake rate than T-M.
Similarly, the quantitative results of flow cytometry (Fig. 2I) also
showed that 97.5 % of the SMSCs absorbed A-T-M and that 59.3 % of the
SMSCs absorbed T-M after incubating for 12 h, while the proportions of
cells that absorbed ssDNAs and miR-140 were only 9.81 % and 18.9 %,
respectively. These results suggested that tFNAs could successfully
transport miRNAs into MSCs, especially after modification by Apt19S,
whereas miRNAs alone were difficult to be internalized by MSCs, indi-
cating that A-T-M had the highest affinity for MSCs compared to the
other molecules.

We next tested the biocompatibility of A-T-M. According to previous
methods [45,46], SMSCs were treated with miRNAs (250 nmol of
miR-140 and 250 nmol of miR-455), tFNAs, T-M and A-T-M, and cyto-
toxicity was analyzed via CCK-8 kits (Fig. S5, Supporting Information).
The results showed that the formulations used in these tests had no
cytotoxicity, and the tFNAs, T-M and A-T-M also promoted the prolif-
erative activity of the cells. In addition, previous studies have shown
that tFNAs can promote the migration of MSCs to a certain extent [37,
47]. Therefore, we used wound healing experiments to test whether
A-T-M could affect the ability of tFNAs to improveMSC migration
(Figs. S6 and S7, Supporting Information). Scratch images at 0, 12 and
24 h indicated that T-M and A-T-M had no effect on the promotion of
MSC migration by the tFNAs itself and that A-T-M enhanced the effect of
the tFNAs on MSC migration due to the Apt19S modification. Thus,
A-T-M can be considered an efficient and safe miRNA codelivery system
that can be rapidly internalized by MSCs and increase the effectiveness
of tFNAs, which is the premise of using tFNAs as nanocarriers and the
key for A-T-M to play an important biological role in MSCs.

2.3. The synergistic effect of miR-140 and miR-455 in regulating SMSC
chondrogenic differentiation

In our initial experimental study, we first used quantitative real-time
polymerase chain reaction (RT‒PCR) to explore the changes in the
expression of miR-140 and miR-455 in SMSCs cultured with tFNAs-
miR140 (T-140), tFNAs-miR455 (T-455), T-M, or A-T-M. The RT‒PCR
results showed that the miRNAs in each group were successfully deliv-
ered to SMSCs compared to those in the control group, and the increases
in the expression of miR-140 and miR-455 in the A-T-M group (47.58-
fold and 34.89-fold) were the greatest, indicating that more miRNAs
were delivered to SMSCs (Fig. 3B).

We then used Alcian blue (AL) staining (Fig. 3C) to explore the ef-
fects of T-140, T-455, T-M, and A-T-M on the increase in the chondro-
genic differentiation potential of SMSCs in 2-dimensional (2D) tissue
culture plates and measured the corresponding gene expression levels of
Sox9, ACAN, and Col2a1 (Fig. 3D). In detail, the statistical analysis of
PCR showed that the gene expression levels of Sox9, ACAN, and Col2a1
in the A-T-M group are 10.12, 68.59, and 28.10 times that of the control
group, respectively. The experimental data suggested that the codelivery
system, which included T-M and A-T-M, was more effective at promot-
ing cartilage differentiation in SMSCs than was the individual delivery of
miR-140 and miR-455 by T-140 and T-455, respectively. The above
preliminary experimental results confirmed that miR-140 and miR-455
have synergistic effects on the chondrogenic differentiation of MSCs,
which has never been reported before (Tables S6 and S7). Therefore, the
miRNA codelivery system based on T-M and A-T-M was used for follow-
up experimental exploration in this study without focusing on individual
delivery, including T-140 and T-455.

2.4. A-T-M orients the differentiation of SMSCs to a hyaline cartilage
phenotype

Previous studies have indicated that native joint-resident MSCs play
a key role in cartilage regeneration [48]. Specifically, SMSCs may be the
primary drivers of AC repair in adults [16]. Following an AC injury,
many MSCs are recruited to the site of injury. In the presence of a local
regenerative microenvironment, these recruited MSCs undergo differ-
entiation into chondrocytes, which in turn promotes the endogenous
repair of cartilage tissue [14,49]. Consequently, it is of utmost impor-
tance to precisely control the differentiation fate of MSCs while devel-
oping strategies for cartilage regeneration.

The chondrogenic differentiation of MSCs within the joint cavity
often relies on specific growth factors found in the local microenviron-
ment following injury, including bone morphogenetic protein (BMP),
insulin-like growth factor (IGF), and transforming growth factor-β (TGF-
β) [50,51]. Notably, members of the TGF-β superfamily, such as TGF-β1
and TGF-β3, play pivotal roles [52]. However, when intra-articular
inflammation occurs and the microenvironment is disrupted, the dif-
ferentiation of MSCs tends to proceed toward hypertrophic cartilage
instead of hyaline cartilage [53]. This process leads to a decrease in the
overall function of the regenerated tissue, which is one of the main
reasons for the unsatisfactory long-term effectiveness of microfracture
surgery [54]. Here, A-T-M was applied to a 3D spheroid culture model of
SMSCs induced by TGF-β3 to investigate whether A-T-M can promote
the chondrogenic differentiation of MSCs while inhibiting hypertrophic
degeneration.

