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ABSTRACT

Articular cartilage has limited self-regenerative capacity and the therapeutic methods for cartilage
defects are still dissatisfactory in clinic. Recent studies showed that exosomes derived from
mesenchymal stem cells promoted chondrogenesis by delivering bioactive substances to the
recipient cells, indicating exosomes might be a novel method for repairing cartilage defect.
Herein, we investigated the role and mechanism of human umbilical cord mesenchymal stem
cells derived small extracellular vesicles (hUC-MSCs-sEVs) on cartilage regeneration. In vitro results
showed that hUC-MSCs-sEVs promoted the migration, proliferation and differentiation of chon-
drocytes and human bone marrow mesenchymal stem cells (nBMSCs). MiRNA microarray showed
that miR-23a-3p was the most highly expressed among the various miRNAs contained in hUC-
MSCs-sEVs. Our data revealed that hUC-MSCs-sEVs promoted cartilage regeneration by transfer-
ring miR-23a-3p to suppress the level of PTEN and elevate expression of AKT. Moreover, we
fabricated Gelatin methacrylate (Gelma)/nanoclay hydrogel (Gel-nano) for sustained release of
sEVs, which was biocompatible and exhibited excellent mechanical property. In vivo results
showed that hUC-MSCs-sEVs containing Gelma/nanoclay hydrogel (Gel-nano-sEVs) effectively
promoted cartilage regeneration. These results indicated that Gel-nano-sEVs have a promising
capacity to stimulate chondrogenesis and heal cartilage defects, and also provided valuable data
for understanding the role and mechanism of hUC-MSCs-sEVs in cartilage regeneration.
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Introduction Mesenchymal stem cells (MSCs)-based tissue engi-

neering has promising potential therapy for cartilage

Articular cartilage has limited self-regenerative capacity due
to the lack of vascular, neural and lymphatic network [1]. The
treatments for cartilage defects include microfracture, auto-
logous chondrocyte implantation (ACI) and cartilage tissue
engineering were difficult to regenerate the damaged cartilage
[2]. Compared to natural hyaline cartilage, the fibrocartilage
formed by microfracture has poor durability and lacks good
histological and biomechanical properties [3]. ACI also has
some disadvantages including high cost, secondary injuries
and postoperative complications such as articular adhesions,
periosteal hypertrophy and delamination of the defect [4,5].
Therefore, new strategies to regenerate the damaged cartilage
are desperately needed for the treatment of cartilage defect.

defects [6-8]. Human umbilical cord MSCs (hUC-
MSCs) possess desirable biological properties, such as
abundant tissue source, great expansion capability and
painless collection process [9]. Recent studies reported
that the therapeutic power of MSCs on cartilage defect
can be replicated by the MSCs-derived exosomes [10].
Compared to MSCs, small extracellular vesicles (sEVs)
are important bioactive extracellular vesicles with
potential application in MSC-based tissue-engineering
therapies due to their high stability, easy to obtain and
rich sources [11,12]. Recent studies reported that MSC-
derived exosomes promoted chondrogenesis [13-15].
For example, human-induced pluripotent stem cell-
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derived exosomes integrated with hydrogel showed
potential in the regeneration of cartilage tissue [14].
Therefore, sEVs are ideal option for the treatment of
cartilage defects; however, the role of hUC-MSCs-
derived small extracellular vesicles (hUC-MSCs-sEVs)
on cartilage regeneration remains unknown and the
underlying mechanism requires further researched.

Exosomes (one of the sEVs) with a diameter of
30 -150 nm are rich in proteins, mRNAs and
miRNAs [16-18]. MicroRNAs (miRNAs) are a class
of ~22nt small non-coding RNA, which play an
important regulatory role in target gene expression
by binding to the 3'untranslated region (3'UTR) of
target mRNA, resulting in degradation or translation
repression of the target [19]. Recent studies reported
that exosomes were secreted to the microenvironment
to mediate cell-to-cell communication and deliver
genetic information through transferring miRNA
[20]. For example, infrapatellar fat pad MSCs-derived
exosomes inhibited mTOR-autophagy pathway by
delivering miR-100-5p to protect cartilage from
damage [10], indicating miRNAs were crucial factors
in exosome-mediated intercellular communication.
However, whether hUC-MSCs-sEVs promote cartilage
regeneration by transferring miRNAs and then affect-
ing related signalling pathways remains elusive.

To optimize in vivo application of sEVs and achieve
their sustained release, the scaffold with good biocompat-
ibility, mechanical performance and biodegradability is
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extremely important. Hydrogel is an excellent biomaterial
with promising applications in cartilage tissue engineering
due to its unique properties such as extracellular matrix-
like water content, thixotropy and desirable biocompatibil-
ity [21]. Gelatin methacrylate (Gelma) hydrogel recently
attracted increasing attention in tissue engineering for its
injectable and UV-cross-linked properties. Chen et al
reported the use of 3D printed Gelma/sEVs scaffold in
repairing osteochondral defect [17]. However, the applica-
tion of Gelma hydrogel on cartilage tissue engineering was
limited due to its poor strength [22]. Nanomaterials have
emerged as a promising biomaterial additive to effectively
enhance the mechanical and biological properties of bio-
materials [23,24]. Therefore, in this work, we added lapo-
nite nanoclay into Gelma hydrogel to improve its
mechanical and biological properties and achieve the sus-
tained release of sSEVs with the degradation of the hydrogel.

In this study, we successfully fabricated Gelma/nano-
clay/sEVs hydrogel (Scheme 1). The sEVs were released
in a sustained manner with the degradation of the hydro-
gel and then gradually internalized by chondrocytes and
human bone marrow mesenchymal stem cells (hBMSCs).
The absorbed sEV's improved the migration, proliferation
and chondrogenic differentiation of the cells, resulting in
the formation of glycosaminoglycan, extracellular matrix
and collagen II. Successful cartilage regeneration was
achieved by the use of Gelma/nanoclay/sEVs hydrogel
and this finding provided a promising therapeutic strat-
egy for the repair of cartilage defects.
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Scheme 1. Schematic illustration of therapeutic sEVs released from Gelma/nanoclay hydrogel for cartilage regeneration. (a)
Preparation of Gelma/nanoclay/sEVs hydrogel and cartilage defect implantation. (b) Sustained release of sEVs with the degradation
of hydrogel. (c) Internalization of therapeutic sEVs by chondrocytes and hBMSCs. (d) The effect of sEVs on chondrocytes and
hBMSCs. (e) Regeneration of cartilage defect by the composited hydrogel.



Materials and methods
Cell isolation and culture

Primary articular cartilage chondrocytes were isolated
as previously described [25]. Briefly, newborn mice
were killed under excessive anaesthesia, the skin and
soft tissue were removed by scissors and pincer, then,
cartilage tissue was isolated and washed in PBS. After
be diced, cartilage tissue was digested overnight in
Dulbecco’s modified Eagle’s medium (DMEM)/F12
(Corning, USA,10092001) supplemented with 0.2%
type II collagenase (Invitrogen, USA,17101015) and
1% P/S at 37°C. The collected chondrocytes were cul-
tured in DMEM/F12 in a thermal incubator under 5%
CO,.

hUCMSCs characterization

Flow cytometry analysis

hUCMSCs(Cyagen, USA, HUXUC-01101) were pur-
chased from cyagen biotechnology company. hUC-MSCs
were cultured in Ultra culture medium (Lonza, USA,
12-725 F) contained serum analogue Ultroser™ G (Life
Science, USA, 259509). Then, 1 x 10* cells were incubated
with antibodies of PE anti-human CD44(BD,
USA,550989), PE anti-human CD151(BD, USA,556057),
PE anti-human CD73(BD, USA, 550257), APC anti-
human CD133(BD, USA,566596), PE anti-human CD34
(BD, USA,560,710) and finally analysed by flow cytometry.

