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Abstract: Objective: To investigate whether induced pluripotent stem cell-derived exosomes (iExos) can repair car-
tilage damage after arthroscopic microfracture (MF) surgery by delivering microRNA (miR)-140-3p. Methods: iExos 
were extracted via ultracentrifugation. Bone marrow mesenchymal stem cells (BMSCs) were divided into control, 
iExos, negative control, and miR-140-3p inhibitor groups. Chondrogenic and hypertrophic markers were assessed. 
Forty Sprague-Dawley rats were randomized into control, sham, MF, and MF+iExos groups. Cartilage repair was 
evaluated by behavioral, biomechanical, histological, and immunohistochemical analyses. Results: In vitro, iExos 
upregulated chondrogenic markers (SOX9, COL2A1, ACAN) and downregulated hypertrophic markers (collagen type 
X alpha 1 chain, MMP13, RUNX2) in BMSCs (P<0.05), effects reversed by miR-140-3p inhibition (P<0.05). In vivo, 
the MF+iExos group showed improved gait parameters, joint range of motion, International Cartilage Regeneration 
and Joint Preservation Society gross score, elastic modulus, and relaxation modulus versus MF group (P<0.05), 
reaching near-sham levels. Histologically, the MF+iExos group exhibited thicker, smoother repair tissue, lower 
Mankin score, and higher glycosaminoglycan content (P<0.05). Immunohistochemistry revealed increased type II 
collagen (COL2) expression, decreased type I collagen (COL1) expression, and a higher COL2/COL1 ratio (P<0.05), 
also restored to near-sham levels. Conclusion: iExos promote chondrogenic differentiation of BMSCs and inhibit 
hypertrophy via miR-140-3p delivery, effectively repairing cartilage damage after arthroscopic MF, offering a novel 
therapeutic strategy for cartilage repair.
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Introduction

Articular cartilage injury is a common disease 
seen in sports medicine and orthopedics, often 
causing joint pain, functional impairment, and 
it can eventually develop into osteoarthritis, 
significantly affecting the quality of life of 
patients [1]. Due to the limited self-repairing 
capacity of joints, once full-thickness defects 
occur, spontaneous regeneration is difficult to 
achieve [2]. Arthroscopic microfracture (MF) 
surgery, is a method for treating injuries by 
inducing fibrocartilage repair [3, 4]. However, 
the fibrocartilage formed after MF surgery has 
much poorer biomechanical properties and 
wear resistance than native hyaline cartilage. 
Long-term follow-up results show that it carries 
a risk of degeneration and often fails to com-

pletely repair the defect area, limiting its appli-
cation effect in young or highly active patients 
[5, 6]. Therefore, exploring how to optimize the 
repair microenvironment after MF surgery, pro-
moting the differentiation of bone marrow  
mesenchymal stem cells (BMSCs) into hyaline 
cartilage and inhibiting their hypertrophy, has 
become a key issue in the regeneration of artic-
ular cartilage.

Exosomes, as an important medium for inter-
cellular communication, have attracted in- 
creasing research attention in recent years. 
Exosomes can regulate the functions of target 
cells by targeted delivery of bioactive molecules 
[7]. Exosomes derived from stem cells have 
similar repair capabilities as the parent cells, 
which makes them ideal carriers for cell-free 

http://www.ajtr.org
https://doi.org/10.62347/LNQN2685


Exosomal MicroRNA-140-3p for cartilage repair after microfracture

8351	 Am J Transl Res 2026;18(9):8350-8363

therapeutic strategies [8]. In particular, induced 
pluripotent stem cells (iPSCs) possess self-
renewal capacity and are not constrained by 
ethical concerns; accordingly, iPSC-derived 
exosomes (iExos) have attracted considerable 
attention in promoting tissue repair [9]. In the 
process of cartilage development and homeo-
stasis maintenance, microRNAs (miRNAs) play 
a crucial regulatory role. Among them, miRNA 
(miR)-140-3p is one of the miRNAs in the  
cartilage tissue, directly participating in the 
regulation of the balance between cartilage  
formation and degradation [10]. Studies have 
shown that miR-140-3p can promote the 
expression of chondrogenic markers by target-
ing genes such as histone deacetylase 4 
(HDAC4), while inhibiting the expression of 
hypertrophic-related factors, thereby maintain-
ing the phenotype of chondrocytes and inhibit-
ing the progression of osteoarthritis [11]. 
However, the simple delivery of miRNAs has 
problems such as instability in vivo and poor 
targeting. Utilizing stem cell exosomes can  
efficiently deliver miR-140-3p to BMSCs at the 
damaged site may be an effective strategy to 
enhance the quality of cartilage repair after MF.

Based on this background, this study estab-
lished a rat model of cartilage injury after MF 
surgery, and combined cell-level experiments 
to systematically investigate the regulatory 
effect of iPSCs-derived iExos in delivering  
miR-140-3p to promote the chondrogenic dif-
ferentiation of BMSCs. The aim is to provide a 
new theoretical basis and potential cell-free 
therapeutic strategies for the treatment of  
cartilage injury after MF surgery in clinical 
practice.

Materials and methods

Cell source, culture and processing

Cultivation of iPSCs: Human iPSCs were  
purchased from the Stem Cell Bank of the 
Chinese Academy of Sciences (lot No. SCSP-
305). The cells were cultured in mTeSR1 medi-
um (STEMCELL Technologies, Canada, lot No. 
85850) and placed in a cell culture incubator  
at 37°C and 5% CO2 (Thermo Fisher Scientific, 
USA, Model 3111). When cells reached 80% 
confluence, passage was performed using 0.5 
mM ethylenediaminetetraacetic acid (EDTA) 
(Invitrogen, USA, cat. No. 15575-038).

