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ARTICLE INFO ABSTRACT

Handling Editor: Dr Hao Wang Surgical repair is recommended for meniscus tear to avoid knee degeneration. However, postoperative meniscal
healing remains challenging due to limited blood supply, particularly the avascular zone. Tissue-engineering
techniques had limited outcomes in meniscus repair due to the highly irregular interface of meniscus and the
wet joint environment. Additionally, it was proved that the inflammation status and the recruitment of endog-
enous cells are crucial for meniscal healing. This study represents a versatile extracellular vesicles (EVs)-based
wet-adhesive employed in meniscus repair. A novel injectable hydrogel adhesive, designated as oxidized
dextran/carboxymethyl chitosan/poly-1-lysine/synovial mesenchymal stem cell-derived EVs (OD/CS-PL@EVs),
was fabricated and demonstrated effective antibacterial activity against S. aureus and E. coli. This adhesive also
exhibited effective adhesion to the waterish meniscus with a lap shear strength of 134 KPa. Additionally, it
promoted the proliferation, migration, chondrogenic differentiation, and extracellular matrix formation of
SMSCs and meniscus cells and induced the polarization of macrophages towards the M2 phenotype in vitro. The
RNA sequencing results further proved that four inflammation-related signaling pathways were inhibited by the
prepared products. After being administered into the rabbit meniscal defect model, OD/CS-PL@EVs hydrogel
adhesive effectively regulated the inflammatory balance and facilitated the meniscal cartilage regeneration in the
avascular area, further remarkably delaying the progression of osteoarthritis. In summary, OD/CS-PL@EVs
hydrogel adhesive provided a promising strategy to promote meniscal repair in avascular zone repair of
meniscus for future clinical applications, holding great potential in preventing osteoarthritis.
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1. Introduction

The menisci could protect the knee joint through shock absorption,
load distribution and stability maintenance [1]. After the menisci tear, it
is important to preserve the menisci integrity for preventing knee
degeneration [2]. As a heterogeneous fibrocartilage of avascular and
low-cell-count structure, the torn menisci have the limited capability for
regeneration and healing [3]. Clinical treatments mostly include
arthroscopic partial meniscectomy (APM) and meniscal suture repair
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techniques. APM is simple and widely utilized, but only brings about
short-term clinical functional improvements. Frequently, APM sacrifices
the intact meniscal cartilage structure, thereby hastening the progres-
sion of tissue degeneration and osteoarthritis [4]. In contrast, meniscal
suture techniques (inside-out, outside-in and all-inside) are more in line
with the goal of preserving the meniscal structure as much as possible
[2]. However, meniscal suture techniques face challenges because the
healing capacity of stitched tissues is limited, leading to a high rate of
healing failure [5]. In addition, meniscal replacement surgery also
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provides a solution for treating meniscal injuries. Commercially avail-
able collagen meniscal implant (CMI) has been used for partial meniscal
replacement; however, newly formed tissue was reported to have
biomechanical properties inferior to natural meniscal tissue. Moreover,
meniscal allograft transplantation (MAT) has also been reported in
clinical practice for partial or total replacement. However, MAT faces
drawbacks such as a lack of suitable donors, storage challenges, and
potential transmission of diseases [6]. Therefore, there is an urgent need
to develop new treatment strategies to achieve effective management of
meniscal injuries.

