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Abstract
Background  Background: Exosomes (Exos) derived from mesenchymal stem cells (MSCs) share similar biological 
functions with MSCs but are more stable under various pathophysiological conditions, with a lower risk of immune 
rejection. Human umbilical cord mesenchymal stem cells (hUC-MSCs) are a promising source of MSC-derived 
exosomes (MSC-Exos), particularly for the treatment of osteoarthritis (OA), a degenerative joint disease characterized 
by inflammation and cartilage damage.

Methods  In this study, we conducted in vitro experiments on mouse articular chondrocytes and treated mouse 
OA models with hUC-MSCs-Exos. To validate the results of hUC-MSCs-Exos in humans, a randomized, double-blind, 
ascending dose study was conducted to investigate the safety and efficacy of hUC-MSCs-Exos in the treatment of OA, 
and human chondrocyte toxicity experiments were conducted prior to the clinical trial.

Results  In this study, we successfully extracted hUC-MSCs and verified their multilineage differentiation ability in 
different culture media. We then verified the Exos morphology and the expression of CD9, CD63, TSG1, and CALN. In 
preclinical experiments in vitro and in vivo, we verified that hUC-MSC- Exos can reduce the inflammatory response of 
articular cartilage and promote its regeneration. Finally, clinical experiments confirmed that hUC-MSC- Exos injection 
treatment of OA patients did not cause any adverse consequences, and a certain degree of effectiveness was found in 
the comparison of clinical scores and MRI examinations before and after treatment.

Conclusions  This study shows that hUC-MSC-derived exosomes effectively reduce inflammation and promote 
cartilage regeneration in osteoarthritis, with demonstrated safety and efficacy in both preclinical and clinical settings.

Trial registration  Trial No.MR-13-24-017929. Registered 11 February 2023, ​h​t​t​p​​s​:​/​​/​m​e​d​​i​c​​a​l​r​​e​s​e​​a​r​c​h​​.​o​​r​g​.​c​n​/​l​o​g​i​n​#.
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Introduction
Osteoarthritis (OA) is a chronic degenerative joint dis-
ease that affects the entire joint tissue, including articu-
lar cartilage, synovium, and subchondral bone [1]. Data 
from the Global Burden of Disease Study in 2017 show 
that musculoskeletal disorders are the leading cause of 
disability in middle-aged and elderly individuals. Among 
these, OA is the second most important cause of disabil-
ity, following neck and back pain. In the United States, 
approximately 27 million people are affected by this dis-
ease, and related medical costs are estimated to exceed 
$185 billion annually [2, 3]. Recent studies indicate that 
inflammation and the catabolic processes it triggers are 
the primary causes of joint tissue damage, exacerbation 
of arthritis symptoms, and acceleration of degeneration 
[4].

Due to the complex pathogenesis of OA, there are cur-
rently few effective treatment strategies to improve joint 
balance, delay the progression of osteoarthritis, and pro-
mote cartilage repair [5, 6]. In clinical practice, the cur-
rent conservative treatment methods have failed to repair 
joint tissue damage, while surgical treatments are associ-
ated with physical trauma and numerous unpredictable 
risks [7, 8]. Therefore, there is an urgent need to develop 
new therapeutic approaches to meet future clinical treat-
ment demands.

In recent years, exosome-based regenerative therapies 
have gained widespread attention in both basic and clini-
cal research [9]. An increasing number of studies indicate 
that exosomes derived from stem cells have the same 
effect as stem cell transplantation in slowing the progres-
sion of OA [10]. Exosomes are nano-sized membrane-
bound carriers, ranging from 50 to 150 nanometers in 
diameter, with immunologically inert properties, pro-
viding a new option for the treatment of OA [11]. Pre-
vious studies have isolated and extracted exosomes from 
various human tissues (such as bone marrow, umbilical 
cord, and adipose tissue), confirming their potent anti-
inflammatory, anti-fibrotic, and pro-angiogenic remodel-
ing capabilities [12].

Its main mechanism of action is through the P38, ERK, 
AKT, HDAC3, and NF-KB pathways, with exosome-
carried microRNAs involved in the anti-inflammatory 
process [13–17]. Several studies suggest that the inflam-
mation induced by interleukin-6 (IL-6) leads to the 
detachment of articular cartilage through multiple mech-
anisms, with matrix metalloproteinase (MMP) 13 expres-
sion significantly increased in osteoarthritis tissues [18]. 
As the levels of inflammatory factors rise, the chondro-
genic marker type II collagen (COL2A1) in chondrocytes 
significantly decreases, indicating that the secretion of 

inflammatory factors such as IL-6 and MMP 13 accel-
erates chondrocyte detachment and inhibits regenera-
tion [19, 20]. Human umbilical cord mesenchymal stem 
cells (hUC-MSCs), which are extracted from discarded 
umbilical cord tissue, have the advantage of being eas-
ily accessible and are considered an important source 
of MSC-derived exosomes (MSCs-Exos) [21]. Recent 
research evidence supports the therapeutic potential of 
hUC-MSCs in arthritis diseases, which is related to the 
reduction of inflammatory molecules and the increase 
in anti-inflammatory molecules. hUC-MSCs can rapidly 
mobilize surface chondrocytes to the damaged areas, 
initiate the repair process, delay cell apoptosis, and pro-
mote cartilage regeneration [22]. hUC-MSC-exosomes 
(hUC-MSC-Exos) exhibit similar biological activity to 
hUC-MSCs, and several studies have demonstrated that 
hUC-MSC-Exos can slow the progression of OA through 
at least three mechanisms: first, by reducing pro-inflam-
matory factor secretion and decreasing osteosclerosis; 
second, by increasing the expression of COL2A1 and 
cluster gel; and third, by inhibiting the overexpression of 
ADAMTS5 and MMP13 [18, 19].

In this study, we conducted in vitro experiments on 
mouse chondrocytes and treated a mouse OA model with 
hUC-MSCs-Exos. Subsequently, to validate the results of 
hUC-MSCs-Exos in humans, we validated their cytotox-
icity in human chondrocytes and conducted a random-
ized, double-blind, escalating dose clinical study, aimed 
at exploring the safety and efficacy of hUC-MSCs-Exos in 
the treatment of OA (See Fig. 1).