We determined the effects of tFNAs, pure miRNAs, T-M and A-T-M on
SMSC chondrogenic differentiation in a 3D spheroid culture model
induced by TGF-β3 at different time points (14, 21, and 28 days;
Fig. 4A). The expression of chondrogenesis-specific genes (Sox9, Col2a1,
and Acan) in each group was determined by RT‒PCR at 14 and 21 days
(Fig. 4B). Compared with those in the pure TGF-β3-induced group
(regular chondrogenic differentiation medium), the spheroids treated
with 250 nm A-T-M exhibited the highest expression of Sox9 (2.67-fold
and 3.33-fold), Col2a1 (7.05-fold and 16.19-fold), and Acan (9.53-fold
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and 20.05-fold) at both time points. We subsequently performed histo-
pathological staining, including H&E, safranin O (SO), and AL staining,
to assess the morphology of the chondrogenic spheroids 21 days after
induction (Fig. 4C and D). The H&E images suggested that spheroids in
the A-T-M group were the most deeply stained, indicating that addi-
tional extracellular matrix (ECM) was produced. Furthermore, the re-
sults of SO and AL staining, which reflect the polysaccharide content,
revealed that polysaccharide accumulation in the ECM of SMSCs
decreased after A-T-M treatment. The protein expression of Col2 and
Acan was determined by immunohistochemistry and immunofluores-
cence staining, respectively. Compared with those of the control, the
spheroids treated with A-T-M exhibited the strongest Col2 and Acan
expression at 21 days. Therefore, A-T-M could significantly promote
chondrogenic differentiation of SMSCs. Interestingly, we also found that
pure tFNAs could enhance the induction of differentiation by TGF-β3 to
a certain extent, which was consistent with our previous results [37].

Degenerate chondrogenic differentiation is pivotal for the thera-
peutic efficacy of MSCs both in vivo and in vitro. Following cellular

senescence and inflammation, specific markers such as Col10, Runx2,
and MMP-13 accumulate, leading to the gradual emergence of a hy-
pertrophic chondrocyte differentiation phenotype [17]. Compared to
hyaline chondrocytes, hypertrophic chondrocytes can further exacer-
bate joint structure and function deterioration. Hence, RT‒PCR (Fig. 4F)
and immunofluorescence staining (Fig. 4E) were used to assess the
mRNA and protein expression levels of the hypertrophy-specific markers
Col10, Runx2, and MMP-13 in the chondrogenic spheroids from each
treatment group after 28 days. A-T-M significantly downregulated the
expression of Col10, Runx2, and MMP-13 in chondrogenic spheroids,
indicating that A-T-M successfully inhibited the degenerative process
during chondrogenesis. Furthermore, we investigated the effects of
A-T-M on SMSC chondrogenic differentiation in a 3D spheroid culture
model under intra-articular inflammation mimic microenvironment.
Pathological staining and PCR results (Fig. S8) showed that under IL-1β
stimulation, the chondrogenic ability of SMSCs was significantly
inhibited, accompanied by evident hypertrophic differentiation. How-
ever, A-T-M allso significantly reversed this process, indicating its

Fig. 3. The Synergistic Role of miR-140 and miR-455 in Regulating SMSC Chondrogenic Differentiation. A) Schematic diagram of SMSC chondrogenic dif-
ferentiation on 2D tissue culture plates. B) The expression of miR-140-5p and miR-455-3p in each group was determined by RT‒PCR. C) Images of SMSC chon-
drogenic differentiation on 2D tissue culture plates after AL staining on day 7. D) Gene expression of Sox9, Col2a1, and Acan in each group, as shown by RT‒PCR.
The data are presented as the mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001.
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effective role even in an inflammatory environment.
Based on these results, A-T-M may promote the differentiation of

MSCs into chondrocytes after cartilage injury. At the late differentiation
stage, MSCs derived from defects may secrete Col10, Runx2, and MMP-
13, which are involved in cartilage degeneration. However, A-T-M
intervention can inhibit this degeneration via chondrogenesis and
trigger the generation of hyaline cartilage, which helps to reconstruct
the microenvironment during AC regeneration.