Inducing hUCMSCs chondrogenic, adipogenic and
osteogenic differentiation

hUCMSCs were cultured in osteogenic (Cyagen, USA,
HUXUC-90021), adipogenic (Cyagen, USA, HUXUC-
90031) or chondrogenic differentiation medium
(Cyagen, USA, HUXUC-9004) for 14 days, 21 days
and 21 days, respectively. Subsequently, the differen-
tiated cells were fixed by 4% paraformaldehyde (PFA)
and then identified by Alizarin Red, Oil O Red and
Alcian Blue, respectively.

Isolation and identification of sEVs

Isolation of sEVs

hUC-MSCs were cultured in Ultra culture medium
(Lonza, USA, 12-725 F) contained with 10% sEVs-
free FBS (System Biosciences, USA, 50A-1) for
72 hours. Then, sEVs were purified and collected
from the collected conditioned media. According to
the published protocol [26], to remove dead cells and
cell debris, the supernatants were centrifuged at 300 g
for 10 min, 2000 g for 10 min and 10,000 g for 30 min
at 4°C. Next, the supernatants were then transferred to
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a fresh ultracentrifuge tube and centrifuged at the
speed of 100,000 g (Beckman Coulter, USA) for
70 min at 4°C. Then, the pellets were resuspended
with 1 mL PBS in each tube. sEVs were obtained
after be centrifuged at 100,000 g for 70 min and resus-
pended with cold PBS.

PKH-26 staining assay

PKH-26 kit (Sigma, USA, SLB6089) was used to label
sEVs according to the manufacturer’s protocol. Briefly,
sEVs were incubated with 500 ul Dilution C solution and
4ul PKH-26 dye solution for 5 min at room temperature
in dark environment. Then, 500 ul 1% bovine serum
albumin were added to stop the process of staining.
The labelled SEVs were obtained after be centrifuged at
100,000 g for 70 min and resuspended with 200 ul cold
PBS. The chondrocytes and hBMSCs were incubated
with labelled sEVs in 48-well plate for 24 h.
Subsequently, the cells were fixed with 4% paraformal-
dehyde and then stained with DAPI for 5 min. The
image was visualized under fluorescence microscopy.

Nanoparticle tracking analysis (NTA)

sEVs particle size and concentration were measured by
NTA with Zetaview PMX 110 (Particle Metrix,
Meerbusch, Germany) and corresponding software
ZetaView 8.04.02. sEVs were pre-diluted by 1x PBS
(diluted factor: 1:1000) and then injected into the sam-
ple-carrier cell. NTA measurement was recorded and
analysed at 11 positions. The ZetaView system was
calibrated wusing 110 nm polystyrene particles.
Temperature was maintained at 27.65°C.

Transmission electron microscopy (TEM)

According to the published protocol [27], sEVs were
fixed by 2% PFA for 5 min. Then, sEVs suspension
solution was loaded on the grid and incubated for
10 min. sEVs were stained with 1% uranyl acetate
(UA) solution on the surface of the EM grid for
2 min. Subsequently, the excess UA solution on the
grid was removed by filter paper and dried at room
temperature. sEVs were observed under TEM (Tecnai
G2 spirit BioTWIN).

Western blot analysis

Western blotting was carried out as previously described
[10]. The cells were harvested by RIPA and endogenous
proteins were isolated from cell lysates, then the protein
concentration was measured by BCA protein assay kit.
Equivalent amounts of proteins (20,000 ug) were separated
on a 10% SDS-PAGE gel and transferred to 0.22 pm poly-
vinylidene difluoride membranes. The membranes were
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blocked by 5% fat-free milk and then incubated with
primary antibodies overnight at 4°C. After being washed
by TBST for 5 min, the membranes were incubated with
secondary antibodies for 1 h. The protein bands were
visualized with ImmunoStar Western C (LI-COR, USA).
The primary antibodies were listed as follows: anti-Akt
(CST, USA, 9272, 1:1000), anti-phospho-Akt(CST,
USA,9271, 1:1000), anti-PTEN(CST,USA,9559, 1:1000),
anti-GAPDH(CST, USA, 2118, 1:1000), anti-B-actin(CST,
USA,3700, 1:1000), anti-collagen II(Servicebio, China,
GB11021, 1:2000), anti-aggrecan(Proteintech, USA,
13,880-1-Ap, 1:1000) anti-CD63(SBI, USA, EXOAB-
CD63A-1, 1:1000), anti-CD81(SBI, USA, EXOAB-
CD81A-1, 1:1000), CD9(SBI, USA, EXOAB-CD9A-1,
1:1000).

Luciferase reporter assay and transfection

Transfection was carried out by Lipofectamine 2000
reagent (Invitrogen, USA, 11,668,019) according to
the manufacturer’s instruction. Briefly, the luciferase
report vectors including pmir-report-pten wt and
pmir-report-pten mut were transfected into HEK-
293 t cells with miR-23a-3p mimics or the control.
After 24 h transfection, the cells were cleaved by pas-
sive lysis buffer. Firefly and renilla luciferase activity
were measured by Dual-Luciferase Reporter Assay
System (Promega, USA).

Antagomir-23a-3p treatment

According to the published protocol [28], chondrocytes
and hBMSCs cultured in serum-free medium were
treated with 100 nm antagomir-23a-3p or scramblemir
(Ctrl) in a thermal incubator under 5% CO, for 6
h. Then, the supernatant was removed. The cells were
further cultured in the complete medium contained
serum. The sequences of antagomir-23a-3p and scram-
blemir are listed in Supplementary Table 2.

Quantitative RT-PCR analysis

Total RNA was extracted from cells using Trizol
reagent, RNA (1000 ng) was reverse-transcribed into
cDNA using the revert first strand cDNA synthesis kit
(Yesen, China). qPCR was performed in 20-ul reaction
volumes (10 ul SYBR, 0.8 ul primers, 2ul cDNA, 7.2 ul
H,0) using SYBR Premix EX TaqTM II (Yesen, China,
11202ES03) according to the manufacture’s instruction.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
and the small U6 RNA were the internal reference for
mRNA and miRNA, respectively. The primers used in
gPCR are shown in Supplementary table 1. The related

. : ~AACT
gene expression was calculated using the 2744¢

method. Data were presented as mean + SD of three
number of replicates.

Inducing hBMSCs chondrogenesis and histologic
analysis

hBMSCs were cultured in the Ultra culture medium
(Lonza, USA) contained Ultroser™ G serum analogue
(Life science, USA). Then, 3 x 10° cell/mL hBMSCs
were resuspended and centrifuged at 400 g for 8 min,
then cultured in basal medium overnight. The medium
was removed and chondrogenic differentiation med-
ium supplied different concentrations of sEVs (5 and
10 x 10® particles/mL) was added and refreshed every 2
days. At 21 days, the microspheres were washed by
phosphate buffer solution (PBS), and then fixed using
4% paraformaldehyde (PFA). After washed by PBS, the
microspheres were treated with 30% sucrose solution
overnight and embedded in medium (Leica, Germany)
for frozen tissue specimens. For histologic analysis,
6-um sections were stained by Alcian blue for proteo-
glycans and were visualized under microscopy.