Results and discussion
Isolation and identification of hUC-MSC-Exos
Extraction of human umbilical cord blood samples
In the study by Julianna Kobolak et al. on the charac-
terization and biological properties of MSCs, the mor-
phology of MSCs is similar to that of fibroblasts [23]. 
Specifically, umbilical cord mesenchymal stem cells 
have a spindle-shaped (fibroblast-like) morphology, with 
abundant cytoplasm and large nuclei [24]. We observed 
that MSCs derived from umbilical cord tissue exhib-
ited a spindle, fibroblast-like morphology, with clear cell 
boundaries (see Fig. 2), which is consistent with the lit-
erature reports.

Cell isolation and identification
It has been reported that hUC-MSCs are positive for 
CD13, CD29, CD73, CD90, CD105, and HLA-ABC, 
and negative for CD34, CD45, CD133, and HLA-DR 
[25, 26]. In our experiment, flow cytometry analysis 
showed that hUC-MSCs were positive for CD73, CD90, 
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and CD105 (> 98%), and negative for CD45, CD34, and 
HLA-DR (≤ 2%) (see Fig.  3a). Osteogenic potential was 
evaluated using alkaline phosphatase (ALP) staining, 
adipogenic potential was assessed with Oil Red O stain-
ing, and chondrogenic potential was evaluated by Saf-
ranin O-fast green staining (see Fig. 3b). The osteogenic 
regulators were ALP and Runx2, while ACAN regulates 
chondrogenesis [27–29], and PPARγ regulates adipo-
genesis. Subsequently, RT-PCR was performed to assess 
the multi-lineage differentiation potential of MSCs. The 
results showed that mineralized nodules after 3 weeks 
of osteogenic induction could be observed with Alizarin 
Red staining (red); lipid droplets formed after 3 weeks 
of adipogenic induction were observed with Oil Red O 
staining (orange-red); and chondrogenic pellets formed 
after 3 weeks of chondrogenic induction were observed 
with Alcian Blue staining (blue). ALP, Runx2, ACAN, 
and PPARγ were well expressed following differentiation 
induction (see Fig.  3c). These data indicate that hUC-
MSCs were successfully isolated in vitro and have the 
ability to differentiate into bone, cartilage, and adipose 
tissue.

Exosome extraction and identification
Exosome(Exos) are nano-sized (50–200  nm) extracel-
lular vesicles produced via the endocytic pathway [30], 
and are secreted by many cells in response to their sur-
rounding environment. CD9 and CD63 are important 
Exos markers, highly enriched in Exos [31], while Tumor 
Susceptibility Gene 101 (TSG101) plays a key role in 
the biogenesis and secretion of Exos [32]. Addition-
ally, leptin enhances Exos release by increasing TSG101 
expression [33]. During the process of Exos isolation, we 
found that hUC-MSC-Exos had a diameter of approxi-
mately 100 nm, consistent with the typical size range for 
Exos (Fig. 4a), following the guidelines recommended by 
ISEV (International Society for Extracellular Vesicles), 
known as MISEV2018 (Minimal Information for Stud-
ies of Extracellular Vesicles 2018) [34]. Negative-staining 
transmission electron microscopy (TEM) showed that 
the Exos had a cup-like or spherical shape, with a lipid 
bilayer membrane, giving them a distinct vesicular struc-
ture (Fig.  4b), similar to the morphology reported in 
previous literature [35]. Furthermore, Western blot anal-
ysis showed that Exos were positive for CD9, CD63, and 
TSG101 expression, while CALN was negative (Fig. 4c), 

Fig. 1  In this study, we aim to explore the safety and efficacy of hUC-MSC-Exos in the treatment of osteoarthritis through three parts: cell experiments, 
animal experiments, and clinical trials
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confirming that we successfully isolated Exos from 
hUC-MSCs.

Application of hUC-MSC-exos in the treatment of OA
hUC-MSCs are sourced from umbilical cord tissue, with 
a non-invasive cell collection process, relatively few ethi-
cal conflicts, low risk of teratoma formation, and the abil-
ity to differentiate into multiple lineages [36]. They are 
considered an ideal source of stem cells. A large body of 
research has confirmed the immunoregulatory potential 
of MSCs in inflammatory diseases such as OA [37–39]. 
MSC-Exos, as a paracrine secretion product, represents 
a safer and more effective means of regulating joint cavity 
inflammation and immunity in OA patients. Increasing 
evidence suggests that the significant therapeutic con-
tribution of MSCs is the result of their paracrine effects 
[40, 41], and Exos are key paracrine regulatory factors 
involved in MSC-mediated tissue repair [42]. Recently, 
more studies have explored the anti-inflammatory poten-
tial of MSC-Exos. It has been reported that MSC-Exos 
derived from bone marrow and synovium can suppress 
inflammation in chondrocytes [43] and exert anti-inflam-
matory effects by modulating the biological behavior 
of macrophages. Shen et al. reported that the highly 

expressed C-C chemokine receptor-2 in Exos can bind to 
and inhibit the activity of the pro-inflammatory chemo-
kine ligand 2 (CCL2), thereby effectively preventing mac-
rophage accumulation and reducing the inflammatory 
response [44]. These findings inspire us, as Exos share 
similar biological effects with MSCs.

The effect of hUC-MSC-Exos on mouse chondrocytes
IL-1β is one of the key factors that induce inflammation 
and extracellular matrix (ECM) degradation in articu-
lar cartilage [45], specifically by inhibiting the expres-
sion of ECM synthesis proteins (such as aggrecan and 
type II collagen) [45] and promoting the expression of 
matrix degrading proteins (MMP13 and ADAMTS5) 
[46]. Two major cytokines involved in the pathogenesis 
of OA, interleukin-1β (IL-1β) and tumor necrosis factor 
α (TNFα), are primarily produced by M1 synovial macro-
phage polarization, and they seem to drive inflammatory 
and destructive responses in synovial fibroblasts [47, 48]. 
These two cytokines synergistically activate other major 
pro-inflammatory mediators (IL-6, IL-10, prostaglandin 
F2) and proteolytic enzymes (MMP1, MMP3, MMP13, 
and integrins and metalloproteinases such as ADAMTS4 
and ADAMTS5) in the joint [49, 50].