2.5. A-T-M enhances HIF1α and FOXO signaling, promoting the
chondrogenic differentiation of SMSCs

To further explore the mechanism by which A-T-M acts on SMSCs,

we performed mRNA sequencing analysis of two groups of SMSCs
treated with or without A-T-M for 24 h. As shown in Fig. 5A and B,
principal component analysis (PCA) and a Venn diagram of gene
expression levels demonstrated a discernible distinction between the
two sample groups and confirmed the reproducibility of the samples
within each group. Compared to those in the control group, 180
differentially expressed genes (DEGs) were identified in the A-T-M group
[false discovery rate (FDR) < 0.05, |log2 (fold change A)|>1], with 77
upregulated genes and 103 downregulated genes (Fig. 5C and D). Gene
Ontology (GO) analysis of the two groups revealed that the DEGs were
strongly correlated with cholesterol biosynthesis, cytokine secretion,
response to hypoxia, and ECM accumulation (Fig. 5E).

Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis of the A-T-M and control groups suggested that func-
tional pathways associated with lipid metabolism, hypoxia, MAPK, Ras,
PI3K/Akt and other functional pathways relevant to chondrogenic dif-
ferentiation were enriched (Fig. 5F and G). Gene set enrichment analysis
(GSEA) further verified that with the addition of A-T-M, the lipid
metabolism-related functions of SMSCs, including fatty acid biosyn-
thesis and the forkhead box O (FOXO) signaling pathway, decreased,
and hypoxia-related signaling pathways [hypoxia inducible factor-1α
(HIF-1α)] and the classic TGF-β pathway related to chondrogenic dif-
ferentiation increased (Fig. 5H). Subsequently, we focused on functions
related to hypoxia regulation, lipid metabolism and chondrogenic dif-
ferentiation and found that the expression of HIF-1α, FOXO1, FOXO3
and chondrogenic differentiation-related genes (Tgfb1, Tgfb2, and
Tgfb3) was upregulated in the A-T-M group compared to the control
group (Fig. 5I and J).

The hypoxia response and lipid metabolism are two important
pathways that regulate the differentiation fate of MSCs [55–57]. HIF-1α,
a key mediator of the cellular response to hypoxia, has been shown to
promote the chondrogenic differentiation of MSCs by upregulating the
expression of SOX9, the critical transcription factor involved in chon-
drogenesis [58]. In addition, Nick van Gastel et al. revealed that FOXO
transcription factors can bind to the SOX9 promoter and increase its
expression, further initiating cartilage formation and inhibiting fatty
acid oxidation to regulate cellular lipid metabolism [56]. Therefore, we
utilized Western blot (WB) and immunofluorescence staining to eval-
uate the protein expression levels of HIF-1α, FOXO1, FOXO3, and SOX9
in SMSCs after A-T-M treatment to further validate the results obtained
from transcriptome sequencing. The WB results (Fig. 6A and B) indi-
cated that A-T-M significantly upregulated the expression of HIF-1α
(1.67-fold), FOXO1 (1.41-fold), FOXO3 (1.48-fold), and SOX9
(1.57-fold) in SMSCs compared to the control group. Similarly, immu-
nofluorescence images (Fig. 6C–F) showed that the fluorescence in-
tensity of the four proteins in SMSCs was greater after A-T-M treatment
than after the other treatments. Furthermore, the HIF-1 pathway in-
hibitor KC7F2 and the FOXO inhibitor AS1842856 prevented induction
of SOX9 during A-T-M treatment in SMSCs chondrogenic differentiation
(Fig. S10).

In summary, all the findings demonstrated that A-T-M can enhance
the chondrogenic differentiation of SMSCs by regulating the HIF-1α
signaling pathway and the FOXO signaling pathway to promote the
expression of SOX9 (Fig. 6G). As a multifunctional targeted delivery
system, A-T-M promoted the migratory ability of SMSCs and regulated
their differentiation into hyaline chondrocytes, paving the way for
enhancing the endogenous regeneration of AC.

2.6. A-T-M enhanced the endogenous repair capacity of AC in rats

We intra-articularly injected Cy3-labeled miR-140, T-M, and A-T-M
into the knees of the rats to evaluate the distribution and retention of T-
M and A-T-M in vivo. The images acquired by an in vivo fluorescence
imaging system at seven different time points (0, 15, 30, 45, 60, 90, and
120 min) after intra-articular injection (Fig. S11, Supporting Informa-
tion) demonstrated that the fluorescence intensity of the Cy3-T-M and

Fig. 4. A-T-M Promotes the Chondrogenic Differentiation of SMSCs to a
Hyaline Cartilage Phenotype A) Schematic diagram of the 3D spheroid cul-
ture model of SMSCs treated with A-T-M. B) Gene expression of Sox9, Col2a1,
and Acan in each group at 14 and 21 days as shown by RT‒PCR. C) H&E, SO,
AL, and immunohistochemical staining of Col2 and immunofluorescence
staining of Acan in single spheroids from different groups on day 21. D)
Quantitative analysis of H&E, SO, AL, and immunohistochemical staining of
Col2 and immunofluorescence staining of Acan. Scale bars: 50 μm and 250 μm.
E) Immunofluorescence staining images and quantitative analysis (of MMP-13,
Runx2, and Col10) of single spheroids from different groups on day 28. Scale
bar: 250 μm. F) Gene expression of Col10, Runx2, and MMP-13 in each group at
28 days, as shown by RT‒PCR. The data are presented as the mean ± SD (n =

3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001 (Groups: *: control,
#: tFNAs).
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Cy3-A-T-M groups was greater than that of the free Cy3-miR-140 group
over time. In addition, Cy3-A-T-M showed the greatest retention in the
joint at 120 min after intra-articular injection, indicating that the
Apt19S-modified tFNAs greatly enhanced the stability and effective time
of the miRNAs in the joint.