Chondrocytes differentiation assay

Primary chondrocytes were collected and cultured in the
form of micromass as previously described [29,30]. In
brief, the cell droplets (25 ul) counted in 2.5 x 10* cells
were carefully seeded in 24-well plate and incubated for
2 h. Then, the complete chondrogenic medium (DMEM/
F12 supplied ITS, 100 nM dexamethasone, 50ug/mL
ascorbate, 10 ng/mL TGF-f3, 40ug/mL proline, 1 mM
sodium pyruvate) contained sEVs were added and
refreshed every 2 days. At 7 days, the micromass was
fixed and stained by Alcian blue. Alcian blue activity
was analysed by Image ]. Proteoglycans were visualized
clearly under microscopy. Data were presented as mean +
SD of three number of replicates.

Transwell migration assay

To investigate the effect of sEVs on migration of
hBMSCs and chondrocytes, transwell migration assay
was performed as previously described [31]. Briefly,
10 x 10* cells cultured in serum-free medium were
added to the upper chamber in transwell system (BD
falcon, USA) and migrated for 8 h. The cells on the
upper chamber were removed and the remaining cells
on the undersurface of the transwell were fixed using
4% PFA. After be stained using 0.2% crystal violet, the
migrated cells were visualized under the microscopy.



Data were presented as mean + SD of three number of
replicates.

Cell proliferation assay

The proliferation of hBMSCs and chondrocytes stimu-
lated by sEVs was measured by cell counting kit-8
(CCK-8, Dojindo, Japan). Briefly, 5000 cells were incu-
bated in the 96-well dishes for 24 h. Then, 10 ul CCK8
was added into each well and co-incubated with cells
for 3 h. The cell proliferation was evaluated by 450 nm
absorbance values using an enzyme-linked immuno-
sorbent assay plate reader. Data were presented as
mean * SD of three number of replicates.

MiRNA microarray

Microarray was used to analyse total RNA extracted from
hUC-MSCs-sEVs. Briefly, RNA was extracted using trizol
reagent and purified with the RNeasy mini kit (Qiagen,
Valencia, CA, USA). Biotinylated cDNA was prepared
according to the standard Affymetrix protocol. Following
labelling, fragmented cDNA was hybridized for 16 h at
45°C on GeneChip miRNA 4.0 Array (Affymetrix). In
addition, GeneChip was washed and stained in the
Affymetrix Fluidics Station 450. The data (.cel) were
normalized by the software TAC (Transcriptome
Analysis Console; Version:4.0.1) with Robust Multichip
Analysis (RMA) algorithm using the normalization
method of Affymetrix default analysis settings and global
scaling. Values were presented as log2 RMA signal
intensity.

Preparation and characterization of hydrogels

Preparation of hydrogels and sEVs release analysis
Hydrogels were synthesized as follows: gelma was first
dissolved in 0.1 g/mL PBS at 50°C, 0.06 g/mL gelatin or
0.06 g/mL nanoclay was added into the gelma solution,
mixed and incubated for 2 h. The sEVs (10 x 10®
particles/mL) were added into the mixture and com-
posited hydrogels were obtained after chemical cross-
linking by ultraviolet radiation for 3 min. The sEVs
released profiles from hydrogels were measured using
BCA protein assay kit (Beyotime, China) as previously
described [11]. Briefly, the hydrogels were immersed in
PBS in 24-well plate. At specific time points, the sur-
face supernatant was collected and fresh PBS was
added. The released sEVs were quantified and
expressed as the release percentage. Data were pre-
sented as mean + SD of three number of replicates.
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Scanning electron microscopy (SEM)

SEM was used to observe the reticular porous structure
of the composited hydrogels. Different compositions of
gel samples were immersed into 2 mL PBS and incu-
bated at 37°C for 24 h to obtain equilibrium swelling.
The hydrogels were freeze-dried and were then cut into
pieces in a longitudinal direction. The specimens were
sputter-coated with gold for 30 s and directly visualized
using SEM.

Swelling ratio and mechanical properties assay

The photo-crosslinked (365 nm UV radiation for
2 min) cylindrical samples were soaked in PBS and
incubated for 24 h [32]. After removing the surface
water, the swelling samples were weighted at different
time points. The formula below was used to calculate
the swelling ratios of the hydrogels:

Wt - Wd
——— X 100%
Wa

Swelling ratio =

W, was the dry weight of the hydrogel, and W, was the
swollen weight of the hydrogels. Mechanical properties of
the hydrogels were examined by compression testing
(Zwick Z050) in a press mode. Photo-crosslinked cylin-
der hydrogels (5 mm height; 10 mm diameter; n = 4) were
placed in the lower plate at a speed of 1 mm/min. The
compressive force was recorded until hydrogels were
deformed by upper plate [33].

Rheological properties and degradation behaviours

assay

A rheometer (Kinexus ultra+) equipped with a plate
with a diameter of 25 mm, and a gap distance of 1 mm
was used to measure the Rheological properties of the
composite ink. To measure the viscosity, these inks
were loaded with steady rate sweeps within a shear
rate range of 0.1 to 1000 s '. To evaluate the degrada-
tion behaviours of hydrogels, the samples (5 mm
height; 10 mm diameter; n = 3) were soaked in PBS
at 37°C. At given time points (day 1, 2, 3, 4, 5, 6, 7, 10,
14), after removing the surface supernatant, the weight
of hydrogels was measured. The following formula was
used to calculate the degradation ratios of hydrogels:

W,
Degradation ratio = Wt x 100%

0
where W, was the initial weight of the sample, and W;
was the weight of the sample at a specific time point.

Biocompatibility and cytotoxicity assay
To evaluate the biocompatibility and cytotoxicity of the
hydrogels, 1 x 10* cells/mL hBMSCs were seeded on
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three different hydrogels sterilized with ultraviolet light
in 48-well culture plates. The cytotoxicity of the hydro-
gels was examined by the viability of hBMSCs using
CCK-8 after incubating for 1st, 3rd and 7th days. Data
were presented as mean + SD of three number of
replicates.

Animal experiment

Animal experiments were reviewed and approved by
the ethical review committee of Changhai Hospital,
the Second Military Medical University. All surgical
procedures were performed under sterile environ-
ment. Twenty-four male Sprague-Dawley rats
(8 weeks old) were anaesthetized by injecting 4%
chloral hydrate (1 mL/100 g), shaved, and disin-
fected. The knee joint was exposed by slitting the
skin and muscle. Subsequently, a full thickness
cylindrical cartilage defects (2 mm in diameter and
1.5 mm in depth) were created by electrical drill.
Twenty-four rats were randomly divided into four
groups including (1) control; (2) Gelma/nanoclay
(Gel-nano); (3) Gelma/nanoclay/sEVs (Gel-nano-
sEVs) (10 x 108 particles/mL); (4) sham. For group
1,2,3, the cartilage defects were created and the spe-
cimens were implanted directly into defects. All rats
were sacrificed 12 weeks after surgery by injecting
excessive 4% chloral hydrate and the samples
collected.