Fig. 2  Morphological characteristics of hUC-MSC: The cells are spindle-shaped, fibroblast-like, and have clear cell edges
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Fig. 3  (a) Flow cytometry analysis of phenotypic marker expression; (b) Alizarin red staining (200x): Observation of mineralized nodules after 3 weeks of 
osteogenic induction (stained red); Safranin O staining (400x): Observation of lipid droplets formed after 3 weeks of adipogenesis (stained orange-red); 
Alisin blue staining (40x): Observation of chondrogenic spheres formed after 3 weeks of chondrogenic induction (stained blue). (c) ALP, Runx2, ACAN, and 
PPARγ were all well expressed through differentiation induction
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Fig. 4  (a) The concentration and particle size of Exos were analyzed by NTA. (b) Exos were observed to be cup-shaped or spherical by transmission elec-
tron microscopy. (c) Surface exosome markers (CD63, TSG101, and CD9) of Exos were detected by immunoblotting
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Fig. 5 (See legend on next page.)
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MSC can effectively regulate macrophage polarization 
in the body [51]. Recent evidence suggests that hUC-
MSCs-Exos also have the ability to reduce inflammation 
and promote osteochondral regeneration [52]. MSC-Exos 
secrete various immune-regulatory and repair molecules. 
MSC-Exos can redirect the polarization of macrophages 
in the joint to a more immunoregulatory state, thereby 
reducing inflammation and aiding in chondrocyte repair 
[53, 54]. In our experiment, cell viability was significantly 
higher in the hUC-MSC-Exos treatment group com-
pared to the control group, and the cell viability in the 
treatment group did not significantly decrease over time. 
Therefore, we found reason to believe that hUC-MSC-
Exos may promote chondrocyte proliferation (Fig.  5a). 
When Dio-labeled Exos were injected into chondrocytes, 
green fluorescence expression was detected at different 
intervals throughout the experiment and persisted for 
a longer period. This suggests that hUC-MSC-Exos can 
persist in cartilage tissue (Fig. 5b).

In inflammation assessment, the IL-6 cytokine is asso-
ciated with both pro-inflammatory and anti-inflamma-
tory actions. Previous studies have shown that the IL-6/
IL-8 ratio plays a crucial role in the specific polarization 
of the cellular microenvironment [55]. Most MMPs, 
including MMP13, are involved in the renewal of osteo-
articular epithelium, with MMP13 playing a dominant 
role in the process of cartilage destruction [56]. Addi-
tionally, ferroptosis occurs in chondrocytes in inflam-
mation and iron overload. Induction of ferroptosis 
leads to increased expression of MMP13 and decreased 
expression of COL2A1 in chondrocytes [57]. In our 
IL1β-induced cartilage cell injury model, treatment with 
hUC-MSC-Exos reduced the expression of inflammatory 
factors (IL6, Fig.  5c) and MMP13(Fig.  5d) in chondro-
cytes. Furthermore, hUC-MSC-Exos treatment effec-
tively increased the expression of COL2A1(Fig. 4e). Our 
findings also confirm that hUC-MSCs-Exos, on the one 
hand, can counteract IL-1β-induced chondrocyte inflam-
mation, and on the other hand, can increase COL2A1 
expression and reduce IL-6 and MMP13 levels, complet-
ing the anti-inflammatory effects on chondrocytes. In 
our experiment, we observed that hUC-MSC-Exos can 
be internalized by chondrocytes and inhibit the expres-
sion of some inflammatory factors and matrix degrada-
tion proteins. This may be related to the reduction of 
macrophage depolarization within the joint, leading 
us to believe that hUC-MSC-Exos is an effective means 
to reduce cellular inflammation and promote cartilage 

regeneration. However, further studies are needed to 
explore the underlying mechanisms.

The effect of hUC-MSC-Exos on cartilage repair in OA 
mouse models
Based on the cell experiments, we conducted in vivo 
animal studies following the planned methodology (see 
later sections). OA mouse models were induced by intra-
articular injection of chemical agents [58]. At the 5th 
week after modeling, hUC-MSC-Exos were injected into 
the joint cavities of the experimental group mice. At the 
8th week after OA induction, knee joint specimens were 
collected for further analysis. It was observed that the 
overall appearance showed that, compared to the nor-
mal group, the control group had significantly rougher 
joint surfaces with local erosion, indicating the success-
ful establishment of the OA model. Additionally, we 
observed that the cartilage in the hUC-MSC-Exos group 
was generally repaired to some extent. Compared to the 
control group, the joint surface in the hUC-MSC-Exos 
group was smoother.

During the pathogenesis of OA, IL-1β induces the 
expression of MMPs, which leads to severe damage of the 
ECM, including the loss of proteoglycans and COL2A1 
[59]. We evaluated the OARSI (Osteoarthritis Research 
Society International) grading system [60] using Safranin 
O-fast green staining images (Fig. 6a). The results showed 
that the normal group had smooth cartilage surfaces, 
clear structure, and uniform positive staining. The con-
trol group exhibited the most severe cartilage damage, 
including cartilage erosion, subchondral bone thicken-
ing, abnormal distribution of chondrocytes, and loss of 
proteoglycans. The OARSI score of the hUC-MSC-Exos 
group was significantly lower than that of the OA group 
(Fig.  6b; Table  1). In contrast, when hUC-MSC-Exos 
were injected, the cartilage showed good reconstruc-
tion, characterized by a regular surface, restored cartilage 
thickness, and chondrocyte morphology close to normal. 
According to the OARSI grading, the OA group had a 
score of 6, while the hUC-MSC-Exos treatment group 
had a score of 1, indicating a significant therapeutic effect 
(Fig. 6b; Table 1). This suggests that the Exos effectively 
reduced cartilage damage during OA progression in rats 
and even promoted chondrocyte regeneration.

To further explore the effect of exosome treatment on 
the in vivo cartilage matrix, we investigated the poten-
tial mechanisms by which hUC-MSC-Exos alleviate OA. 
Immunohistochemical staining was used to assess the 

(See figure on previous page.)
Fig. 5  The effect of hUC-MSC-derived Exos on chondrocytes. (a) Compared to the control group, chondrocyte proliferation was observed at 24, 48, and 
72 h after UExo treatment. (b) Representative images under fluorescence microscopy show UExos internalized by chondrocytes (100x magnification). IL1β 
(10 ng/ml) was used to induce normal chondrocytes for 24 h, promoting mRNA expression of IL-6 (c) and MMP13 (d), while inhibiting mRNA expression of 
Col2α1 (e). At the same time, treatment with hUC-MSC-derived Exos significantly inhibited the mRNA expression of IL-6 (c) and MMP13 (d), and promoted 
the mRNA expression of Col2α1 (e). * P < 0.05, ** P < 0.01 (mean ± standard deviation, n = 3)
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expression of COL2 and MMP13 [61, 62]. The results 
showed that, compared to the control group, the hUC-
MSC-Exos group exhibited increased COL2A1 expres-
sion and decreased MMP13 expression (Fig. 6; Table 1). 