We then established a chondral defect model in rats (diameter: 2 mm,
depth: 1 mm) based on previous methods for in vivo research to gain a
deeper understanding of the effects of various treatments on AC
endogenous repair [59,60]. After the model was established, the same
volume of normal saline (negative control), tFNAs, miRNAs (250 nmol
of miR-140 or 250 nmol of miR-455), T-M and A-T-M was immediately
injected into the knee cavity once every 3 days for 12 weeks. Fig. 7A
shows a schematic diagram of the chondral defect model in rats and
treatment with A-T-M for 12 weeks. After intra-articular injection of
Cy3-labeled miRNAs, T-M, and A-T-M, immunofluorescence was

performed to evaluate the affinity of the A-T-M for MSCs within the first
week post-surgery. Regenerated tissue from the defect was collected,
and MSCs were specifically immunofluorescently labeled with the CD90
marker. Fluorescence was detected by confocal microscopy (Fig. 7B),
and the results of the quantitative analysis of CD90 and Cy3
double-positive cells (Fig. 7C) showed that, compared with that in the
control and T-M groups, a greater amount of red Cy3 fluorescence was
observed in the ATM group, which significantly overlapped with the
green fluorescence signal of MSCs. These findings indicate that the in-
jection of A-T-M significantly increases the number of MSCs at the defect
site and that the introduction of aptamers in tFNAs can substantially
enhance the affinity for MSCs. In addition, tFNAs improved the in vivo
migration of MSCs to the defect site and the delivery efficiency of
miRNAs to cells, which was consistent with the results of previous
studies [37,47]. In cases of AC injury, mobilizing endogenous MSCs to

Fig. 5. Intrinsic Mechanisms of A-T-M on SMSC Behavior. A) PCA of the samples in the two groups (n = 4). B) Venn diagram of gene expression between the two
groups. C) Scatter plot and D) cluster analysis of DEGs between the two groups. E) GO enrichment bar plots of DEGs. F) KEGG enrichment bar plots. G) KEGG
inhibition bar plots. H) GSEA enrichment analysis of fatty acid biosynthesis, the HIF-1 signaling pathway, the FOXO signaling pathway, and the TGF-BETA signaling
pathway between the A-T-M and control groups. I) Heatmap of genes related to cell chondrogenic differentiation. J) qRT–PCR analysis of genes associated with
cellular hypoxia regulation and chondrogenic differentiation. The data are presented as the mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01.
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the defect site is crucial for early repair. Notably, the endogenous
regeneration of articular cartilage relies on various types of mesen-
chymal stem cells rather than the action of a single cell type. The in vivo
target of A-T-M is not limited to SMSCs but broadly affects BMSCs. These
results demonstrated that A-T-M achieved targeted miRNA delivery to
MSCs in vivo and mobilized enough endogenous MSCs to the defect site,
providing a solid foundation for subsequent cartilage regeneration.

Rats were sacrificed at 6 and 12 weeks post-surgery for macroscopic
evaluation, microcomputed tomography (micro-CT), pathological
staining, and immunohistochemical analysis (Fig. 7A). As shown in
Fig. 7D, the appearance of the retrieved rat femoral trochlear samples
indicated that the control group, tFNA (T) group, and miRNA (M) group
still exhibited significant depressions in the regeneration area, with
uneven surfaces of the newly formed tissue and notable color differences
compared to the surrounding normal cartilage tissue at 6 and 12 weeks
post-surgery. Compared with those in the first three groups, the

regenerated tissue in the T-M group was closer to normal cartilage, but
there was still a distinct boundary with the surrounding tissue. The re-
generated tissue of the A-T-M group was significantly superior to that of
the other four groups, showing better integration and consistency with
the surrounding normal tissue. Based on the criteria provided by the
International Cartilage Repair Society (ICRS) for macroscopic evalua-
tion (Table S3, Supporting Information), the samples from each group
were scored at 6 and 12weeks post-surgery. The ICRS score (Fig. 7E) and
heatmap analysis (Fig. 7F) suggested that the regenerated cartilage tis-
sue of the A-T-M group had the highest ICRS overall scores at both 6 and
12 weeks post-surgery. Furthermore, micro-CT analysis and 3D recon-
struction were performed to assess the regeneration of subchondral bone
at the defect site. As shown in Fig. 7G, at 6 weeks post-surgery, the
control group, T group and M group contained only a small amount of
newly formed bone, demonstrating limited repair capability. The T-M
group and A-T-M group exhibited more consistent subchondral bone