Histology and immunohistochemical analysis

The knee joint samples were fixed in 4% paraformal-
dehyde for 24 h and decalcified in EDTA. The speci-
mens were embedded in paraffin after dehydration in
a gradient alcohol. The embedded specimens were cut
into 6 um thick sections which were analysed by
Safranin-O & fast green-stained, haematoxylin and
eosin (H&E) staining, immunohistochemical staining.
Immunohistochemical staining was carried out as pre-
viously described [34]. The sections were treated with
sodium citrate solution to epitope retrieval and then
incubated with a primary antibody like collagen II
(Abcam, USA) overnight at 4°C. Subsequently, the
samples were incubated with a second antibody and
then stained with haematoxylin. The sections were
clearly observed under the microscope.

Statistical analysis

The results are presented as mean * standard deviation
(SD). For comparison of two groups, the unpaired
Student’s t-test was used. One-way analysis of variance

(ANOVA) was used for the comparison of multiple groups.
Differences were considered statistically significant when
P <0.05.

Results
Identification of hUC-MSCs and hUC-MSCs-sEVs

hUC-MSCs morphology observed under the microscope
revealed a spindle-like shape (Figure 1(a)). To evaluate the
muti-lineage differentiation potential of hUC-MSCs, they
were induced to chondrogenic, adipogenic, osteogenic
cells when cultured in chondrogenic, adipogenic, osteo-
genic induction medium, respectively. The images from
Alcian blue, Oil Red O, Alizarin Red staining
(Supplementary Figure 1) indicated that hUC-MSCs
showed muti-lineage differentiation. Moreover, we mea-
sured the surface marker of hUC-MSCs such as CD44,
CD73, CD151, CD34, CD133 by flow cytometer assay
(Figure 1(b)). The analysis data confirmed that hUC-
MSCs were consistent with the criteria for identifying
stem cells. Furthermore, we successfully isolated SEVs
from hUC-MSCs and identified the characteristics using
various experiments (Figure 1(c-e)). hUC-MSCs-sEVs
exhibited a spherical microvesicle structure observed
under the TEM, whose diameters were approximately
from 50 to 150 nm (Figure 1(c)). Data from NTA demon-
strated that the average diameters of the microvesicles were
about 142.9 nm, while the percentage of the vesicles with
diameters 30-150 nm was 99.2% and the concentration
was 82 x 10° particles/mL (Figure 1(d)). In addition,
western blot analysis revealed that the exosomal surface
marker CD81, CD63, CD9 expressed on sEVs rather than
hUC-MSCs (Figure 1(e)). In general, all these results con-
firmed sEVs were successfully isolated from hUC-MSCs.

hUC-MSCs-sEVs significantly promoted the
migration, proliferation and differentiation of
chondrocytes

To investigate the role of hUC-MSCs-sEVs on chondro-
cytes, we utilized PKH-26 to label hUC-MSCs-sEVs. The
labelled SEVs were co-incubated with chondrocytes for
24 h. The fluorescence microgragh (Figure 2(a)) showed
that PKH-26-labelled sEVs (red fluorescence) were gradu-
ally internalized by chondrocytes (the nuclei were stained
with blue fluorescence by DAPI). We next sought to eval-
uate whether hUC-MSCs-sEVs may affect viability of
chondrocytes. Different concentrations of sEVs (sEVsl
and sEVs2 indicated that 5 x 10® and 10 x 10® particles/
mL sEVs, respectively) were added to co-incubate with
chondrocytes for 24 h. CCK-8 assay was performed to
evaluate cell viability. As showed in Figure 2(b), hUC-
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Figure 1. Identification of hUC-MSCs and hUC-MSCs-sEVs. (a) Representative images showing the spindle-like morphology of hUC-
MSCs. Scale bar: 100 um. (b) Characteristic surface markers of hUC-MSCs evaluated by flow cytometry. The blue curves represent
isotype controls and the red curves represent the surface markers. (c) Morphology of hUC-MSCs-sEVs visualized under transmission
electron microscopy (TEM). Scale bar: 200 nm. (d) Particle size distribution of hUC-MSCs-sEVs measured using nanoparticle tracking
analysis. (e) Surface markers of hUC-MSCs-sEVs quantified by western blotting.

MSCs-sEVs treatment resulted in increased chondrocytes
viability and 10 x 10® particles/mL. hUC-MSCs-sEV sig-
nificantly promoted cells proliferation compared to the
control group. Moreover, the migration ability of chondro-
cytes treated with different concentrations of hUC-MSCs-
sEVs was evaluated by transwell migration assay. As shown
in Figure 2(c, d), compared to the control group, the
numbers of migrated cells stimulated with sEVs was sig-
nificantly increased, and chondrocytes stimulated with
10 x 10° particles/mL sEVs possessed highest migration
ability than other groups. Subsequently, to confirm the role
of sEVs on chondrogenic differentiation, chondrocytes
were cultured in chondrogenic induction differentiation
medium contained hUC-MSCs-sEVs. After chondrogenic
stimulation for 7 days, alcian blue staining and activity were
significantly increased in hUC-MSCs-sEVs treatment and
the chondrogenic rate in sEVs2 group (10 x 10°® particles/
mL) was distinctly higher than other groups (Figure 2(e, f)).
Consistently, stimulation with sEVs upregulated the
mRNA expression levels of chondrogenesis-related genes
such as Sox9, Col2, Aggrecan. Compared to the control and
sEVsl (5 x 10° particles/mL) group, SEVs2 (10 x 10° par-
ticles/mL) group displayed higher upregulation of the
chondrogenesis-related genes (Figure 2(h)). Moreover,
sEVs treatment upregulated the protein expression of
aggrecan and collagen II (Figure 2(g)), indicating hUC-

MSCs-sEVs (10 x 10® particles/mL) were more conducive
to the formation of glycosaminoglycan and the deposition
of collagen II.

hUC-MSCs-sEVs significantly promoted the
migration, proliferation and differentiation of
hBMSCs

Firstly, to validate the role of hUC-MSCs-sEVs on
hBMSCs, PKH-26 was used to label sEVs. As shown
in Figure 3(a), sEVs were undergo uptake by hBMSCs
and evenly distributed around the nuclei, indicating
that hUC-MSCs-sEVs could be gradually internalized
by hBMSCs and further may affect the viability, migra-
tion differentiation potential of hBMSCs. Subsequently,
CCK-8 assay was used to evaluate the viability of
hBMSCs with sEVs treatment. The results demon-
strated different concentrations of sEVs (sEVsl and
sEVs2 represented 5 x 10® and 10 x 10® particles/mL,
respectively) significantly enhanced the proliferation
potential of hBMSCs, while sEVs2 show the major
effect on viability of hBMSCs (Figure 3(b)). The migra-
tion ability of hBMSCs treated with different concen-
trations of hUC-MSCs-sEV's was evaluated by transwell
migration assay. As shown in Figure 3(c, d), the
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Figure 2. hUC-MSCs-sEVs promoted the migration, proliferation and differentiation of chondrocytes. (a) Representative fluorescence
micrograph of PKH-26 (red)-labelled sEVs internalized by primary chondrocytes. The labelled sEVs were co-incubated with
chondrocytes for 24 h. Scale bar:20um. (b) Effect of hUC-MSCs-sEVs on viability of chondrocytes. CCK-8 values were measured at
24 h after co-incubation **P < 0.01. (c) Representative images showing the transwell migration assay of chondrocytes treated with
sEVs for 8 h. Scale bar: 50 um. (d) Quantitative analysis of the migrated chondrocytes cultured in different concentrations of sEVs.
**P < 0.01, ***P < 0.001. (e) Alcian blue staining of chondrocytes treated with sEVs for 7 days. (f) Quantitative analysis of alcian blue
staining. (g) The protein levels of aggrecan and collagen Il in chondrocytes were analysed by western blotting. (h), (i) and (j) RNA
expression levels of Aggrecan, Col2, Sox9 were measured by qPCR. **P < 0.01, ***P < 0.001. For viability assay, transwell migration
assay and qPCR, group control, sEVs1 and sEVs2 indicated 0, 5 and 10 x 10® particles/mL sEVs, respectively. Data were presented as
mean =+ SD of three number of replicates. t-test was applied to each group in order to compare mean beta values.