These data suggest that the mouse model is widely used in 
in vivo studies of cartilage degradation, primarily exhibit-
ing pathological changes such as joint space narrowing, 
cartilage erosion, and surface calcification. Histological 
staining indicated that hUC-MSC-Exos treatment could 
prevent cartilage degradation and reduce the OARSI 
score in mice, reversing the progression of OA. The in 
vivo results were consistent with the in vitro findings, 
suggesting that hUC-MSC-Exos may regulate cartilage 

Table 1  Quantitative analysis results of OA and OA+UExo
Quantitative indicators OA OA+UExo
OARSI 3\4\5 1.5\2.0\0
MMP13 11.398\19.853\14.779 4.618\8.6\3.994
COL2A1 18.48\25.154\22.038 30.053\40.302\35.304

Fig. 6  The effect of hUC-MSC-Exos on osteoarthritis mice. (a) H&E staining, Safranin O-fast green staining, and immunohistochemistry (IHC) staining 
images (200x). (b) Statistical analysis of OARSI scores for the OA group and OA group + UExo group (p ≤ 0.05). ImageJ software was used to quantitatively 
compare the IHC results: (c) Expression of MMP13(p ≤ 0.05); (d) Expression of COL2A1 in different groups (p ≤ 0.05)
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homeostasis by controlling the synthesis and degradation 
of the matrix in chondrocytes.

The effect of hUC-MSC-Exos on human chondrocytes
We conducted a CCK8 assay on human chondrocytes, 
and the results showed that the cell survival rate in the 
hUC-MSC-Exos treatment group was higher than that 
in the control group, with a more significant difference 
observed over time. The results were similar to those 
observed in mouse chondrocytes (Fig. 7).

Safety and efficacy of hUC-MSC-Exos in clinical 
applications
Although current research confirms the good efficacy 
and anti-inflammatory ability of hUC-MSC- Exos in 
OA, studies such as Tang et al. [51] through in vivo and 
in vitro preclinical experiments have shown that hUC-
MSC-EVs can protect cartilage from damage, with many 
cartilage repair-related proteins possibly involved in the 
repair process. Wang et al.‘s [63] study confirmed the 
anti-inflammatory effect of hUC-MSCs-Exos in human 
cartilage cell inflammation models. However, these stud-
ies are only preclinical. In this study, we conducted a 
randomized, double-blind, dose-escalation clinical trial 
to evaluate the clinical safety and efficacy of hUC-MSCs-
Exos in treating OA patients. We assessed the eligibil-
ity of 84 patients (Fig. 8). Among them, 23 patients who 
did not meet the inclusion criteria were excluded, 15 
patients refused to participate, and 5 patients were not 
included for other reasons. Overall, 41 patients with 45 
knee joints that met the inclusion criteria were assigned 
to three treatment groups (Fig. 8). There were no sample 
dropouts during the entire injection process. During 
the follow-up, one case each in the medium-dose group 
dropped out at 90 days and 270 days due to undergoing 

joint replacement surgery and changing contact informa-
tion, respectively.

The baseline characteristics of patients in each group 
were similar (Table  2). In general, the average age was 
60 years, with a mean body mass index of approximately 
26. Despite receiving conservative treatment, all patients 
had been suffering for more than 5 years. All patients had 
Kellgren-Lawrence grade 2 or 3 osteoarthritis in the knee 
joints.

In the clinical study, despite different doses and vary-
ing severity of osteoarthritis among the patient groups, 
no significant differences were observed in safety during 
the 9-month follow-up. Physical examinations, labora-
tory tests, and WOMAC scores showed no significant 
changes in vital signs or organ system involvement com-
pared to baseline, and there was no increase in WOMAC 
scores.

In terms of safety (Tables 3 and 4; Fig. 9), we analyzed 
several indicators including TBIL, ALT, AST, BUN, and 
Cr, and observed that except for some differences in 
BUN across different doses, there were no statistical dif-
ferences in other indicators. Moreover, no significant 
differences were observed over time, indicating that 
intra-articular injection of hUC-MSCs-Exos did not have 
any impact on the safety of the patients.

In the efficacy analysis, we collected the WOMAC 
scores of patients before and after treatment and inde-
pendently compared the pain, stiffness, and difficulty in 
daily living components. In the analysis at the same fol-
low-up period, no significant differences in efficacy were 
observed between different dose groups. However, in 
comparisons within the same dose group, exciting results 
were observed as the treatment duration increased.

In the low-dose group (3 × 1011), statistically significant 
differences were found only in the pain score comparison, 

Fig. 7  Effect of hUC-MSC-Exos on chondrocytes. Compared to the control group, chondrocyte proliferation was observed at 24, 48, and 72 h after UExo 
treatment
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with the most significant effect observed at 90 days post-
treatment (Table 5; Fig. 10).

In the mid-dose group (4 × 1011), a statistical difference 
was observed only in the difficulty in daily living score, 
with the most significant effect at 90 days post-treatment 
(Table 6; Fig. 10).

In the high-dose group (5 × 1011), statistical differences 
were observed in the total score, pain, stiffness, and diffi-
culty in daily living, with more significant improvements 
in the early stages. As the treatment duration increased, 
the significance of the differences gradually diminished 
(Table 7; Fig. 10).

In terms of efficacy assessment, hUC-MSCs-Exos 
showed significant improvements in pain, stiffness, 
and total scores, with the effects becoming more pro-
nounced as the treatment duration increased. Although 

Table 2  Baseline characteristics of each group of patients: there 
are no significant differences in basic information such as age, 
height, and weight among patients in the high, medium, and 
low dose groups
Characteristics low-dose medium-dose high-dose
Age, Years 62.90±0.71 63.26±0.56 63.18±0.61
Gender
male 4(29%) 8(53%) 4(27%)
female 10(71%) 7(47%) 11(73%)
Height, cm 164±0.36 167±0.30 160±0.50
Weight, kg 65.5±0.65 70±0.84 67±0.84
Body-mass index 24.72±0.21 25.24±0.25 25.33±0.18
Kellgren-Lawrence grade
grade 2 7(15.6%) 7(15.6%) 8(17.8)
grade 3 7(15.6%) 9(20%) 7(15.6%)
Baseline WOMAC score 66.5±2.68 82±3.27 88.5±2.11

Fig. 8  Flowchart of the clinical trial process
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no significant statistical differences were found between 
different dose groups at the same time point, in the 
comparison of the same dose group at different times, 
the high-dose group showed the most significant differ-
ences. Early improvements in total score and pain were 
observed at 21 days, while stiffness and difficulty in 
daily activities showed significant differences only after 
42 days. Our analysis suggests that in the early stage of 

hUC-MSCs-Exos treatment, there is a noticeable reduc-
tion in inflammatory responses, and as the treatment 
progresses, it may contribute to some extent in repairing 
cartilage tissue and improving quality of life.