Fig. 6. A-T-M Promotes the Chondrogenic Differentiation of SMSCs by Enhancing HIF1α and FOXO Signaling A) WB was used to determine the protein
expression of SMSCs (HIF-1α, FOXO1, FOXO3, and SOX9) under different treatment conditions. B) Quantitative analysis of the WB results. C–F) Immunofluorescence
detection of HIF-1α, FOXO1, FOXO3, and SOX9. Scale bar: 25 μm. G) Schematic diagram of the changes in SMSC chondrogenic differentiation promoted by A-T-M.
The data are presented as the mean ± SD (n = 3). Statistical analysis: ***p < 0.001 (Groups: *: control, #: T, @: M, &: T-M).
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repair. At 12 weeks post-surgery, the formation of subchondral bone in
the control group, T group, M group and T-M group improved compared
to that at 6 weeks post-surgery but still showed significant defects. At 12
weeks, the A-T-M group displayed the most continuous and complete
subchondral bone regeneration. Subsequently, we selected the region of
interest (ROI) to measure the bone volume/tissue volume (BV/TV;
Fig. 7H) and bone mineral density (BMD; Fig. 7I) of the target regen-
erated tissue. The results indicated that the control group had the lowest
BV/TV and BMD values at both 6 and 12 weeks, while the ATM group
achieved the best results at both time points.

To further confirm the therapeutic effect of A-T-M, we performed
various histological examinations (H&E, SO/Fast Green, toluidine blue,
and Col2 immunohistochemical staining) to assess the repaired tissue
histopathology at 6 and 12 weeks post-surgery. H&E staining (Fig. 8A)

revealed that, in the control group, no new tissue filled the defect, and
this finding was accompanied by collapse of the subchondral bone and
fibrous tissue filling the collapsed cavity. In the T and M groups, partial
new tissue filling was observed with uneven surfaces, distinct bound-
aries, and disorganized arrangement of spindle-shaped fibroblasts and a
few rounded chondrocytes in the filling tissue. The T-M group showed
completely filled cartilage-like tissue, which was thinner than the sur-
rounding cartilage and had a slightly rough surface. The A-T-M group
showed completely filled cartilage-like tissue, which was thinner than
the surrounding cartilage and had a smooth surface. The distribution of
the proteoglycans was investigated by SO/Fast Green (Fig. 8B) and to-
luidine blue (Fig. 9A) staining. Compared with the other four groups, the
A-T-M group had the greatest amount of positive staining at both time
points, indicating that the proteoglycan deposits were most abundant in
the ECM. Moreover, immunohistochemical staining was performed to
assess Col2 deposition and distribution (Fig. 9B). Compared with those
in the control, T, M and T-M groups, the deposition of Col2 in the re-
generated tissue was greater in the A-T-M group. Accordingly, Mankin
and Wakitani histological scoring (Table S4 and Table S5, Supporting
Information) was performed to assess the quality of the regenerated
cartilage in each group based on histopathological staining at 12 weeks
post-surgery. A heatmap analysis (Fig. 9C) and total score (Fig. 9E and F)
of the histological score showed that the regenerated cartilage was
better in the A-T-M group than in all the other groups (a better regen-
erative effect indicated a lower score). Notably, significant differences
were observed between the A-T-M dataset and other datasets via PCA,
suggesting that there were significant histological differences between
the A-T-M group and the other groups undergoing cartilage repair
(Fig. 9D). Specifically, the histological scores of individual parameters
further demonstrated that the application of A-T-M significantly
enhanced the individual parameters “structure”, “cellularity”, “cell
morphology”, “surface regularity”, “matrix staining”, and “thickness of
cartilage” (Fig. 9G–L).

In the following work, the distribution and orientation of regener-
ated collagen fibers in the newly formed cartilage tissue after 6 and 12
weeks of repair were observed using Sirius Red staining and polarized
light microscopy (Fig. 10A and Fig. S12). Collagen fiber tissue is a
crucial factor determining the biological function and mechanical per-
formance of AC [61]. Previous studies have shown that the collagen
fibers in the surface area of normal AC are arranged in an orientational
parallel-aligned arrangement, while those in the deep basal area are
arranged vertically [62]. Therefore, the orientation of regenerated
collagen fibers in two different regions (including surface and deep
zones) at 12 weeks was analyzed using ImageJ software, as depicted in
Fig. 10B and C. The control and M groups exhibited irregular distribu-
tions of collagen fibers on both the surface and in deep zones, whereas
the T and T-M groups showed some orientation. In the ATM group, the
most parallel-aligned arrangement was observed in the surface zone,
and the most vertical-aligned arrangement was observed in the deep
zone close to the normal cartilage.