Chondrogenic differentiation of iPSCs: iPSCs 
were cultured in a three-dimensional micro-
sphere method. The cells were seeded at a 
density of 2.5 × 105 cells per sphere onto  
low-adhesion 96-well plates (Corning, USA,  
cat. No. CLS7007). The cells were cultured in 
chondrogenic induction medium (Gibco, USA, 
cat. No. 11965092) supplemented with 1% 
insulin-transferrin-selenium (BD Biosciences, 
USA, cat. No. 354352), 100 nM dexametha-
sone (Sigma-Aldrich, USA, cat. No. D4902), 10 
ng/mL TGF-β3 (PeproTech, USA, cat. No. 100-
36E) for 21 days.

Exosome extraction: The supernatant of iPSCs 
cultured under chondrogenic differentiation 
conditions for 21 days was collected. Exo- 
somes were isolated by differential ultracentri-
fugation. All centrifugation steps were per-
formed at 4°C. Briefly, the cell culture super- 
natant was collected and centrifuged at  
300×g for 10 min to remove cells, followed by 
2,000×g for 20 min to remove cell debris, and 
then 10,000×g for 30 min to remove large 
extracellular vesicles. The resulting superna-
tant was filtered through a 0.22-μm pore filter 
(Millipore, USA) and then ultracentrifuged at 
100,000×g for 70 min (Beckman Coulter, 
Optima XE-90, rotor Type 70 Ti) to pellet the 
exosomes. The pellet was washed with phos-
phate-buffered saline (PBS) and re-ultracentri-
fuged at 100,000×g for 70 min. The final exo-
some pellet was resuspended in sterile PBS 
and stored at -80°C until use. All ultracentrifu-
gation steps were carried out at 4°C. The  
supernatant of iPSCs without chondrocyte dif-
ferentiation induction was extracted for exo-
somes using the same method as a negative 
control (iExos-NC; exosomes from non-induced 
iPSCs). Transmission electron microscopy, 
Western blotting for exosomal markers (CD63, 
TSG101, and Alix), and nanoparticle tracking 
analysis were performed to characterize the 
isolated exosomes (Supplementary Figure 2). 
The quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) results 
showed that, compared with iExos-NC (P= 
0.0004) and the parental iPSCs (P=0.00011), 
the level of miR-140-3p in iExos was signifi- 
cantly increased. These results confirm that 
after iPSCs undergo chondrogenic induction, 
miR-140-3p was specifically enriched in the 
secreted exosomes. See Supplementary Figure 
1A.
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Isolation and culture of BMSCs: After the male 
Sprague-Dawley (SD) rats (weighing 80-100 g, 
purchased from Beijing Vitogen Life Sciences 
Co., Ltd.) were sacrificed, the femurs and  
tibias were isolated under aseptic conditions. 
The epiphyseal ends were cut off, and the  
bone marrow cavities were repeatedly rins- 
ed with Dulbecco’s Modified Eagle Medium/
Ham’s F-12 Nutrient Mixture (Gibco, USA, cat. 
No. 11320033) containing 10% fetal bovine 
serum and 1% penicillin-streptomycin (cat. No. 
15140122). The collected cells were filtered 
through a 200-mesh filter and centrifuged 
(300×g, 5 min) before being resuspended in 
complete medium and culturing in a 37°C, 5% 
CO2 incubator. The medium was changed after 
48 hours, removing the non-adherent cells. 
When cells reached 80% confluence, 0.25% 
trypsin-EDTA (Gibco, USA, cat. No. 25200072) 
was used to digest and passage the cells.  
The qRT-PCR results showed that compared 
with the iExos-NC group (P=0.00026), the  
level of miR-140-3p in BMSCs after iExos  
treatment was significantly increased, indicat-
ing that iExos can effectively deliver miR-140-
3p to the receptor BMSCs (Supplementary 
Figure 1B).

Chondrogenic induction group of BMSCs:  
When cells reached 80% confluence, the medi-
um was replaced with chondrogenic induction 
medium (Dulbecco’s Modified Eagle medium, 
same as above). Cells were divided into the  
following four groups and cultured for 21 days: 
(1) Control group (routine culture); (2) iExos 
group (chondrogenic induction medium sup- 
plemented with 80 μg/mL iExos); (3) iExos-NC 
group (chondrogenic induction medium sup- 
plemented with 80 μg/mL iExos-NC); and (4) 
miR-140-3p inhibitor group (chondrogenic 
induction medium supplemented with 80 μg/
mL iExos and 50 nM miR-140-3p inhibitor; 
RiboBio, Guangzhou, China, cat. No. miR200- 
00131-1-5). The corresponding treatments 
were freshly prepared and added to the cul- 
ture medium at each medium change (every 3 
days) throughout the 21-day culture period.

Animal sources and grouping

Experimental animals and ethics: Specific 
pathogen-free male SD rats, 12-16 weeks  
old, weighing 300-400 g, were purchased from 
Beijing Vitogen Laboratory Animal Technology 

Co., Ltd. (License No. SCXK (Beijing) 2024-
0008). All animals were housed in a const- 
ant temperature (22±2°C), constant humidity 
(50%±10%), 12-hour light/12-hour dark cycle 
environment. The experimental protocol was 
approved by the Experimental Animal Ethics 
Committee of the Chinese People’s Liberation 
Army General Hospital (2024-012-01).