Before and after the injection of hUC-MSCs-Exos, 
MRI scans were performed for some patients, and imag-
ing of cartilage tissue was extracted. It was observed that 
after the injection of Exos, the knee joint edema was 
significantly reduced, joint effusion decreased, and the 
level of knee joint inflammation showed clear improve-
ment (Fig.  11: a\b\c\d). In the cartilage imaging, a cer-
tain degree of cartilage thickening was also detected 
(Fig.  11: e\f ). These results indicate that exosome injec-
tion may help alleviate or even reverse the progression of 
OA, offering advantages over other traditional treatment 
options.

To the best of our knowledge, this is the first clinical 
application of hUC-MSCs-Exos in the treatment of OA. 
A clinical trial by Emadedin et al. reported the safety and 
efficacy of intra-articular injection of hUC-MSCs for 
treating knee OA [64]. A study by Pers et al. reported the 
design of a treatment using adipose mesenchymal stem 
stromal cells for severe knee OA [65]. In our experiment, 
Exos were injected every 21 days, and hUC-MSCs-Exos 
maintained long-term improvement in symptom relief, 
function, and quality of life. After the treatment, patients 
showed substantial improvements in knee joint function, 
pain, and quality of life. Combining these results, on one 
hand, we must acknowledge that, as a cell-derived thera-
peutic agent, Exos have many advantages compared to 
whole stem cells: first, Exos have a lower risk than cell 
transplantation, avoiding immune rejection and carcino-
genicity, while providing high stability [66, 67]. Second, 
the small particles with a lipid bilayer membrane struc-
ture make them easier to store and produce. Additionally, 
Exos can be modified to optimize their targeting ability, 
therapeutic efficacy, and drug delivery capacity [15, 16]. 
On the other hand, the disadvantages of Exos therapy 
should not be overlooked, such as the additional pain 
caused by multiple injections and the high cost of isola-
tion methods [68]. Objectively, these are the main chal-
lenges that need to be overcome in the future.

The strengths and limitations of this study
In our study, hUC-MSCs-Exos were successfully 
extracted, and animal experiments were conducted in 
mice, followed by experiments on human chondrocytes 
and in vivo studies. Our research provides a relatively 
comprehensive explanation of the significance of hUC-
MSCs-Exos in cartilage repair and OA treatment. Simi-
lar studies have not been reported, especially in clinical 
applications.

Although our study provides some evidence for the 
clinical application of hUC-MSCs-Exos, there are still 

Table 3  Safety: there are no significant statistical differences in 
safety indicators among different injection dose groups
Dependent 
Variable

Dosage 
(I)

Dosage 
(J)

Mean Differ-
ence (I-J)

Standard 
error

Sig.

TBIL 3 4 0.48 0.374 0.49
4 5 -0.26 0.414 0.9
3 5 -0.23 0.329 0.87

ALT 3 4 0.39 0.503 0.824
4 5 -0.12 0.427 0.99
3 5 -0.23 0.329 0.87

AST 3 4 0.1975 0.40124 0.947
4 5 -0.3731 0.27673 0.451
3 5 0.1756 0.38246 0.956

BUN 3 4 1.1067 0.46774 0.06
4 5 -1.8810* 0.37683 0
3 5 0.7744 0.45606 0.256

Cr 3 4 0.4126 0.41162 0.686
4 5 -0.5374 0.30903 0.237
3 5 0.1248 0.45328 0.99

Based on the observed mean

The error term is mean square (error) = 3.336

Comparison using Tamhane’s test. *. The mean difference is significant at the 
0.05 level

Table 4  Safety no significant statistical differences in safety 
indicators at different times
Dependent 
Variable

DAY (I) DAY (J) Mean Differ-
ence (I-J)

Standard 
error

Sig.

TBIL 0 42 0.16 0.374 0.674
42 90 0.42 0.376 0.262
0 90 0.58 0.376 0.125

ALT 0 42 0.63 0.459 0.169
42 90 -0.37 0.462 0.428
0 90 -0.27 0.462 0.563

AST 0 42 0.5833 0.34825 0.096
42 90 -0.4003 0.35026 0.255
0 90 -0.183 0.35026 0.602

BUN 0 42 -0.1466 0.45976 0.75
42 90 0.4118 0.46243 0.375
0 90 -0.2651 0.46243 0.567

Cr 0 42 0.2347 0.39061 0.549
42 90 0.2131 0.39288 0.588
0 90 -0.4479 0.39288 0.256

Based on the observed mean

The error term is mean square (error) = 3.336

Comparison using Tamhane’s test. *. The mean difference is significant at the 
0.05 level
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several limitations. First, due to funding limitations, the 
sample size in both preclinical and clinical experiments 
was relatively small, which may introduce experimental 
errors, although the results reflect the treatment trend. 
Additionally, since this is a pilot clinical study mainly 
assessing the safety of hUC-MSCs-Exos in OA and pre-
liminarily exploring its therapeutic potential, we did not 
establish a control group due to ethical review consider-
ations. Secondly, the effects of hUC-MSCs-Exos in severe 
OA patients are still unclear, and most patients with K-L 
grade 4 OA require surgical treatment. Therefore, the 
patients included in this study were all below K-L grade 
4, and further studies are needed to explore the effects 
of hUC-MSCs-Exos in severe OA patients. Lastly, due to 
funding issues, we were unable to perform MRI re-exam-
inations for all patients at 9 months, so we only observed 
the imaging changes in the cartilage of a portion of the 

Table 5  Efficacy analysis of the low-dose group at different 
follow-up times: statistical differences exist only in the 
improvement of pain scores multiple comparisons of different 
injection volumes
Dependent 
Variable

DAY (I) DAY (J) Mean 
Difference 
(I-J)

Standard 
Error

Sig.

Pain 0 90 -1.52* 0.624 0.017
21 90 -1.33* 0.624 0.036
21 270 -1.28* 0.624 0.044
0 270 -1.74* 0.624 0.022

Based on the observed mean

The error term is mean square(Error) = 4.067

Comparison using Tamhane’s test. *. The mean difference is significant at the 
0.05 level

Fig. 9  Safety: No significant statistical differences were observed in safety indicators across different injection dose groups and time points
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enrolled patients, without conducting in-depth studies 
on the cellular and molecular mechanisms of its efficacy.