To verify whether A-T-M can still inhibit the degeneration of MSC
chondrogenic differentiation in vivo, we employed immunohistochem-
istry and immunofluorescence to examine the expression of MMP13,
Col10, and Runx2, which are characteristic markers of chondrocyte
aging and hypertrophy (Fig. 10D and E). There was almost no expression
of MMP13, Col10, or Runx2 in the regeneration area of the A-T-M group
compared with that in the other groups, demonstrating that the appli-
cation of A-T-M successfully inhibited the generation of hypertrophic
chondrocytes. In addition, we performed H&E staining of the major
organs (heart, liver, spleen, lung, and kidney) of the rats in the different
groups at 12 weeks post-surgery to assess the biosafety of A-T-M in vivo
(Fig. S13, Supporting Information). The intra-articular injection of A-T-
M did not cause any pathological changes in these organs, indicating
that A-T-M not only has good biocompatibility and low biological
toxicity but also has excellent potential for clinical translational
applications.

Fig. 7. A-T-M Promotes the Endogenous Repair of AC in SD Rats. A)
Schematic diagram of the chondral defect model and treatment with A-T-M in
rats. B) Immunofluorescence images of Cy3+/CD90+ cells at the defect sites
taken by confocal microscopy at 1 week post-surgery. C) Quantitative analysis
of Cy3+/CD90+ cells at the defect sites. D) The gross appearance of the
different groups at 6 and 12 weeks post-operation. E) The ICRS macroscopic
repair score. F) Heatmap of the ICRS score (a: degree of defect repair, b: inte-
gration into the border zone, c: macroscopic appearance). G) The reconstructed
micro-CT images. H) Quantitative analysis of the BV/TV in the ROIs. I) Quan-
titative analysis of the BMD in the ROI. The data are presented as the mean ±

SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p < 0.001.
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Based on these results, A-T-M significantly enhances the endogenous
repair ability of rat knee joint cartilage after injury and successfully
blocks the hypertrophy of MSCs during the chondrogenic formation
process, which further improves the quality of regenerated cartilage.
The long-term stability and effectiveness of the regenerated cartilage
tissue in vivo, especially under normal wear and physiological stresses,
are crucial for cartilage repair. In the process of cartilage repair, the
formation of fibrocartilage significantly affects the surface lubrication
and mechanical strength of the cartilage, leading to accelerated wear of
regenerated cartilage tissue and increased risk of re-injury. Our pre-
liminary experimental results have indicated that the A-T-M system can
inhibit the formation of fibrocartilage. We will further assess the long-
term lubrication and mechanical properties, including tensile strength,
compressive modulus, and elasticity, of regenerated cartilage tissue
following extended A-T-M treatment cycles, and then compare them
with natural cartilage. In addition, we selected rats at 6–8 weeks of age
for in vivo experiments. Selecting this age range helps ensure consis-
tency and reliability in the results, as the animals are at a relatively
uniform stage of development, reducing variability related to age-
dependent changes in physiology. On the other hand, this allows the
assessment of the treatment efficacy in a biological context that mirrors
active regenerative processes, which is crucial for understanding the
potential benefits and mechanisms of the treatment in a scenario where
natural repair mechanisms are still operational. However, the high po-
tential for self-healing in this age group may influence the outcomes. In

future work, we plan to include older rats to mitigate the self-healing
effect and to provide a comparison across different age groups.

The development of more safe and efficient treatment strategies has
became a crucial research topic in the field of articular cartilage tissue
engineering. Compared to existing treatments like microfracture tech-
niques, autologous chondrocyte implantation (ACI) or other
biomaterial-based approaches, the A-T-M system is designed to be cost-
effective and application-easy by utilizing a single-stage procedure and
off-the-shelf materials that do not require extensive cell manipulation or
culturing. Certainly, following preclinical large animal validation, we
will design rigorously controlled clinical trials to compare patient out-
comes between the A-T-M system and traditional treatment methods. In
addition, we aslo will design rigorous control experiments to compare
the dual-miRNA system to other miRNA delivery systems including viral
vectors, liposomes, and other nanoparticle-based carriers, underscoring
the enhanced effectiveness of the dual-miRNA approach in promoting
cartilage regeneration. We believe this future comprehensive evaluation
couldsupports the potential of our system as a superior alternative in
cartilage repair research. Furthermore, an important limitation affecting
the application of the A-T-M system is large-scale production. The syn-
thesis process of the tFNA-miRNA complex has been optimized for
reproducibility and efficiency on a laboratory scale, using readily
available reagents and standard equipment, suggesting good potential
for upscaling. However, ensuring the consistency of oligonucleotide and
miRNA reagent quality during large-scale production and maintaining

Fig. 8. Histomorphological Evaluation of Repaired Cartilage in SD Rats. A) H&E staining, B) SO/Fast Green staining of the repaired tissue from different groups
at 6 and 12 weeks post-surgery (N represents normal cartilage, R represents repaired cartilage). Scale bars: 100 μm and 500 μm.
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the integrity of the tFNA-miRNA complex during the purification pro-
cess pose significant challenges. Despite these challenges, the increasing
advancements in nucleic acid synthesis technologies and scalable
manufacturing practices provide a promising outlook for the large-scale
production of tFNA-miRNA complexes.