Animal grouping: Forty SD rats were randomly 
divided into four groups using a random num-
ber table: (1) control group (untreated); (2) 
sham group (joint cavity opened without de- 
fect creation); (3) MF group (cartilage defect+ 
MF surgery); and (4) MF+iExos group (cartilage 
defect + MF surgery + local injection of 50 μL 
iExos at 100 μg/mL immediately after surgery) 
[12]. To account for potential uncontrollable 
factors (e.g., postoperative infection and sam-
ple processing failure) and the different re- 
quirements of various destructive tests, the  
initial sample size was set at 10 rats per group. 
At 12 weeks post-surgery, following euthana-
sia, six rats from each group were randomly 
selected for biomechanical testing, and histo-
logical and immunohistochemical analysis. The 
remaining samples were reserved as backups 
in case of processing failures.

Arthroscopic MF surgery modeling

Rats were anesthetized by intraperitoneal  
injection of 3% pentobarbital sodium (Sigma-
Aldrich, USA, cat. No. P3761) at a dose of 40 
mg/kg. They were placed in a supine position 
and prepared and disinfected. A parapatellar 
incision was made on the inner side of the  
knee joint, and under the assistance of the 
arthroscopic system (Karl Storz, Germany, 30° 
arthroscopy), the intercondylar fossa of the 
femur was exposed. A full-thickness cartilage 
defect reaching the subchondral bone was  
created using a micro-bone drill (diameter 0.8 
mm, Stryker, USA) on the femoral condyle. 
Then, a 1.0-mm Kirschner wire was inserted 
into the subchondral bone until fat droplets 
exuded. The sham surgery group only opened 
the joint cavity without creating the defect  
or performing MF treatment. The MF+iExos 
group immediately injected 50 μL of exosome 
suspension (concentration 100 μg/mL, con-
taining miR-140-3p) at the defect site after  
MF, while the MF group injected the same vol-
ume of PBS. The rats were housed in individual 
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cages and allowed free movement after the 
surgery.

Western blot analysis

After 21 days of chondrogenic induction of 
BMSCs, cells were washed twice with cold  
PBS and lysed with radioimmunoprecipitation 
assay lysis buffer (Beyotime, cat. No. P0013B) 
containing protease and phosphatase inhibi-
tors on ice for 30 min. The lysates were centri-
fuged at 12,000×g for 15 min at 4°C, and  
the supernatants were collected. Protein con-
centrations were determined using a bicincho-
ninic acid assay. Equal amounts of protein  
(20 μg per lane) were separated by sodium 
dodecyl sulfate-polyacrylamide gel electro- 
phoresis and transferred onto polyvinylidene 
difluoride membranes (Millipore, cat. No. 
IPVH00010). The membranes were incubated 
overnight at 4°C with primary antibodies 
against SRY-box transcription factor 9 (SOX9; 
cat. No. ab185230; 1:1000), collagen type II 
alpha 1 chain (COL2A1; cat. No. ab34712; 
1:1000), aggrecan (ACAN; cat. No. ab36896; 
1:1000), collagen type X alpha 1 chain (COLX; 
cat. No. ab58632; 1:1000), matrix metal- 
lopeptidase 13 (MMP13; cat. No. ab39012; 
1:1000), runt-related transcription factor 2 
(RUNX2; cat. No. ab23981; 1:1000), and 
β-actin (cat. No. ab8226; 1:2000; all from 
Abcam, UK). After washing, the membranes 
were incubated with horseradish peroxidase-
conjugated secondary antibody (1:5000; cat. 
No. ab205718; Abcam, UK) at room tempera-
ture for 1 hour. Protein bands were visualized 
using an enhanced chemiluminescence lumi-
nescent reagent (Millipore, USA, cat. No. 
WBKLS0500).

qRT-PCR

The RNA concentration and purity were de- 
tected using NanoDrop 2000 (Thermo Fisher 
Scientific, USA). Reverse transcription was  
performed according to the manufacturer’s 
instructions for PrimeScrip RT Master Mix 
(TaKaRa, Japan, cat. No. RR036A), with reac-
tion conditions of 37°C for 15 min and 85°C  
for 5 s. Quantitative PCR was conducted using 
TB Green Premix Ex Taq II (TaKaRa, Japan,  
cat. No. RR820A) on the QuantStudio 5 Real-
Time PCR System (Applied Biosystems, USA), 
with reaction conditions: initial denaturation at 
95°C for 30 s, followed by 40 cycles of 95°C  
for 5 s and 60°C for 34 s. Glyceraldehyde-3-
phosphate dehydrogenase was used as the 
internal reference, and the relative expression 
of the target gene was calculated using the 
2-ΔΔCt method. The primer sequences are shown 
in Table 1.

Behavioral observation

At 4, 8, and 12 weeks post-surgery, gait analy-
sis was conducted using the CatWalk gait  
analysis system [13], and hindlimb gait param-
eters, including stand time, swing time, and 
stride length, were recorded. At the same time, 
joint range of motion was evaluated using a 
joint mobility score. Two independent re- 
searchers blinded to the grouping passively 
flexed and extended the rats’ knees, and the 
range of motion was graded on a scale of 0  
to 3 (0, free movement; 1, mild restriction; 2, 
moderate restriction; 3, severe restriction). The 
average of the two scores was used as the final 
score.