Various studies emphasized improving the re-integration of the torn
meniscus in the avascular zone [3]. Although Hydrogel-based tissue
engineering was widely used for improving the cartilage and meniscus
healing at the interface [7-9]. Chen et al. constructed a GelMA-aptamer
system with high specificity and affiliation to recruit both synovial and
meniscal cells, this system effectively promoted meniscus regeneration
for meniscal avascular area repair. In addition, Zhong et al. prepared
injectable decellularized meniscus extracellular matrix (mECM) hydro-
gels for the purpose of in situ delivery of stem cells for the treatment of
meniscus injuries, and the results demonstrated the hydrogels enhanced
meniscus regeneration [10]. It was still ineffective for the torn meniscus
because of the highly irregular interface, which might be resolved by the
hydrogel adhesives [11,12]. Although commercial tissue adhesives have
already been applied in numerous fields, such as hemostasis and skin
wound repair, there is currently no specific tissue adhesive available for
meniscal injury in clinical practice [13]. Recently, some researchers
have seen transformative advances in achieving strong hydrogel adhe-
sion [14,15]. A unifying principle to obtain strong hydrogel adhesion is
achieved through the synergy of chemistry, topology, and mechanics.
Specially, the primary polymer network in the hydrogel must connect to
the other material through covalent bonds, noncovalent complexes,
polymer chains, polymer networks, nanoparticles, etc [16]. Few at-
tempts at using adhesives for meniscus repair might also suffer from
drawbacks such as the need for improved biocompatibility and me-
chanical performance [17,18]. The copolymer adhesive was reported to
be used in meniscus repair experiments. Although the elastic modulus is
close to that of the natural meniscus, challenges related to biocompati-
bility persist [18]. Moreover, amphiphilic copolymer adhesive was used
to repair meniscus torn due to superior adhesive strength, however, the
adhesive takes too long to cure completely [19]. Up to now, only
fibrin-based hydrogel adhesives were applied for clinical studies related
to human meniscal repair, and the use of such exogenous clots was more
likely to exploit the bioeffects of the contained platelet and serve as the
scaffold rather than the adhesive [17]. In addition, the adhesion effect of
the conventional hydrogel adhesives would reduce or even loss in the
wet intra-articular microenvironment [20].

Recently, the wet-adhesive hydrogel was developed to effectively
adhere to waterish tissues with various methods, including isocyanate
bonds, N-hydroxy succinimide (NHS)-activated ester bonds, and Schiff
base bond, and others [20]. The Schiff base bond, one of the methods of
covalently binding to wet tissue, has been widely adopted and applied in
the intra-articular wet environment [20,21]. As biodegradable and
biocompatible polysaccharides, both dextran and carboxymethyl chi-
tosan have obtained approval from the Food and Drug Administration
(FDA) for a variety of biomedical applications [22]. A wet-adhesive
hydrogel could be developed through a Schiff base reaction to
generate a cross-linked structure based on the aldehyde groups of
oxidized dextran (OD) and the amino groups of carboxymethyl chitosan
(CS), forming a dual-component OD/CS hydrogel [23]. This hydrogel
has a controllable network structure with high biocompatibility, which
are expected to achieve effective adhesion to the meniscus. Further-
more, the adhesive strength and tissue adhesion characteristics could be
regulated by adjusting the proportion of the two components [24].

Notably, an optimal tissue engineering scaffold, serving as an exog-
enous implant, is required to exhibit robust antibacterial capabilities.
This ensures a secure environment for cells or bioactive tissues,
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mitigating the risk of implant-related infections [25]. Unlike traditional
antibacterial metal ions that might have cytotoxic effects, Poly-L-lysine
(PL), a natural antibacterial peptide, has been FDA-approved and is
extensively utilized in the treatment of infectious diseases owing to its
biocompatibility and broad-spectrum antibacterial capabilities [26]. In
addition, PL possesses abundant lysine residues that could replace hy-
drated cations on wet tissue surfaces and provide additional amino
groups, thereby further enhancing wet adhesion [27]. Therefore,
introducing PL into OD/CS hydrogel is expected to further enhance the
hydrogel’s cross-linking degree, reinforce the mechanical properties,
and prepare high wet adhesive hydrogels with superior antibacterial
properties.