3. Conclusion

We constructed a novel aptamer-tFNA delivery system for dual
miRNAs to improve current therapeutic strategies for AC injury, denoted
A-T-M; this system could incorporate the cellular targeting of Apt19S,
the biological advantages of tFNAs, and the cartilage regenerative po-
tential of miR-140-5p and miR-455-3p to enhance chondrogenic

differentiation of joint-resident MSCs and inhibit the hypertrophic
degenerative process for quality AC endogenous repair. A-T-M signifi-
cantly protected the stability of miRNAs and had sufficient effects on
MSCs, which improved the transmissibility of the tFNAs. A-T-M could
enhance the migratory ability of MSCs and increase their number at
defective sites, paving the way for endogenous cartilage regeneration. A-
T-M could also enhance the HIF-1α and FOXO signaling pathways to
promote MSC differentiation into stable chondrocyte phenotypes
accompanied by the inhibition of hypertrophic degeneration processes,
which promotes precise recovery of cartilage function. In addition, this
study demonstrated, for the first time, that miR-140-5p and miR-455-3p
had synergistic effects on MSC chondrogenic differentiation. Accord-
ingly, A-T-M represents a new cartilage regeneration strategy with

Fig. 9. Histomorphological Evaluation of Repaired Cartilage in SD Rats. A) toluidine blue staining, and B) type-II collagen immunohistochemical staining of the
repaired tissue from different groups at 6 and 12 weeks post-surgery (N represents normal cartilage, R represents repaired cartilage). Scale bars: 100 μm and 500 μm.
C) Heatmap of the histological parameters. D) PCA of histological scores among groups. E) Mankin histological total score. F) Wakitani histological total score. G)
Histological structure score. H) Histological cellularity score. I) Histological cell morphology score. J) Histological surface regularity score. K) Histological matrix
staining score. L) Histological thickness of the cartilage score. The data are presented as the mean ± SD (n = 3). Statistical analysis: *p < 0.05, **p < 0.01, ***p
< 0.001.
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essential clinical translational value, providing new insight and experi-
mental evidence in regenerative medicine.

4. Experimental section

4.1. Preparation and characterization of tFNAs and A-T-M

As previously described [63,64], tFNAs were rapidly self-assembled
from four predesigned ssDNA strands with equimolar concentrations
(S1, S2, S3 and S4; Table S1, Supporting Information) through a simple

Fig. 10. Evaluation of Collagen Fiber Orientation and Hypertrophic Degeneration of Repaired Cartilage in SD Rats Post-Surgery. A) Polarized light mi-
croscopy images of the regenerated area stained with Sirius Red in each group at 12 weeks post-surgery. Scale bars: 1 mm and 100 μm. B) Orientation and dispersion
of collagen fibers in the superficial and deep zones at defect sites. C) Polar coordinate analysis of the collagen fiber arrangement in the surface and deep zones. D)
Immunohistochemical (for MMP13 and Col10) and immunofluorescence (for Runx2) staining of the repaired tissue from different groups at 12 weeks post-surgery.
Scale bar: 500 μm. E) Quantitative analysis of immunohistochemical and immunofluorescence staining. The data are presented as the mean ± SD (n = 3). Statistical
analysis: *p < 0.05, **p < 0.01, ***p < 0.001 (Groups: *: control, #: A-T-M).
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program (95 ◦C for 10 min, 4 ◦C for 20 min). Then, miR-140-5p and
miR-455-3p were added to the 3′ ends of S1 and S2, respectively, to form
new S1 and S2 (S1-miR140 and S2-miR455, Table S1, Supporting In-
formation), and Apt19S was subsequently added to the 3′ end of S3
(S3-Apt19S, Table S1, Supporting Information). Next, T-140, T-455, T-M
and A-T-M were synthesized following the same steps as those used for
the tFNAs. The initial concentration of single-stranded DNA containing
miR-140 andmiR-455 was 100 μM. After synthesizing delivery system in
a 1:1 ratio, the concentration was 1 μM, with a final working concen-
tration of 250 nM. Finally, 8 % PAGE, HPCE, DLS, AFM and TEM were
performed to verify the successful synthesis and for observation of the
structures of A-T-M.