Table 1. Quantitative PCR primer sequences
Gene name Forward primer (5’-3’) Reverse primer (3’-5’)
SOX9 GGCAAGCTCTGGAGACTTCTG CCCGTTCTTCACCGACTTCC
COL2A1 AAGGATGGCTGCACGAAACA TGTCCATGGGTGCAATGTCAA
ACAN ACACTGGCGAGCACTGTAAC GCTGGGAAGGCATAAGCATGT
COLX GAGATGCATTTGGAGGTAGG GATTGCTGAGTGCTCCGGAG
MMP13 AACCAGATGTGGAGTGCCTGATG CACATCAGACCAGACCTTGAAGGC
RUNX2 CCACCACTCACTACCACACG GGACGCTGACGAAGTACCAT
GAPDH CCTCTGACTTCAACAGCGACA GTTGTCATACCAGGAAATGAGCTTG
Note: PCR, polymerase chain reaction; SOX9, SRY-box transcription factor 9; COL2A1, collagen type II alpha 1 chain; ACAN, ag-
grecan; COLX, collagen type X alpha 1 chain; MMP13, matrix metallopeptidase 13; RUNX2, runt-related transcription factor 2; 
GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Animal euthanasia and sample collection

At 12 weeks post-surgery, all rats were deeply 
anesthetized by intraperitoneal injection of  
3% pentobarbital sodium at a dose of 100 mg/
kg. After confirming loss of the pedal and cor-
neal reflexes, euthanasia was performed by 
intraperitoneal injection of an overdose of  
pentobarbital sodium (200 mg/kg). Death was 
confirmed by cessation of heartbeat and re- 
spiration for at least 5 min, as well as absence 
of response to toe pinch. The incision was 
reopened along the original surgical site, and 
the knee joint was exposed. The hindlimb and 
knee joint tissues were harvested. The joint 
surface repair was observed under a stereomi-
croscope, and the International Cartilage 
Regeneration and Joint Preservation Society 
(ICRS) gross score was assessed. Specimens 
of the distal femur and proximal tibia were  
fixed in 4% paraformaldehyde (Biosharp,  
China, cat. No. BL539A) for 48 hours, then 
decalcified in 10% EDTA solution (Sigma-
Aldrich, USA, cat. No. E6758) for 3 weeks. The 
decalcification solution was changed every 3 
days.

Biomechanical testing and histological scoring

Samples were harvested from the repaired  
cartilage areas of the distal femur in each 
group. Samples were cut into cylindrical speci-
mens (3 × 3 × 2 mm; n=6 per group). The spe- 
cimens were tested using a dynamic mechani-
cal analyzer. Before testing, the specimens 
were immersed in PBS for 30 min to equilib- 
rate. The test parameters were as follows: com-
pression mode, preload 0.1 N, frequency 1 Hz, 
and temperature 25°C. The elastic modulus 
and relaxation modulus were recorded.

Two independent researchers blinded to the 
grouping assessed the femoral condyle carti-
lage defects using the ICRS gross scoring crite-
ria [14]. The scoring criteria included defect 
repair, integration with surrounding cartilage, 
and surface architecture of the repaired 
tissue.

Histological and immunohistochemical analy-
sis

Tissue embedding and sectioning: After decal-
cification, the specimens were dehydrated  
with graded ethanol and embedded in paraffin 

(Leica, Germany, EG1150H). Serial coronal sec-
tions were cut at a thickness of 4 μm, adhered 
to anti-drying slides (Thermo Fisher Scientific, 
USA, cat. No. 4951PLUS4), and left to dry at 
60°C for 2 hours before being stored.

Hematoxylin-eosin (HE) staining: The sections 
were deparaffinized to water. The tissue was 
stained with hematoxylin (Beijing Zhongshan 
Jinqiao, cat. No. ZLI-9610), followed by eosin 
(Wuhan Saiwei, cat. No. G1002) for 1 min, 
dehydrated with gradient ethanol, cleared, and 
the cartilage repair tissue was observed under 
a light microscope (Olympus BX53, Japan). A 
semi-quantitative assessment of the degree  
of cartilage degeneration was performed using 
the Mankin scoring system [15]. This scoring 
system evaluates from four aspects: (1) tissue 
structure (0-3 points); (2) cell number and dis-
tribution (0-3 points); (3) matrix staining with 
toluidine blue or safranin O (0-3 points); and  
(4) integrity of the marginal line (0-1 point), with 
a total score ranging from 0 to 14 points. A 
higher score indicates more severe cartilage 
degeneration. To ensure objectivity and repro-
ducibility, all sections were independently eval-
uated and scored by two pathologists with ten 
years of experience who were blinded to the 
experimental groups. The average score of the 
two was taken as the final statistical value.

Scarlet O and quin green staining: After the 
section was deparaffinized to water, it was 
immersed in quin green staining solution  
(Sival, China, cat. No. G1285) for 5 min. Excess 
staining solution was washed off with acetic 
acid, and then the section was stained with 
Scarlet O staining solution (Sival, China, cat. 
No. G1285) for 3 min. It was then rapidly  
dehydrated, cleared, and sealed. The positive 
area of Scarlet O staining was analyzed using 
ImageJ software (NIH, USA) to calculate the 
relative glycosaminoglycan (GAG) content.

Immunohistochemical staining: The sections 
were deparaffinized to water and incubated 
with 3% H2O2 for 10 min. Antigen retrieval was 
performed using sodium citrate buffer 
(Zhongshan Golden Bridge, China) in a micro-
wave oven for 10 min, and then the sections 
were blocked with 10% goat serum for 30 min. 
Primary antibodies were added: rabbit anti-rat 
COL2A1 antibody (1:200, Abcam, UK, cat. No. 
ab34712) and rabbit anti-rat collagen type I 
alpha 1 chain antibody (1:200, Abcam, UK, cat. 
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No. ab260043). The samples were incubated 
at 4°C overnight. Then, horseradish peroxi-
dase-labeled goat anti-rabbit secondary anti-
body (1:500, Abcam, UK, cat. No. ab205718) 
was added for 30 min. 3,3’-diaminobenzidine 
staining (Beyotime, China, cat. No. P0203), 
hematoxylin counterstaining, dehydration and 
mounting were performed. The positive stain-
ing integral optical density was analyzed using 
ImageJ software, and the type II collagen/type I 
collagen (COL2/COL1) ratio was calculated.