number of migrated cells stimulated with sEVs (sEVsl
and sEVs2) was significantly increased compared to the
control group, while sEVs2 group shows major effect
on the migration.

Additionally, we sought to confirm differentiation
ability of hBMSCs with sEVs treatment. After 21 days of
chondrogenesis, the cell microspheres with sEVs treat-
ment (10 x 10° particles/mL) were significantly bigger
than other two groups (Figure 3(e, f)). Then Alcian blue
staining was used to detect the deposition of glycosami-
noglycan (GAG). The micrograph (Figure 3(g-h))
showed the chondrogenic activity with sEVs treatment
(10 x 10® particles/mL) was obviously stronger than other
two groups, indicating that GAG was prominently
enhanced by treatment with sEVs, which were conducive
to hBMSCs chondrogenic differentiation. Consistently,

stimulation with sEV's upregulated the mRNA expression
levels of chondrogenesis-related genes such as Aggrecan,
Col2 and Sox9 (Figure 3(j)). Moreover, sEVs treatment
upregulated the protein expression of aggrecan and col-
lagen II (Figure 3(i)), indicating hUC-MSCs-sEVs were
conducive to the formation of glycosaminoglycan and the
deposition of collagen II.

hUC-MSCs-sEVs activated the PTEN/AKT signalling
pathway through delivering miR-23a-3p

MiRNAs, one of the crucial constituents in exosomes
play prominent roles in regulating gene expression and
biological function by binding 3'UTR or amino acid
coding sequences of target gene [19,35]. We firstly used
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Figure 3. hUC-MSCs-sEVs promoted the migration, proliferation and differentiation of hBMSCs. (a) Representative fluorescence
micrograph of PKH-26 (red)-labelled hUC-MSCs-sEVs internalized by hBMSCs. The labelled sEVs were co-incubated with hBMSCs for
24 h. Scale bar: 20 um. (b) Effect of hUC-MSCs-sEVs on viability of hBMSCs. CCK-8 values was measured at 24 h after co-incubation.
**p < 0.01, ***P < 0.001. (c) Representative images of transwell migration assay of hBMSCs treated with sEVs for 8 h. Scale bar:
50um. (d) Quantitative analysis of the migrated hBMSCs cultured in different concentrations of sEVs. *P < 0.05, **P < 0.01. (e) and (f)
Representative micrograph of hBMSCs microspheres and the statistical results. The cell microspheres with sEVs treatment for
21 days. (g) Alcian blue stained sections of hBMSCs microspheres. (h) Quantitative analysis of alcian blue stained sections of hBMSCs
microspheres. (i) The protein levels of aggrecan and collagen Il in hBMSCs were analysed by western blotting. (j) Gene expression
levels of Aggrecan, Col2 and Sox9 were measured by gPCR, the statistical results analysis was also showed. *P < 0.05, **P < 0.01,
*%p < 0,001. For viability assay, transwell migration assay, and qPCR, group Ctrl, sEVs1 and sEVs2 indicated 0, 5 and 10 x 10®
particles/mL sEVs, respectively, and data were presented as mean + SD of three number of replicates. t-test was applied to each

group in order to compare mean beta values.

miRNA microarray to detect the miRNA expression
levels of hUC-MSCs-sEVs. The results showed that
there were various kinds of miRNA contained in
sEVs (Figure 4(a)), among which the ones related to
chondrogenesis are listed in Figure 4(b). Among these
various miRNAs, miR-23a-3p was the most highly
expressed, indicating hUC-MSCs-sEVs may perform
their biological function through delivering miR-23a-
3p. Subsequently, we predicted the potential target
gene of miR-23a-3p using targetscan and miranda
database. Among the predicted target genes, PTEN
have been reported to relate to cartilage metabolism
[36]. Bioinformatic analysis showed miR-23a-3p
could bind the 3'UTR of PTEN (Figure 4(c)). To
experimentally confirm whether miR-23a-3p directly
targeted PTEN, luciferase reporter constructs

containing the predicted 3'UTR of PTEN (WT-
psicheck2-PTEN) and mutated 3'UTR of PTEN
(MUT-psicheck2-PTEN) were cloned and transfected
into 293 T cells. When transfected cells were incu-
bated with miR-23a-3p, the luciferase activity was
decreased, and the response was abolished by mutat-
ing the target sites in the 3'UTR of PTEN (Figure 4
(d)). These results confirmed that PTEN was the
direct target gene of miR-23a-3p and could be sup-
pressed by miR-23a-3p.

To further investigate whether hUC-MSCs-sEVs
could activate downstream signalling pathways through
delivering miR-23a-3p, chondrocytes and hBMSCs
were treated with sEVs. qPCR results revealed that
the expression of miR-23a-3p with sEVs treatment
was significantly enhanced compared to cells in the
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Figure 4. hUC-MSCs-sEVs activated the PTEN/AKT signalling pathway by delivering miR-23a-3p. (a) Normalized miRNA expression
levels measured by miRNA microarray. (b) Normalized chondrogenesis-related miRNA expression levels and gene expression level of
miR-23a-3p. (c) The potential target sequences of miR-23a-3p were predicted by bioinformatic analysis. (d) 293 T cells were
transfected with luciferase reporter plasmids WT or MUT 3'-UTR of PTEN and miR-23a-3p, luciferase activity was detected by Dual-
Luciferase Reporter Assay System. Data were presented as mean + SD of three number of replicates. **P < 0.01. (e) Chondrocytes
were transfected miR-23a-3p for 24 h, then the expression of miR-23a-3p in chondrocytes was measured by qPCR. Data were
presented as mean + SD of three number of replicates. t-test was applied to each group in order to compare mean beta values.
***p < 0.001. (f) The protein levels of AKT, P-AKT, PTEN in chondrocytes were quantified using western blotting.

absence of sEVs (Figure 4(e) and Supplementary Figure
3). Moreover, we examined the related protein of
PTEN/AKT signalling pathway including total AKT
(T-AKT), AKT phosphorylation(P-AKT) and PTEN.
Western blotting revealed that the level of T-AKT,
P-AKT in chondrocytes and hBMSCs were increased
in the presence of sEVs, whereas the level of PTEN was
decreased (Figure 4(f) and Supplementary Figure 4).
Collectively, all these results demonstrated that hUC-
MSCs-sEVs could deliver miR-23a-3p into chondro-
cytes and hBMSCs. The increased miR-23a-3p in cells
bound the 3'UTR of PTEN and inhibited the expres-
sion of PTEN. The inhibitory PTEN signal further
resulted in up-regulation of AKT and the correspond-
ing downstream signal pathway.