4.2. Cell culture

Rat SMSCs were purchased from Procell (Wuhan, China) and
cultured in fresh Dulbecco’s modified Eagle’s medium (DMEM)/F12
(Corning, USA) supplemented with 10 % FBS (Gibco, USA). The cells
were incubated and passaged in a constant temperature incubator (5 %
CO2 and 37 ◦C). Passages 1 to 3 of SMSCs were used in this study.

4.3. Cell uptake of A-T-M

Cy3-S1, Cy3-miR140, Cy3-T-M and Cy3-A-T-M (250 nm) were
cocultured with SMSCs for 12 h. Confocal laser microscopy and flow
cytometry were subsequently performed to determine the cellular up-
take rate.

4.4. Construction of a 3D spheroid culture model

Three-dimensional cell spheroids were constructed with an SMSC
suspension according to our previous study [37]. SMSCs in the experi-
mental group were treated with chondrogenic differentiation induction
medium (MSCgoTM; Biological Industries, Israel) containing T, M, T-M,
or A-T-M, while those in the control group were treated with pure in-
duction medium. The medium was refreshed every 3 days. The expres-
sion of Sox9, Col2a1, and ACAN in the different groups at 7 and 14 days
was analyzed via RT‒qPCR. After induction for 14 days, H&E staining,
SO staining, AL staining and type II collagen immunohistochemical
staining were performed to evaluate the degree of chondrogenic dif-
ferentiation. Finally, RT‒qPCR and immunofluorescence staining (for
MMP13, Runx2 and Col10) were used to evaluate hypertrophic degen-
eration at 28 days. A detailed description is provided in the Supporting
Information.

4.5. mRNA transcriptome sequencing

See the Supporting Information for a detailed description.

4.6. RT‒qPCR

Total RNA was extracted using a total RNA extraction kit (Vazyme,
Nanjing, China). The RNA was then reverse transcribed into cDNA using
a reverse transcription kit (Vazyme, Nanjing, China). Real-time quan-
titative RT‒qPCR was performed using SYBR Green I PCR Master Mix.
The corresponding primer sequences are listed in Table S2 (Supporting
Information), with the housekeeping gene GAPDH serving as a control.

4.7. Immunofluorescence assays

The samples were routinely fixed, blocked, and incubated overnight
with dilutions of the following primary antibodies: aggrecan (1:200;
Invitrogen), MMP13 (1:200; Proteintech), Runx2 (1:100; CST), Col 10
(1:200; Abcam), SOX9 (1:200; Abcam), HIF-1α (1:200; CTS), FOXO1
(1:200; CST), FOXO3 (1:200; Proteintech) and CD90 (1:100; Pro-
teintech). After 40 min of staining with fluorescent secondary

antibodies, the nuclei were stained with DAPI, and the cytoskeleton was
stained with phalloidin and visualized via fluorescence microscopy.

4.8. Western blotting

After routine protein lysis, denaturation, electrophoresis, and
membrane transfer, the membranes were blocked with blocking buffer
for 15 min. The membranes were subsequently incubated overnight at
4 ◦C with the following diluted primary antibodies: anti-β-actin (1:500,
Abcam), anti-SOX9 (1:500, Abcam), anti–HIF–1α (1:500, CTS), anti-
FOXO1 (1:500, CST), and anti-FOXO3 (1:500, Proteintech). The mem-
brane was incubated with the secondary antibody at room temperature,
after which the protein bands were visualized.

4.9. Rat AC defect model

This research was approved by the Institutional Animal Care and Use
Committee of PLA General Hospital. Thirty male rats (6–8 weeks old,
250–300g) were randomly divided into five groups (control, T, M, T-M
and A-T-M). The rats were anesthetized, and their skin was routinely
prepared and sterilized. The left knee joint cavity of the rat was opened,
and the femoral trochlea was exposed. A trephine was drilled proximal
to the medial collateral ligament in the center of the trochlear groove
(diameter: 2 mm, height: 1 mm), and the incision was closed layer by
layer. Intra-articular injections were given once every 3 days after sur-
gery. The specimens were harvested at 1, 6, and 12 weeks after surgery.

4.10. Macroscopic evaluation and Micro-CT analysis

The samples (3 animals per group) at 6 and 12 weeks post-surgery
were scored according to the ICRS guidelines for macroscopic evalua-
tion (Table S3, Supporting Information). The Explorer Locus SP system
(GE, Boston, MA, USA) was subsequently used to scan the samples.
Finally, 3D CT reconstruction of femur samples was performed, and the
BMD and BV/TV were calculated.

4.11. Histological staining and scores

A detailed description is provided in the Supporting Information.

4.12. Statistical analysis

The mean ± standard deviation (SD) (n ≥ 3) was used to express the
data. One-way analysis of variance (ANOVA) was used to assess the
differences between groups, followed by Tukey’s multiple testing
correction. The statistical software used for the data analysis was
GraphPad Prism 8.0 and ImageJ. A p value of less than 0.05 indicated
statistical significance.
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