Statistical analysis

Statistical analyses were performed using 
Statistical Package for the Social Sciences 
27.0.1 (IBM, USA). The Shapiro-Wilk test was 
used to assess data normality, and Levene’s 
test was used to assess homogeneity of vari-
ances. Normally distributed continuous vari-
ables are reported as mean ± standard devia-
tion; non-normally distributed variables are 
reported as median (interquartile range). One-
way analysis of variance was used for com- 
parisons among multiple groups, and indepen-
dent-samples t-tests were used for two-group 
comparisons, when data met normality and 
homogeneity of variance assumptions. For 
data that violated normality or homogeneity of 
variance, the Kruskal-Wallis test was used  
for multiple groups, and the Mann-Whitney U 
test was used for two-group comparisons. All 
experiments were independently repeated at 
least three times. Statistical significance was 
defined as P<0.05.

Results

iExos promotes chondrogenesis of BMSCs and 
inhibits hypertrophy in vitro through miR-140-
3p

To verify the regulatory effect of iExos on the 
differentiation direction of BMSCs, we exam-
ined the expression of chondrogenic markers 
(SOX9, COL2A1, ACAN) and hypertrophic mark-
ers (COLX, MMP13, RUNX2). Compared with 
the control group, the protein and mRNA levels 
of chondrogenic markers in BMSCs treated 
with iExos were significantly increased (SOX9, 
P=0.0002; COL2A1, P=0.0001; ACAN, P= 
0.0003), while the levels of hypertrophic mark-
ers were significantly decreased (COLX, P= 
0.0004; MMP13, P=0.0005; RUNX2, P= 
0.0006). In contrast, no significant differences 
were observed between the iExos-NC group 

and the control group (all P>0.05). Further- 
more, when the miR-140-3p inhibitor was 
added together with iExos, the above chon- 
drogenic effects were significantly reversed, as 
evidenced by decreased chondrogenic marker 
expression and increased hypertrophic marker 
expression (all P<0.05), indicating that the 
function of iExos depends on the delivery of 
miR-140-3p (Figure 1).

Intra-articular injection of iExos significantly 
improves joint function in rats after MF surgery

Postoperative functional recovery was evaluat-
ed using CatWalk gait analysis and joint range 
of motion scoring. At 12 weeks post-surgery, 
compared with the sham group, standing time 
(P=0.00015) and stride length (P=0.0008) 
were significantly decreased in the MF group, 
whereas the joint range of motion score 
(P=0.0003) and swing time (P=0.0004) were 
significantly increased. Moreover, standing 
time (P=0.00017), and stride length (P= 
0.00012) were significantly improved in the 
MF+iExos group compared with the MF group, 
whereas swing time (P=0.0009) and joint  
range of motion score (P=0.0006) were signifi-
cantly decreased, reaching levels comparable 
to those in the sham group (Figure 2).

iExos improves the biomechanical properties 
and gross appearance scores of repaired car-
tilage

The ICRS gross scores and biomechanical test 
results showed that the ICRS gross score 
(median 4.00), elastic modulus (2.91±0.11 
MPa), and relaxation modulus (1.38±0.08 MPa) 
in the MF group were significantly lower than 
those in the sham group (all P<0.001). All  
these parameter were significantly improved  
in the MF+iExos group: the ICRS gross score 
increased to 10.00 (P=0.00001 vs. MF group), 
the elastic modulus increased to 7.23±0.15 
MPa (P<0.001), and the relaxation modulus 
increased to 3.57±0.11 MPa (P<0.001), indi-
cating that iExos-treated repair tissue acquired 
mechanical properties closer to those of native 
cartilage (Table 2).

iExos improves the structural integrity and ex-
tracellular matrix quality of repaired tissue

HE staining showed that the repaired tissue in 
the MF group had a rough surface and disor-
dered structure, with a Mankin score of 
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(9.5±1.0), which was significantly higher than 
that of the sham group (P<0.001). The repair- 
ed tissue in the MF+iExos group was thicker, 
smoother, and the cell arrangement was more 
dense, with a Mankin score of (4.2±0.8), which 
was significantly lower than that of the MF 
group (P=0.00024) (Figure 3). Periodic acid-
Schiff staining showed that the GAG content in 
the MF group was significantly lower than that 
in the sham group (P=0.000015), while the 
GAG content in the MF+iExos group signifi- 
cantly increased (P=0.00018 vs. MF group), 
approaching the level of the sham group  
(Figure 4).

iExos promotes a hyaline cartilage-specific col-
lagen phenotype

Immunohistochemical staining showed that in 
the joint cartilage of the sham and the control 
groups, COL2 was highly expressed, whereas 
COL1 was barely expressed. In the MF group, 
COL1 was highly expressed and COL2 was 
weakly expressed, and the COL2/COL1 ratio 
was significantly decreased (P=0.000022 vs. 
sham group). In contrast, in the MF+iExos 
group, COL2 expression was significantly 
increased, whereas COL1 expression was 
decreased, and the COL2/COL1 ratio was sig-