In future studies, we need to secure more funding to 
conduct in-depth research on the micro-mechanisms of 
the efficacy of hUC-MSCs-Exos in treating OA and carry 
out multi-center, large-sample randomized controlled 
trials (RCTs) to further confirm the optimal dose of ther-
apeutic hUC-MSCs-Exos based on specific conditions or 
diseases, as well as to compare imaging changes before 
and after treatment with more samples.

Conclusion
In this study, we successfully extracted hUC-MSCs and 
verified their multi-lineage differentiation ability in dif-
ferent culture media. We then confirmed the morphol-
ogy of Exos and the expression of CD9, CD63, TSG101, 
and CALN. In both in vitro and in vivo preclinical experi-
ments, we found that hUC-MSC-Exos could potentially 
reduce the inflammatory response in joint cartilage and 
promote its regeneration. Finally, no adverse outcomes 
were observed in the clinical trial involving the injec-
tion of hUC-MSC-Exos in OA patients. Moreover, com-
parisons of clinical scores and MRI scans before and after 
treatment showed a certain degree of efficacy. Therefore, 
based on our research findings, hUC-MSC-Exos may 
provide a promising new therapeutic option for early-
stage osteoarthritis in clinical practice.

Table 6  Efficacy analysis of the medium-dose group at 
different follow-up times: statistical differences exist only in the 
improvement of the difficulty of living score
Dependent Variable DAY 

(I)
DAY 
(J)

Mean 
Differ-
ence (I-J)

Stan-
dard 
Error

Sig.

Difficulty in Daily Life 0 90 1.72* 0.854 0.049
Based on the observed mean

The error term is mean square (error) = 4.708

Comparison using Tamhane’s test. *. The mean difference is significant at the 
0.05 level

Fig. 10  Efficacy analysis at different follow-up times in low, medium, and high dose groups
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Experiments
Isolation and identification of hUC-MSCs-Exos
Extraction of human umbilical cord blood samples
The research protocol using human samples was 
approved by the Ethics Committee of the Second Hos-
pital of Hebei Medical University and complies with 
the ethical standards of the Declaration of Helsinki and 
its subsequent amendments. Before sample collection, 
all participants were provided with and signed written 
informed consent. Umbilical cords were obtained from 
full-term mothers’ placentas, cleaned, and observed 
under a light microscope.

Cell isolation and identification
Cell morphology was observed under a microscope, 
and cells in the logarithmic growth phase were selected 
for flow cytometry analysis. Routine digestion was per-
formed using a centrifuge, and cells were resuspended 
in phosphate-buffered saline (PBS). A volume of 200  µl 
was added to 1.5 ml EP tubes, with no fewer than 1 × 106 
cells per tube. Fluorescent antibodies (from American 
Biological Reagents) were added to each tube, except 
for the blank tube, at a concentration of 2 µl. Cells were 
incubated at room temperature in the dark for 30  min, 

washed three times with PBS, centrifuged at 800 rpm for 
5 minutes, and resuspended in 300 µl PBS. Flow cytome-
try (Beckman Coulter, Fullerton, CA) was used for detec-
tion [69]. UC-MSCs were seeded in a 12-well plate at a 
density of 1 × 105 cells per well. We followed the experi-
mental method by Hao Wang et al. for hUC-MSCs [70]. 
For the tri-lineage differentiation experiment, when the 
cell confluence reached 90–95%, we added adipogenic 
medium, osteogenic medium, and chondrogenic medium 
for induction. After 7 days, total RNA was extracted 
from each group of cells, and real-time quantitative PCR 
(QPCR) was performed. The expression levels of adipo-
genic, osteogenic, and chondrogenic genes were ana-
lyzed using real-time fluorescence quantitative PCR, with 
Gapdh as the reference standard. After 28 days of induc-
tion, we performed Oil Red O, Alizarin Red, and Alcian 
Blue staining to observe adipogenesis, osteogenesis, and 
chondrogenesis.

Exosome extraction and identification
HUC-MSCs were seeded onto microcarriers (Cell Eco-
logical Biotechnology Co., Beijing, China) and grown in 
a three-dimensional suspension using a bioreactor. The 
medium was refreshed every two days. The resulting cul-
ture supernatant was sequentially centrifuged at 300×g 
for 5 min, 2000×g for 15 min, and 10,000×g for 20 min at 
4 °C. The supernatant was filtered through a 0.22 μm PES 
membrane and then collected and stored at -80 °C.

The pretreated cell culture supernatant was pumped 
into a tangential flow filtration (TFF) system with hol-
low fiber columns for circulation and concentration. This 
continued until the volume was reduced to 1/10 − 1/25 of 
the original. The concentrated supernatant was then col-
lected into centrifuge tubes. After adding an appropriate 
amount of cell supernatant exosome extraction reagent 
(PEG-based) according to the volume, it was mixed thor-
oughly and precipitated at 4 °C for 2 h. Centrifugation at 
10,000×g at 4 °C for 1 h was performed, and the superna-
tant was separated. The centrifuged supernatant was dis-
carded, and the pellet was resuspended. After mixing, the 
suspension was stored at -80 °C for further experiments.

Exos (10  µl) were dropped onto a 300-mesh copper 
grid, stained with 3% phosphotungstic acid solution for 
1  min, dried, and observed under a transmission elec-
tron microscope (HT7830, HITACHI, Ltd., Tokyo, 
Japan). Western blot analysis was performed to detect 
the expression of exosome markers CD63 (ab59479, 
1:5000, Abcam), TSG101 (ab125011, 1:5000, Abcam), 
CD9 (ab92726, 1:5000, Abcam), and Calnexin (ab133615, 
1:5000, Abcam). Nanoparticle Tracking Analysis (NTA) 
was used to determine the size and concentration of 
Exos.

Table 7  Efficacy analysis at different follow-up times in the high-
dose group: there are statistically significant differences in the 
improvement of total score, pain, stiffness, and difficulty in daily 
living scores
Dependent 
Variable

(I) DAY (J) DAY Mean Differ-
ence (I-J)

Standard 
Error

Sig.