miR-23a-3p silencing attenuated the therapeutic
effect of hUC-MSCs-sEVs on cartilage defect
in vitro

To further investigate whether miR-23a-3p was
important and involved in hUC-MSCs-sEVs-
mediated cartilage regeneration in vitro, we used
antagomir-23a-3p to silence miR-23a-3p expression.
As shown in Figure 5(a) and Figure 6(a), the expres-
sion of miR-23a-3p was decreased in chondrocytes
and hBMSCs when treated with antagomir-23a-3p
for 6 h. We next sought to evaluate whether antago-
mir-23a-3p may affect the proliferation, migration
and differentiation mediated by hUC-MSCs- sEVs in
chondrocytes and hBMSCs. Antagomir-23a-3p



administration significantly attenuated the prolifera-
tion of cells as evaluated by CCK-8 assays, when
compared to sEVs2 administration (10 x 10% parti-
clessrmL) (Figure 5 (b), Figure 6 (b)). As shown in
Figure 5 (¢, d) and Figure 6 (c, d), the number of
migrated cells treated with antagomir-23a-3p was sig-
nificantly decreased compared to sEVs2 group
(10 x 10® particles/mL), indicating that antagomir-
23a-3p may impair the favourable migration effect
mediated by hUC-MSCs-sEVs in chondrocytes and
hBMSCs. Additionally, alcian blue staining and
qPCR were performed to measure the effect of antag-
omir-23a-3p on differentiation of cells. As showed in
Figure 5 (e, f) and Figure 6 (e, f), antagomir-23a-3p
attenuated the differentiation effect mediated by hUC-
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MSCs-sEVs. Moreover, the chondrogenesis-related
genes such as Aggrecan, Col2 and Sox9 were signifi-
cantly decreased on antagomir-23a-3p group, when
compared to sEVs2 group. Subsequently, to investi-
gate whether miR-23a-3p silence may affect down-
stream  signalling pathways. Western blotting
revealed that the level of T-AKT, P-AKT in chondro-
cytes and hBMSCs were decreased in the presence of
antagomir-23a-3p, whereas the level of PTEN was
increased, indicating that antagomir-23a-3p impaired
the activation of AKT signalling pathway that
mediated by hUC-MSCs-sEVs (Figure 5 (g), Figure 6
(g)). In summary, above results demonstrated that
miR-23a-3p silencing attenuated the therapeutic effect
of hUC-MSCs-sEVs on cartilage defect in vitro.
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Figure 5. miR-23a-3p silencing attenuated the effect of hUC-MSCs-sEVs in chondrocytes. (a) Chondrocytes treated with antagomir-
23a-3p or scramblemir (Ctrl) for 6 h, and the expression of miR-23a-3p was measured by qPCR. The results of statistical of three
independent replicates are shown. ***P < 0.001. (b) Viability of chondrocytes treated with antagomir-23a-3p and hUC-MSCs-sEVs.
Group ant-mir-23a represented the treatment of antagomir-23a-3p and hUC-MSCs-sEVs (10 x 108 particles/mL), Group Ctrl and
SEVs2 represented scramblemir and 10 x 10 particles/mL hUC-MSCs-sEVs, respectively. Data were presented as mean + SD of three
number of replicates. **P < 0.01 (c) Representative images of transwell migration assay of chondrocytes. Scale bar: 50um. Group
ant-mir-23a represented the treatment of antagomir-23a-3p and hUC-MSCs-sEVs (10 x 10® particles/mL), Group Ctrl and SEVs2
represented scramblemir and 10 x 10% particles/mL hUC-MSCs-sEVs, respectively. (d) Quantitative analysis of the migrated
chondrocytes. **P < 0.01. Data were presented as mean = SD of three number of replicates (e) Alcian blue staining of chondrocytes.
(f) RNA expression levels of Sox9, Col2, Aggrecan were measured by qPCR. *P < 0.05. Data were presented as mean + SD of three
number of replicates. *P < 0.05.(g) The protein levels of AKT, P-AKT, PTEN in chondrocytes were analysed by western blotting.
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Figure 6. miR-23a-3p silencing attenuated the effect of hUC-MSCs-sEVs in hBMSCs. (a) hBMSCs treated with antagomir-23a-3p or
scramblemir (Ctrl) for 6 h, and the expression of miR-23a-3p was measured by qPCR. The results of statistical of three independent
replicates are shown. ***P < 0.001. (b) Viability of hBMSCs treated with antagomir-23a-3p and hUC-MSCs-sEVs. Group ant-mir-23a
represented the treatment of antagomir-23a-3p and hUC-MSCs-sEVs (10 x 10® particles/mL), Group Ctrl and sEVs2 represented
scramblemir and 10 x 10® particles/mL hUC-MSCs-sEVs. Data were presented as mean + SD of three number of replicates.
**P < 0.01 (c) Representative images of transwell migration assay of hBMSCs. Scale bar: 50um. Group ant-mir-23a represented
the treatment of antagomir-23a-3p and hUC-MSCs-sEVs (10 x 10® particles/mL), Group Ctrl and sEVs2 represented scramblemir and
10 x 10® particles/mL hUC-MSCs-sEVs. (d) Quantitative analysis of the migrated hBMSCs. **P < 0.01. Data were presented as mean +
SD of three number of replicates (e) Alcian blue staining of hBMSCs. Group ant-mir-23a represented the treatment of antagomir-
23a-3p and hUC-MSCs-sEVs (10 x 108 particles/mL), Group Ctrl and sEVs2 represented scramblemir and 10 x 10® particles/mL hUC-
MSCs-sEVs. (f) RNA expression levels of Sox9, Col2, Aggrecan were measured by qPCR. *P < 0.05. Data were presented as mean + SD
of three number of replicates. *P < 0.05. (g) The protein levels of AKT, P-AKT, PTEN in hBMSCs were analysed by western blotting.

Characterization of Gelma hydrogel, Gelma/Geltain
hydrogel and Gelma/nanoclay hydrogel

SEM images (Figure 7(a)) showed the reticular porous
structure of the hydrogels. The Gelma/Geltain hydrogel
had larger pores than Gelma hydrogel and the reason for
this was gelatin gradually dissolved out from scaffolds
when the hydrogel was placed above the gelatin tempera-
ture of 37°C. The lyophilized Gelma/nanoclay sample
revealed more porous than other two groups, and the
proper porous pore size (100-200 nm) was beneficial to
cell proliferation and nutrients transferring [37,38]. The
release behaviour of sEV's loaded in hydrogels is shown in

Figure 7(b) and Supplementary Figure 5(a, b). SEVs were
released in a sustained manner when encapsulated into the
Gelma/nanoclay hydrogels. Moreover, sEV's released from
Gelma/nanoclay/sEVs hydrogels exhibited a spherical
microvesicle structure (Supplementary Figure 5(c)), indi-
cating that the sEVs from Gelma/nanoclay/sEVs hydrogels
kept normal morphology and did not damage by hydrogel.