Figure 1. Chondrogenic and hypertrophic marker expression. A. Protein expression of SOX9, COL2A1, ACAN, and 
β-actin in BMSCs. B. Quantification of SOX9, COL2A1, and ACAN protein expression in BMSCs. C. Protein expression 
of COLX, MMP13, RUNX2, and β-actin in BMSCs. D. Quantification of COLX, MMP13, and RUNX2 protein expression 
in BMSCs. E. mRNA expression levels of SOX9, COL2A1, ACAN, COLX, MMP13, and RUNX2 in BMSCs. ***P<0.001; 
**P<0.01; *P<0.05. n=3 per group. Abbreviations: BMSCs, bone marrow mesenchymal stem cells; SOX9, SRY-box 
transcription factor 9; COL2A1, collagen type II alpha 1 chain; ACAN, aggrecan; COLX, collagen type X alpha 1 chain; 
MMP13, matrix metallopeptidase 13; RUNX2, runt-related transcription factor 2; β-actin, beta-actin; miR/mRNA, 
microRNA; iExos, induced pluripotent stem cell-derived exosomes; iExos-NC, exosomes from non-induced induced 
pluripotent stem cells.
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nificantly higher than that of the MF group 
(P=0.00009), reaching a level comparable to 
that of the sham group (Figure 5).

Discussion

The repair of joint cartilage damage remains a 
major challenge in both sports medicine and 

and it is capable of driving the expression of 
pro-chondrogenic genes, including COL2A1 
and ACAN [20]. In contrast, markers such as 
COLX, MMP13, and RUNX2 are characteristic 
of chondrocyte hypertrophy and terminal differ-
entiation. Elevated expression of these factors 
is typically associated with the formation of 
fibrocartilage or the development of osteoar-

Figure 2. Behavioral observation parameters. (A-C) Standing time, swing 
time, and stride length in the four groups at 4, 8, and 12 weeks post-surgery. 
(D) Joint range of motion scores in the four groups at 4, 8, and 12 weeks 
post-surgery (Since the control group is normal, the score value is 0, so the 
bar chart is not shown in (D). ***P<0.001. n=10 per group. Abbreviations: 
MF, microfracture; iExos, induced pluripotent stem cell-derived exosomes; 
miR, microRNA.

regenerative medicine [16, 
17]. MF is currently the clini- 
cal treatment for cartilage de- 
fects; however, the fibrous 
cartilage it generates is mark-
edly inferior in both mechani-
cal properties and tissue st- 
ructure when compared with 
native hyaline cartilage, lead-
ing to limited long-term effica-
cy [16, 17]. In recent years, a 
cell-free therapeutic strategy 
based on iExos to has been 
used to optimize the post-MF 
repair microenvironment. This 
strategy harnesses the regen-
erative efficacy of stem cells 
while offering the advantage 
of low immunogenicity [18]. In 
the present study, we demon-
strated that iExos can effec-
tively deliver miR-140-3p, the- 
reby inducing chondrogenic 
differentiation of BMSCs in 
vitro and concurrently sup-
pressing their hypertrophic 
differentiation. In vivo, treat-
ment with iExos improved the 
gait function, joint range of 
motion, quality of the repaired 
cartilage tissue, and biome-
chanical properties of rats fol-
lowing MF surgery, ultimately 
restoring these parameters to 
near-normal levels.

During cartilage tissue forma-
tion, the ultimate nature of  
the repaired tissue is largely 
governed by the equilibrium 
between chondrocyte differ-
entiation and the subsequent 
process of hypertrophy [19]. 
SOX9 serves as a master tran-
scription factor that preserves 
the chondrocytic phenotype, 
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Table 2. ICRS gross score and biomechanical testing
Control (n=6) Sham (n=6) MF (n=6) MF+iExos (n=6) H/F P

ICRS score (score) 12.00 (11.00, 12.00) 12.00 (11.00, 12.00) 4.00 (3.00, 5.00)a 10.00 (9.00, 10.25)b 19.699 <0.001

Elastic modulus (MPa) 8.63±0.13 8.49±0.09 2.91±0.11a 7.23±0.15b 51.600 <0.001

Relaxation modulus (MPa) 4.30±0.09 4.18±0.08 1.38±0.08a 3.57±0.11b 32.190 <0.001
Note: Compared with the sham group, aP<0.001; compared with the MF group, bP<0.001. Abbreviations: ICRS, International Cartilage Regeneration and Joint Preservation 
Society; MF, microfracture; iExos, induced pluripotent stem cell-derived exosomes.

Figure 3. HE staining. A. HE staining images of the four groups. B. Mankin scores of the four groups. ***P<0.001. 
n=6 per group. Abbreviations: HE, hematoxylin-eosin; MF, microfracture; iExos, induced pluripotent stem cell-derived 
exosomes.

Figure 4. Scarlet O and quin green staining. A. Scarlet O and quin green staining images of the four groups. B. GAG 
content in the four groups. ***P<0.001. n=6 per group. Abbreviations: GAG, glycosaminoglycan; MF, microfracture; 
iExos, induced pluripotent stem cell-derived exosomes.
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thritis-like degenerative changes [21]. iExos 
treatment upregulated the expression of  
SOX9, COL2A1 (P<0.05), and ACAN in BMSCs, 
while it downregulated the expression of  
COLX, MMP13, and RUNX2 (P<0.05), while the 
iExos-NC group showed no statistically sig- 
nificant differences in the levels of SOX9, 
COL2A1, ACAN, COLX, MMP13, and RUNX2 
compared to the control group (P>0.05). This 
result indicated that iExos can effectively  
guide BMSCs to differentiate into hyaline carti-
lage and inhibit their hypertrophy process, 
while the simple exosome carrier (iExos-NC)  
did not possess such regulatory capabilities. 
This difference may be due to the fact that the 
exosomes derived from iPSCs after induction 

specifically enriched key effector molecules 
such as miR-140-3p, while the uninduced exo-
somes lacked such components. Therefore, in 
this study, exosomes derived from iPSCs after 
induction were used, which could eliminate 
non-specific carrier effects and clearly attri-
bute the biological function of iExos to the  
functional delivery of miR-140-3p, thereby 
enhancing the reliability of the results and  
the specificity of mechanism interpretation. 
Additionally, this effect was reversed after the 
addition of miR-140-3p inhibitor, suggesting 
that miR-140-3p is the key effector molecule 
for iExos to exert the aforementioned regulato-
ry functions. This finding is highly consistent 
with the recent research results in an osteoar-