Total Score 0 21 -1.17* 0.531 0.03
42 -1.98* 0.531 0
90 -2.43* 0.54 0
270 -2.52* 0.54 0

21 90 -1.25* 0.54 0.023
270 -1.34* 0.54 0.015

Pain 0 21 -2.09* 0.689 0.003
42 -3.05* 0.689 0
90 -3.49* 0.701 0
270 -3.69* 0.701 0

21 90 -1.40* 0.701 0.05
270 -1.61* 0.701 0.025

Stiffness 0 42 -1.50* 0.673 0.029
90 -1.72* 0.685 0.015
270 -1.82* 0.685 0.01

Difficulty in 
Daily Life

0 42 1.74* 0.512 0.001
90 2.21* 0.521 0
270 2.27* 0.521 0

21 90 1.26* 0.521 0.018
270 1.32* 0.521 0.014

Based on the observed mean

The error term is mean square(Error) = 1.965

Comparison using Tamhane’s test. *. The mean difference is significant at the 
0.05 level
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Fig. 11  Knee joint MRI before and after hUC-MSCs-Exos injection: (a) Pre-injection knee MRI showing extensive bone marrow edema. (b) Nine months 
after injection, knee MRI shows reduced bone marrow edema area. (c) Pre-injection knee MRI showing a large volume of joint effusion. (d) Post-injection 
knee MRI showing a smaller volume of joint effusion. (e) Pre-injection knee MRI showing significant damage to the femoral cartilage. (f) Post-injection 
knee MRI showing thickened cartilage at the same location of the femoral condyle
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In vitro animal experiments
Primary chondrocyte culture
Mouse knee joint cartilage tissue samples were extracted 
and transferred to a cell culture dish, washed with physi-
ological saline containing 2% double antibiotics, then cut 
into small pieces and transferred to a 50 mL centrifuge 
tube. The standard laboratory procedure was then fol-
lowed. The cells were digested with collagenase I (Gibco) 
at a concentration of 3  mg/mL. The digestion was per-
formed in a shaking incubator at 37  °C for 60–80  min, 
after which digestion was terminated. The cells were then 
resuspended in chondrocyte culture medium, seeded 
into culture flasks, and incubated at 37  °C in a 5% CO2 
incubator. The cells were cultured in chondrocyte culture 
medium until they reached 80–90% confluence, at which 
point they were passaged. All subsequent experiments 
were performed using chondrocytes at passages P3 to P5.

Cytotoxicity assay of hUC-MSC-Exos
3000 chondrocytes were seeded in each well of a 96-well 
plate and incubated at 37 °C with 5% CO2 for 24 h. Exos 
at concentrations of 0 µg/ml and 100 µg/ml were added 
to the culture medium, with 100 µl added per well. The 
plates were incubated at 37  °C with 5% CO2 for 24, 48, 
and 72 h. Afterward, CCK8 reagent was added, and the 
plates were incubated for 2 h. The absorbance at 450 nm 
was measured using a microplate reader.

The uptake of exos by chondrocytes
According to the instructions provided by the manu-
facturer (Sigma, USA), Exos were labeled using the cell 
membrane green fluorescent dye kit DIO. The labeled 
Exos were then stored at 4 °C for later use. After seeding 
and attachment of chondrocytes to the wells, the medium 
containing 100  µg/ml DIO-labeled Exos was replaced, 
and co-culture was carried out for 1, 5, and 7 days. After 
incubation, the cells were examined and imaged using a 
fluorescence microscope.

The expression of COL2A1, MMP13, and IL-6 genes in 
chondrocytes
Chondrocytes were seeded into 12-well plates at a den-
sity of 7 × 10⁴ cells per well. Subsequently, 10 ng/mL of 
IL-1β and a combination of 10 ng/mL IL-1β and 100 mg/
mL Exosome were added to each well for 24 h. An equal 
volume of PBS was used to establish the control group. 
RNA was extracted from each group and reverse tran-
scribed. Then, QPCR was performed using a real-time 
fluorescence quantitative system to amplify the expres-
sion of COL2A1, MMP13, and IL-6 genes. The system 
was also used to analyze the expression of the aforemen-
tioned genes.

Study on the efficacy of exosome injection therapy in 
mouse OA model
Mouse OA model and reagent treatment
Three-month-old C57BL/6JNifdc mice were obtained 
from the Experimental Animal Research Center of Bei-
jing Viton Lihua Laboratory Animal Technology Co., 
Ltd. (Beijing, China). The mice were randomly divided 
into three groups: the Normal group (Normal + Veh, 
n = 4), the Model group (OA + Veh, n = 9), and the Treat-
ment group (OA + Dexo, n = 9). The OA model was estab-
lished in the Model group by intra-articular injection of 
a chemical agent. After receiving treatment, the mice 
were acclimatized for two weeks. On day 0, the mice were 
anesthetized by intraperitoneal injection of 5% chloral 
hydrate (200 µL/30 g). The Normal group received 10 µL 
of physiological saline via intra-articular injection in both 
knees, while the other two groups received 10 µL of 10% 
MIA (monosodium iodoacetate) via intra-articular injec-
tion once a week for 3 consecutive weeks. The experi-
ment began on the fifth week, and the Treatment group 
received 10 µL of Uexo (particle count 10^8) via intra-
articular injection once a week for 3 consecutive weeks, 
while the Normal and Model groups received 10 µL of 
physiological saline. After 4 weeks, a two-week observa-
tion period was conducted, and samples were collected 
for subsequent analysis.

Histology
At the end of the experiment, the mice were euthanized, 
and the entire knee joints were extracted and fixed in 10% 
formalin for 24 h. Then, the knee joints were treated with 
10% EDTA decalcifying solution at 37 °C for 2 to 3 weeks, 
with the solution changed every three days. After dehy-
dration, the tissues were embedded in paraffin, and 5-µm 
thick sections were created along the sagittal plane. These 
sections were stained with Safranin O/Fast Green. Two 
individuals, who were unaware of the study hypothesis, 
examined each specimen and assessed the level of carti-
lage damage using the OARSI cartilage histopathological 
grading system.