Apart from the pure Gelma ink, the other solutions
revealed shear-thinning behaviour with increased shear
rate as they are non-Newtonian fluids (Figure 7(c)).
The pure Gelma ink viscosity was much lower than
that of Gelma/nanoclay or Gelma/Gelatin. Therefore,
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Figure 7. Characterization of Gelma hydrogel, Gelma/Geltain hydrogel and Gelma/nanoclay hydrogel. (a) Scanning electron
micrographs of Gelma, Gelma/Geltain and Gelma/nanoclay hydrogels. Scale bars, 200 pm. (b) Profile of sEVs released from the
hydrogels. (c) Rheological properties of the hydrogels. (d) Swelling ratio of the hydrogels in PBS (pH 7.2) at 37°C. (e) Degradation
ratio and mechanical properties (f) the hydrogels. For mechanical properties analysis, data were presented as mean + SD of three
number of replicates. t-test was applied to each group in order to compare mean beta values. ***P < 0.001.

the ink was easily extruded from the syringe based on
the shear-thinning property to form stable hydrogel.

The swelling behaviour of various combinations
of hydrogels is presented in Figure 7(d). There was
an increase of the swelling ratio during the first 5 h
in three groups. Gelma/nanoclay hydrogel had the
lowest ratio than Gelma, Gelma/Geltain group,
which may be explained by undissolved nanoclay
in the Gelma network, leading to the chain
entanglements.

Figure 7(e) shows the degradation ratio of the different
samples during an incubation of 2 weeks. Gelma and
Gelma/Gelatin hydrogels degraded rapidly when main-
tained at physiological temperatures, limiting their
in vivo application. However, the addition of nanoclay
obviously prolonged the degradation resistance of Gelma
hydrogel, which ensured sustained released and therapeu-
tic effect of SEVs. Certainly, the degradation ratio could be
controlled by changing the crosslink time, solvent

concentration and composite. As showed in
Supplementary Figure 2, the number of hBMSCs cultured
in the three samples enhanced during the process of cul-
ture, demonstrating that the hydrogels had good biocom-
patibility and no cytotoxicity.

The hydrogel with good mechanical strength is pro-
mising for cartilage tissue engineering. As shown in
Figure 7(f), the Gelma/nanoclay hydrogel showed the
highest ultimate strength than other two groups. The
ultimate  strength increased significantly from
48.2 * 8.1 kPa to 259.8 + 35.6 kPa with addition of
nanoclay. For the Gelma group, the entry of water
molecule makes the cross-linked gelma form a loose
network structure, resulting in the decrease in the
ultimate strength. For the Gelma/nanoclay group,
through an intensive electrostatic interaction between
Gelma of positive sides and nanoclay negatively
charged sides, resulting in the improved mechanical
properties.
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Histological evaluation of cartilage defect repaired  than the control (5.3 £ 1.8), Gel-nano (8.6 = 1.3) group
by Gel-nano-stEVs hydrogel and was similar to the sham group (12) (Figure 8(b)).

As for the histological evaluation, Safranin O/fast green
and HE staining were performed to assess the regeneration
of the newly formed cartilage (Figure 8(c, d)). Cartilage
defects in the control group were the most severe among
all groups. Few of the regenerated cartilage tissues which
were red staining by Safranin O/fast green staining were
observed. The boundary between regenerated neotissue
and the surrounding natural cartilage was distinct in the
control group. In the Gel-nano group, the regenerated
neotissue was partially filled with the drilled defects and
the red stained tissues showed irregular and rough surface.
The regenerated cartilage in Gel-nano-sEVs group
revealed intense red staining by Safranin O/fast green
staining, which was similar to the natural cartilage in the
sham group. However, the interface between regenerated
neotissue and the surrounding normal cartilage was rarely
distinct. Similarly, ICRS histological scores analysis (Figure
8(g)) revealed that Gel-nano-sEVs group had higher scores
(112 + 0.7) than the scores of the control group
(3.83 + 0.7) and the Gel-nano group (8.4 + 1.2) and was
similar to the sham group. In addition, significant differ-
ence was found in the scores between the Gel-nano-sEVs
group and control group, and the scores of the Gel-nano
group were significantly higher than the control group,

To optimize in vivo application and achieve sustained
release of sEVs, we fabricated Gel-nano hydrogel con-
tained sEVs (10 x 10® particles/mL) for local adminis-
tration in cartilage defects.

Gross macroscopic evaluation (Figure 8(a)) of the sam-
ples at 12 weeks postsurgery was carried out to assess the
efficacy of hUC-MSCs-sEVs on cartilage regeneration. The
regions of the drilled defects were rarely covered by regen-
erated neotissue in the control group, and the boundary
between the regenerated neotissue and the surrounding
original cartilage was still distinct. The regions of the
defects partially covered by regenerated neotissue in
Gelma/nanoclay hydrogel group (Gel-nano group) and
the interface between regenerated neotissue and the sur-
rounding normal cartilage was rarely distinct, whereas the
newly formed tissues had rough surface. The Gelma/nano-
clay/sEVs hydrogel group (Gel-nano-sEVs group) exhib-
ited intact and smooth regenerated neotissue, which were
well integrated with the surrounding original cartilage and
similar to the normal cartilage in the sham group.
Consistently, according to International Cartilage Repair
Score (ICRS) standard [39], the Gel-nano-sEVs group
showed higher ICRS macroscopic scores (10.7 + 1.5)
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Figure 8. Histological evaluation of cartilage defect repaired by Gel-nano-sEVs hydrogel. (a) Macroscopic observation of cartilage
defect at 12 weeks postsurgery. (b) ICRS macroscopic scores of different groups. Data were presented as mean = SD of three
number of replicates. t-test was applied to each group in order to compare mean beta values. n = 6, ***P < 0.001. (c) Safranin O/fast
green staining of repaired cartilage. Scale bar = 250 um. (d) HE staining of repaired cartilage. Scale bar = 250 um. (e)
Immunohistochemical staining of collagen Il. Scale bar = 125 um. (f) Quantitative analysis of immunohistochemical staining of
collagen Il. (g) ICRS visual histological scores of different groups. Data were presented as mean + SD of three number of replicates.
t-test was applied to each group in order to compare mean beta values. n = 6, ***P < 0.001.



indicating hUC-MSCs-sEV's possessed favourable stimula-
tory effect for cartilage regeneration.

The immunohistochemical staining was carried out
to evaluate the expression of type II collagen in the
newly formed tissues (Figure 8(e)). Similar to the nat-
ural cartilage in the sham group, the expression of
collagen II in the Gel-nano-sEVs group was increased
compared to the control group and the Gel-nano
group. The stained area was strongly positive for col-
lagen II, indicating hUC-MSCs-sEVs contributed to the
generation of collagen II and the extracellular matrix
(Figure 8(f)).

The related underlying mechanism of hUC-MSCs-
sEVs in cartilage regeneration

As shown in Figure 9, hUC-MSCs secreted large
quantities of sEVs contained abundant proteins,
mRNA and miRNAs. In addition, there were notably
high levels of miR-23a-3p. Then, hUC-MSCs-sEVs
were uptaked by chondrocytes or hBMSCs. The
increased miR-23a-3p in cells specially targeted the
3'UTR of PTEN by RNA-induced silencing complex
(RISC) and suppressed the level of PTEN. The inhi-
bitory PTEN signal further resulted in up-regulation
of P-AKT and activation of PTEN/AKT signal path-
way, resulting in glycosaminoglycan formation, extra-
cellular matrix synthesis and collagen II deposition.
As the painless collection process of hUC-MSCs and
the favourable chondrogenesis effect of hUC-MSCs-
sEVs, our finding may provide a novel promising
therapy for cartilage regeneration.