Figure 5. Immunohistochemical stain-
ing. A. COL1 staining images of the 
four groups. B. COL2 staining images 
of the four groups. C. Quantification of 
the COL2/COL1 ratio in the four groups. 
***P<0.001. n=6 per group. Abbrevia-
tions: COL1, type I collagen; COL2, type 
II collagen; MF, microfracture; iExos, 
induced pluripotent stem cell-derived 
exosomes.
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thritis model, which also confirmed that miR-
140-3p can maintain homeostasis of chondro-
cytes by targeting HDAC4 [22]. A plausible 
underlying mechanism is that miR-140-3p 
exerts its regulatory effects by directly bind- 
ing to 3’-UTR of HDAC4 or ADAMTS-5 [23, 24]. 
This interaction subsequently relieves the  
transcriptional repression of SOX9, thereby  
promoting its activity. At the same time, it 
blocks the activation of downstream signaling 
pathways that drive chondrocyte hypertrophy 
[23, 24]. Therefore, as a naturally occurring 
delivery vehicle, iExos can efficiently transport 
miR-140-3p into BMSCs. This capability pro-
vides a precise molecular strategy for optimiz-
ing the fate regulation of repair cells following 
MF surgery. Moreover, given their low immuno-
genicity and good biocompatibility, iExos hold 
clear promise for future translation into cell-
free therapies.

The recovery of joint function following MF sur-
gery serves as a key clinical indicator for 
assessing the effectiveness of cartilage repair 
[25]. Because any repair procedure is to re- 
store pain-free joint mobility and normal activi-
ty levels, functional outcome measures are 
often regarded as more directly relevant than 
radiographic or histological parameters [25]. In 
this study, standing time and stride length 
decreased, whereas joint range of motion  
score and swing time increased in the MF  
group compared with the sham group. In the 
MF+iExos group, standing time and stride 
length increased compared with the MF group, 
while joint range of motion score and swing 
time decreased, suggesting that iExos inter-
vention promotes functional recovery. Gait 
analysis, is one of the gold-standard methods 
for evaluating joint function recovery, and the 
improvement of its results directly reflects the 
enhancement of the animal’s in vivo activity 
ability [26]. The biomechanical test results of 
this study showed that the elastic and relax-
ation modulus of the joint cartilage in MF  
group were reduced, which is consistent with 
the characteristic of poor mechanical perfor-
mance of fibrocartilage [27]; while the two  
moduli in the MF+iExos group were recovered. 
The elastic modulus and relaxation modulus 
are key parameters reflecting the compres- 
sive resistance and energy dissipation ability of 
cartilage, and their recovery to a near-normal 

level confirms from a biomechanical perspec-
tive that iExos promotes the formation of more 
hyaline cartilage-like repair tissues. A previous 
investigation has reported that exosomes  
originating from mesenchymal stem cells can 
facilitate the repair of cartilage defects [28]. 
The results obtained are consistent with those 
observations. The reason may be that iExos 
regulates the differentiation direction of  
BMSCs through miR-140-3p, making the new 
repair tissue rich in COL2 and GAG, thereby 
being structurally and functionally closer to 
native cartilage.

Histological assessment is the direct basis for 
evaluating cartilage repair [29]. In this study, 
HE staining showed that the repair tissue in  
the MF group had a rough surface and uneven 
structure, while the repair tissue in the 
MF+iExos group was thicker, smoother, and 
had a more dense cell arrangement. The 
Mankin score was reduced (P<0.05), indicating 
a reduction in the degree of tissue degenera-
tion. Scarlet O and quin green staining further 
revealed that the content of GAG in the MF 
group was decreased, while the GAG content  
in the MF+iExos group increased, approaching 
the level of the sham group. GAG is an impor-
tant component of the extracellular matrix, and 
its content is closely associated with cartilage 
integrity and function [30]. Taken together, the 
above findings regarding tissue morphology 
and matrix composition preliminarily suggest 
that treatment with iExos is capable of im- 
proving both the structural integrity and the 
extracellular matrix quality of cartilage repair 
tissue following MF surgery. This observation  
is in line with prior histological studies on post-
MF repair, which have consistently reported 
that the tissue regenerated after MF surgery 
tends to be predominantly fibrocartilaginous in 
nature, often displaying an irregular surface 
and only limited deposition of GAGs [31]. 
Nevertheless, while conventional staining 
methods such as HE and Safranin O-Fast  
Green are effective at revealing overall tissue 
architecture and matrix composition, they fall 
short of clearly distinguishing the specific  
phenotypic identity of the repaired tissue. 
Consequently, accurate phenotypic identifica-
tion necessitates the incorporation of addition-
al assessments based on collagen type-specif-
ic characteristics.
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Therefore, this study further examined the lev-
els of COL1 and COL2 in repaired tissues. 
Immunohistochemical results showed that in 
MF group, COL1 was highly expressed and 
COL2 was lowly expressed (P<0.05), and the 
COL2/COL1 ratio was decreased (P<0.05),  
presenting typical features of fibrocartilage; 
while in the MF+iExos group, COL2 expres- 
sion was increased, COL1 expression was 
decreased; the COL2/COL1 ratio was increas- 
ed, approaching the level of the sham group. 
The COL2/COL1 ratio is a key indicator for  
distinguishing hyaline cartilage from fibrocarti-
lage, and the higher the ratio, the closer it  
is to the native cartilage phenotype [32]. In 
research on osteoarthritis models, it was also 
found that after MF surgery, the repair tissue 
mainly expressed COL1, and it was difficult to 
form a hyaline cartilage-like structure [33]; 
while after exosome or growth factor interven-
tion, the expression of COL2 increased, and  
the repair quality improved [12]. In addition, 
some scholars have confirmed in the cartilage 
defect model that overexpression of miR-140-
3p can increase the ratio of COL2/COL1 and 
promote hyaline cartilage-like repair [34]. The 
possible mechanism is that miR-140-3p can 
target HDAC4 or ADAMTS-5 to relieve the tran-
scriptional inhibition of SOX9 and block the 
activation of the downstream hypertrophic sig-
naling pathway, thereby guiding BMSCs to dif-
ferentiate into hyaline cartilage rather than 
fibrous cartilage. The immunohistochemical 
results and histological results are consistent 
with each other. From the three aspects of  
morphology, matrix components, and collagen 
phenotype, they all indicate that iExos in- 
tervention improved the quality of cartilage 
repair tissue after MF surgery, further confirm-
ing its promoting effect in hyaline cartilage 
regeneration.