IHC analysis
Immunohistochemical staining was performed to detect 
MMP13 and COL2A1. The sections were deparaffinized, 
washed with PBS, and subjected to antigen retrieval. 
Then, 3% BSA was used for blocking at room tempera-
ture for 30  min. The primary antibodies were applied 
to the sections and incubated overnight at 4  °C: COL2 
(1:100, 2221110079) and MMP13 (Proteintech, 98899). 
The sections were then stained with biotinylated second-
ary antibodies, followed by incubation with streptavidin-
horseradish peroxidase solution for visualization.
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Human chondrocyte experiment
Preparation of primary chondrocyte cultures
Knee cartilage tissue specimens from clinical knee 
replacement surgery patients were extracted and trans-
ferred to cell culture dishes. The tissue was washed with 
PBS containing 2% antibiotics, cut into pieces, and trans-
ferred to a 50 mL centrifuge tube. Standard laboratory 
procedures were then followed. The cells were digested 
with collagenase I (Gibco) at a concentration of 3  mg/
mL. Digestion was carried out in a 37  °C shaker for 
60–80 min. After digestion, the cells were resuspended in 
chondrocyte culture medium, seeded into culture flasks, 
and incubated at 37  °C with 5% CO2. The cells were 
resuspended in chondrocyte culture medium, seeded 
into culture flasks, and cultured at 37  °C with 5% CO2 
until they reached 80–90% confluence. Passage 3 to 5 
chondrocytes were used for all subsequent experiments.

Cell toxicity assay of hUC-MSC-Exos
3,000 chondrocytes were seeded in each well of a 96-well 
plate and incubated at 37 °C with 5% CO2 for 24 h. Exos 
at concentrations of 0 µg/ml and 100 µg/ml were added 
to the culture medium at a volume of 100 µl/well, and the 
plate was incubated at 37 °C with 5% CO2 for 24, 48, and 
72  h. Then, CCK8 medium was added, and after 2  h of 
incubation, the absorbance at 450  nm in each well was 
measured using a microplate reader.

The safety and efficacy of intra-articular exosome injection 
in the treatment of knee osteoarthritis patients
Experimental design
The objective of this part of the experiment is to evalu-
ate the safety and efficacy of intra-articular injection of 
Exos derived from hUC-MSC-Exos for the treatment of 
knee osteoarthritis patients. A prospective, double-blind, 
randomized clinical trial was conducted, approved by 
the Ethics Committee of the Second Hospital of Hebei 
Medical University (approval number: 2022-T008) and 
registered on the Chinese National Clinical Trial website 
ClinicalTrials.gov (trial number: MR-13-24-017929).

Sample grouping and observation indicators
Patients were enrolled at the Second Hospital of Hebei 
Medical University from February 2023 to April 2023. A 
total of 41 patients with 45 affected limbs, diagnosed with 
mild to moderate OA of the knee, exhibiting symptoms 
of pain or swelling for at least 3 months, were included. 
Detailed inclusion and exclusion criteria are provided in 
the supplementary materials. All patients were randomly 
assigned into three groups based on the K-L grade: low-
dose (3*1011exosome particles), medium-dose (4*1011 
exosome particles), and high-dose (5*1011 exosome par-
ticles), with 15 patients in each group. They received a 
2.5 mL exosome particle solution injection into the joint 

cavity on days 0, 21, and 42. All injections were per-
formed by a specialist physician in an outpatient setting, 
with both the physician and patients blinded to the dose 
of hUC-MSC-Exos injections.

Observation indicators: (1) Blood tests for routine 
blood work, liver, and kidney function were conducted 
before each injection, immediately after each injection, 
and 3 months after enrollment to assess the safety of exo-
some injections. (2) WOMAC (Western Ontario and 
McMaster Universities Osteoarthritis Index) scores were 
recorded before each injection, immediately after each 
injection, and during follow-up at 3, 6, and 9 months to 
assess clinical outcomes. (3) MRI of the knee joint was 
performed at baseline and at 9 months post-enrollment 
to evaluate the effectiveness of treatment and cartilage 
regeneration.

Randomization and blinding
OA and K-L grades were determined using standard 
radiographic examination OA and K-L grades were deter-
mined using standard radiographic examination [71], 
assessed by experienced orthopedic surgeons or trained 
musculoskeletal radiologists. We collected demographic 
information and baseline characteristics. All patients 
underwent clinical examinations (routine knee joint 
examination, WOANC scoring, MRI scans, etc., detailed 
in Table 2), which were completed by rheumatologists or 
orthopedic doctors before the trial began or during the 
3-month follow-up period.

Patients were randomly assigned to receive joint cavity 
injections of Exos at three different doses. Randomization 
was carried out using group randomization with a group 
size of 41 patients, where four patients received bilateral 
knee joint injections, requiring two rounds of randomiza-
tion. Each randomization group consisted of 45 opaque 
envelopes, each containing a card with the drug name 
written on it (15 cards for low dose, 15 for medium dose, 
15 for high dose). The envelopes were stored in a locked 
safe. Before the first injection, the drug provider retrieved 
an envelope from the safe to determine the patient’s 
treatment group. During subsequent injections, both the 
injecting physician and the patient remained blinded to 
the injection dose.

For patients with bilateral knee joints, they were ran-
domly assigned with an interval of at least 3 months 
between injections in each knee. All patients and 
researchers, except for the drug provider, were blinded. 
All exosome doses were stored in identical antibiotic 
vials, and the drugs had the same color and volume to 
avoid distinguishing between doses. A research nurse 
registered the patients and checked all inclusion and 
exclusion criteria with the patients. If any criteria were 
unclear, the primary investigator (MT) or sponsor inves-
tigator (ABR) was consulted.
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Intervention
On the day of injection, both the researcher and the 
subject received the quality control report of the study 
drug. The researcher checked the production date, dose, 
storage conditions, expiration date, and subject-related 
information before clinical use to ensure accuracy. Sub-
jects confirmed the safety of the clinical trial product and 
underwent regular check-ups as per the study protocol to 
observe the efficacy and safety of exosome treatment.

After production, the exosome injection was delivered 
to the hospital through low-temperature transportation. 
There was no drug return during the study, and all opera-
tions were conducted under strict sterile conditions. We 
sent surveys before each injection and again at 3 months, 
6 months, and 9 months after the intervention. After 
9 months, a random subset of patients from all three 
groups was selected for MRI examination. The primary 
outcome for pain assessment within 9 months included 
the WOMAC pain component (range, 0–20), WOMAC 
stiffness component (range, 0–8), and physical function 
(range, 0–68), with all adverse events recorded.

Statistical analysis
Statistical analysis was performed by three professional 
statisticians using GraphPad Prism 8.0.2 for preclinical 
research data, conducting statistical analysis via one-
way ANOVA and Tukey’s post-hoc test. Clinical trial 
data were analyzed using SPSS 26. All data were quanti-
fied, with the maximum score set to 10. Mean differences 
(I-J) were recorded, and normality was assessed through 
variance homogeneity analysis. If variances were homo-
geneous, LSD was used for statistical analysis; if vari-
ances were heterogeneous, the Tamhane method was 
employed. A p-value < 0.05 was considered statistically 
significant for all comparisons.
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