Discussion

It is difficult to completely regenerate cartilage for its
limited self-regenerative capacity. Currently, various treat-
ments for cartilage defect have been reported [40].
However, these treatments were difficult to regenerate
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-
mRNA of PTEN 7 s
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natural cartilage and this further limited their clinical
application. Herein, we isolated sEVs from hUC-MSCs
and found that hUC-MSCs-sEVss effectively enhanced the
migration, proliferation and differentiation of chondro-
cytes and hBMSCs via delivering miR-23a-3p. In addition,
we fabricated an injectable, favourable biomechanical
property, UV-shielding Gel-nano hydrogel to load thera-
peutic sEVs to ensure their sustained release. It vivo results
showed that hUC-MSCs-sEVs effectively promoted carti-
lage regeneration.

hUC-MSCs are suitable for cartilage regeneration
due to their desirable biological properties such as
abundant tissue source, great expansion capability and
painless collection process [9]. Previous studies
demonstrated the positive effect of hUC-MSCs on car-
tilage regeneration [41]. Compared to MSCs, sEVs are
important bioactive extracellular vesicles with potential
application in MSC-based tissue-engineering therapies
due to their high stability, easy to obtain and rich
sources [11,12]. Notably, the therapeutic efficacy of
MSCs on cartilage regeneration can be replicated by
the MSCs-derived exosomes [10]. hUC-MSCs-sEVs are
naturally produced biological carrier with a similar
function to parent cells [42]. Li et al. reported that
hUC-MSCs-sEVs mediated miR-181c attenuate burn-
induced inflammation [43]. Nevertheless, the role of
hUC-MSCs-sEVs in cartilage regeneration remains
ambiguous and the specific mechanism remains to be
researched. Articular cartilage is composed of chondro-
cytes and extracellular matrix, the main components of
which are glycosaminoglycan. In this study, we
revealed hUC-MSCs-sEVs could be successfully inter-
nalized by chondrocytes and further promoted the
migration, proliferation and differentiation of chon-
drocytes, resulting in glycosaminoglycan formation,
extracellular matrix synthesis and collagen II deposi-
tion. Previous studies reported that the interaction of
articular chondrocytes and BMSCs was advantageous
to maintain the phenotypes of articular chondrocytes
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Cartilage regeneration

Figure 9. Underlying mechanism of hUC-MSCs-sEVs on cartilage regeneration.
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[8,44], which was conducive to the synthesis of hyaline
cartilage. Herein, we found that hUC-MSCs-sEVs
enhanced the migration, proliferation and chondro-
genic differentiation of hBMSCs. Meanwhile, hBMSCs
may secrete a good deal of cytokines and growth fac-
tors, contributing to the proliferation and re-
differentiation of chondrocytes [45].

Exosomes released from derived cells transferred bioac-
tive agents such as proteins, mRNA and miRNA to med-
iate cell-to-cell communication and regulate recipient cells
function [46,47]. MiRNAs played an essential regulatory
role in metabolic homoeostasis by binding 3'UTR of
mRNA, resulting in degradation or translation repression
of the target [48]. Several exosomal miRNAs have been
reported to regulate chondrocytes functions [10,13,30],
suggesting that exosome-mediated transferring miRNA
elicited great potential in cartilage-related disease therapy.
To further investigate the underlying mechanism of sEVs,
miRNAs expression level in hUC-MSCs-sEVs was inves-
tigated via miRNA microarray. The result showed that
miR-23a-3p was the most highly expressed among various
miRNAs, suggesting hUC-MSCs-sEVs may perform their
biological function through delivering miR-23a-3p.
Moreover, we showed that hUC-MSCs-sEVs enriched
with miR-23a-3p were successfully taken up by chondro-
cytes and hBMSCs, as indicated of the increased expression
of miR-23a-3p in chondrocytes and hBMSCs. Recently
studies revealed that miR-23a target 3'UTR of PTEN and
overexpression of miR-23a in muscle prevented diabetes-
induced muscle cachexia [42]. However, no study investi-
gated that hUC-MSCs-sEVs performed their biological
function on chondrocytes and hBMSCs by delivering
miR-23a-3p. In this study, luciferase reporter assay showed
that miR-23a-3p directly targeted mRNA of PTEN. In
addition, miR-23a-3p mimic suppressed the production
of PTEN, whereas the mutant miR-23a-3p up-regulated
PTEN production. PTEN was a negative regulator in AKT
signalling pathway [49]. PTEN/AKT signalling was
reported to play a chondroprotective role by promoting
chondrocytes proliferation, extracellular matrix synthesis
and inhibiting hypertrophic differentiation [36,49,50]. In
this report, we verified that hUC-MSCs-sEVs delivered
miR-23a-3p into chondrocytes and hBMSCs. The
increased miR-23a-3p bound the 3'UTR of PTEN and
inhibited the expression of PTEN. The inhibitory PTEN
signal further resulted in up-regulation of P-AKT and
activation of PTEN/AKT signal pathway improved chon-
drogenesis by promoting the proliferation, migration, dif-
ferentiation of chondrocytes and hBMSCs, resulting in
glycosaminoglycan formation, extracellular matrix synth-
esis and collagen II deposition. Taken together, hUC-
MSCs-sEVs may provide a novel promising therapeutic
method for cartilage defect therapy based on this research.

To optimize in vivo application and achieve sus-
tained release of sEVs, we fabricated Gel-nano-sEVs
hydrogel for local administration in cartilage defects.
Previous study showed that hydrogel elicited great
potential in cartilage engineering due to its soft-like
property, hydroscopicity, thixotropy, elastic mechanical
performance, and high biocompatibility [22,51]. In this
study, injectable and UV-crosslinking Gelma hydrogel
were suitable for the shapeless cartilage defect, which
completely filled with defect sites and further prevented
cartilage from damage. In addition, the method of UV-
crosslinking was beneficial to maintain long-term
stable structure and control the degradation rate of
hydrogel by adjusting the light duration and intensity.
However, conventional hydrogel inevitably lacked
mechanical property and ordered structure of cartilage
tissue [52-54]. Herein, we added nanoclay into hydro-
gel and found nanoclay could enhance the mechanical
and biological performance of hydrogel, providing
stable and desirable microenvironment for cells prolif-
eration and differentiation. In addition, sEVs were
released in a sustained manner during the degradation
of scaffold and this promoted cartilage regeneration. In
vivo results revealed that hUC-MSCs-sEVs released by
Gel-nano hydrogel effectively promoted cartilage
regeneration.

In summary, we found that hUC-MSCs-sEVs rich
in miR-23a-3p promoted cartilage regeneration by
activating ~ PTEN/AKT  signalling  pathway.
Moreover, the designed Gelma/nanoclay hydrogel
exhibited desirable mechanical and biological per-
formance and achieved release of sEVs in
a sustained manner, which were beneficial for the
therapeutic effects of hUC-MSCs-sEVs. Taken
together, Gelma/nanoclay/sEVs hydrogel has great
potential for cartilage defects treatment.
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