Based on the results, this research found that 
iPSCs, under chondrogenic induction condi-
tions, produce iExos rich in miR-140-3p. After 
these exosomes are taken up by BMSCs, they 
deliver miR-140-3p, promoting the differentia-
tion of BMSCs towards hyaline cartilage and 
inhibiting their hypertrophy. When iExos are 
locally applied after MF surgery, it can opti- 
mize the repair microenvironment, ultimately 
achieving high-quality cartilage repair at the 
functional, mechanical, histological and molec-
ular levels. Compared with MF alone, the com-

bined treatment with iExos not only enhances 
the hyaline cartilage characteristics of the 
repaired tissue, but also avoids the problems  
of immune rejection and tumor risk that may 
arise from cell transplantation, demonstrating 
the unique advantages of the cell-free treat-
ment strategy. Therefore, targeting the iExos-
miR-140-3p axis may become an effective 
intervention strategy for improving the quality 
of cartilage repair after MF surgery, and thus it 
has a good clinical translation prospect.

This study has certain limitations. Firstly, 
although we have provided direct evidence  
that iExos are enriched with miR-140-3p and 
deliver it into recipient BMSCs (Supplement- 
ary Figure 1A, 1B), the mechanism underlying 
the selective enrichment of miR-140-3p into 
iExos during chondrogenic differentiation of 
iPSCs remains unexplored. Moreover, the pos-
sible presence of other synergistic miRNAs or 
proteins within iExos that may cooperate with 
miR-140-3p cannot be excluded. Future stud-
ies using multi-omics analysis of extracellular 
vesicles and CRISPR interference techniques 
are needed to dissect the functional molecular 
network of iExos. Second, the downstream 
direct target genes and signaling pathways  
of miR-140-3p were not fully verified in this 
study. Although the key role of this miRNA was 
confirmed by inhibitor experiments, direct evi-
dence such as dual-luciferase reporter assays 
and target gene manipulation is still lacking, 
and the mechanistic chain needs further 
improvement. Third, this study only observed 
the repair effect at 12 weeks after surgery at 
the animal level, with no longer-term follow-up 
data. The risk of long-term degeneration of the 
repaired tissue cannot be completely ruled out. 
Future work should include establishing large 
animal models and performing longer-term fol-
low-up observations to evaluate the safety and 
efficacy of this strategy.

In conclusion, this study has demonstrated  
that iExos can promote the chondrogenic dif-
ferentiation of BMSCs in vitro and inhibit their 
hypertrophy by delivering miR-140-3p. In vivo, 
this strategy improves the joint function, bio-
mechanical properties, and quality of the  
cartilage repair tissue in rats after arthros- 
copic MF surgery, restoring it to a level close to 
normal. This strategy provides a new theoreti-
cal basis and potential cell-free therapeutic 
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approach for optimizing repair of cartilage dam-
age after MF surgery.
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Supplementary Figure 1. qRT-PCR validation of miR-140-3p enrichment and delivery. A. miR-140-3p levels in iExos, 
iExos-NC, and parental iPSCs. ***P<0.001 vs. iPSCs and iExos-NC. B. miR-140-3p levels in BMSCs after co-culture 
with PBS, iExos-NC, or iExos. ***P<0.001 vs. control and iExos-NC. ns, P>0.05. Each group: n=3. Abbreviations: qRT-
PCR, quantitative reverse transcription polymerase chain reaction; miR/mRNA, microRNA; iPSCs, induced pluripo-
tent stem cells; iExos, iPSC-derived exosomes; iExos-NC, exosomes from non-induced iPSCs; BMSCs, bone marrow 
mesenchymal stem cells; PBS, phosphate-buffered saline.
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Supplementary Figure 2. Exosome identification. A. Transmission electron microscopy image, with red arrows in-
dicating exosomes. B. Protein expression of CD63, TSG101, Alix, calnexin, and β-actin. C. Nanoparticle tracking 
analysis. Abbreviations: CD63, cluster of differentiation 63; TSG101, tumor susceptibility gene 101 protein; Alix, 
ALG-2-interacting protein X; β-actin, beta-actin; iExos, induced pluripotent stem cell-derived exosomes; iExos-NC, 
exosomes from non-induced induced pluripotent stem cells.