Current studies indicate that the endogenous cells promoting
meniscal healing primarily originate from the synovium tissues and
meniscus [9]. Within them, synovium-derived mesenchymal stem cells
(SMSCs) and meniscus cells (MCs) are considered to play crucial roles in
meniscal regeneration [28]. Therefore, achieving the proliferation and
recruitment of endogenous SMSCs and MCs at the injury site may offer a
promising approach for avascular meniscus repair. Up to now, stem cell
transplantation has been applied as a treatment for meniscus injuries
[29]. However, their application might pose potential risks such as
tumorigenicity, immune rejection, and ethical concerns associated with
direct stem cell transplantation [30]. In recent years, extracellular ves-
icles (EVs) derived from stem cells have garnered considerable attention
due to their recognized biological functionalities, akin to those of stem
cells [30]. As mentioned before, SMSCs are considered to exert a critical
influence on the meniscal healing. The EVs derived from SMSCs have
been reported to contribute to meniscus repair by fostering the prolif-
eration and migration of endogenous cells, which also facilitate the
chondrogenic differentiation of stem cells [31,32]. In addition, appro-
priate intervention in the inflammatory microenvironment state to
promote tissue repair has become a crucial aspect in the realm of
regenerative medicine [33,34]. Similarly, the immune microenviron-
ment is in a pro-inflammatory state following meniscal injury, inevitably
hindering effective meniscal regeneration [3,35]. By modulating the
immune microenvironment, the goal of promoting meniscal regenera-
tion might be achieved [34,36]. Moreover, the stem cell-derived EVs
were reported to have excellent performance in inflammation regulation
and guidance of stem cell behavior [37]. We speculated that SMSCs-EVs
could provide tremendous assistance in meniscus regeneration. There-
fore, SMSCs-derived EVs anticipate to provide suitable chemical cues for
conferring the wet-adhesive hydrogel with the ability to promote
meniscal healing via immunoregulatory potentials. Currently, there was
no reports of EVs-loaded wet-adhesive being applied to meniscus repair,
which is expected to achieve effective adhesion to the meniscus and
exert superior promotion of meniscus repair.

In this study, we aimed to construct an antibacterial wet-adhesive
hydrogel (OD/CS-PL@EVs) that was suitable to apply in the wet intra-
articular microenvironment. Simultaneously, by loading SMSCs-
derived EVs into the hydrogel and applying it locally through injec-
tion to the torn meniscus, we hypothesized that this composite hydrogel
could promote the re-integration of the torn meniscus. The EVs were also
expected to regulate local inflammation levels, recruit stem cells, and
facilitate meniscal cartilage regeneration (Scheme 1).

2. Material and methods
2.1. Cell isolation and culture

Tohoku Hospital Pediatrics-1 (THP-1) was purchased from Procell
Life Science & Technology Co.,Ltd. (Shanghai, China) The cells were
cultured in RPMI 1640 containing 10 % fetal bovine serum (FBS), 100
U/mL penicillin-streptomycin, and 0.05 mM 2-mercaptoethanol. The
isolation of human SMSCs was approved by the Ethics Committee of the
Shanghai General Hospital (2022KY068C23-1). SMSCs were harvested
from the synovial tissue of patients who underwent anterior cruciate
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Scheme 1. Fabrication of OD/CS-PL@EVs hydrogel adhesive and promotion of meniscal cartilage regeneration. A) Isolation of EVs and preparation of OD/CS-
PL@EVs hydrogel adhesive. B) Injection of antibacterial OD/CS-PL@EVs hydrogel adhesive for adhesion to the meniscal lesion in the wet intra-articular micro-
environment. C) The mechanism of OD/CS-PL@EVs hydrogel adhesive for meniscal cartilage regeneration. MCs and CCs represent meniscus cells and chondrocyte-
like cells, respectively. C-C-SP, C-S-SP, Toll-SP, and NOD-SP represent cytokine-cytokine receptor interaction, chemokine signaling pathway, toll-like receptor

signaling pathway, and NOD-like receptor pathway, respectively.

ligament reconstruction, as published methods [38]. The synovium was
digested with collagenase for 4 h, and SMSCs were separated from the
synovium using a 70 pm mesh and cultured in complete medium (alpha
minimum essential medium (a«-MEM) containing 10 % FBS and 100
U/mL penicillin-streptomycin). All experiments were conducted using
SMSCs from passages 3—-6. The approval for all animal experiments was
obtained from the Animal Welfare & Ethics Committee of the Shanghai
General Hospital (2022AW032). Rabbit meniscal cells (MCs) were iso-
lated from healthy New Zealand white rabbits, aged 3-4 months, with a
weight of 2.0-2.5 kg, based on a published manner [39]. Subsequently,
identification of SMSCs was performed as described in Supplementary
Information.

2.2. SMSCs-derived extracellular vesicles (EVs) isolation, identification
and internalization

As previously described, The EVs were isolated using differential
ultracentrifugation [40]. After reaching 60 % confluence, SMSCs were
cultured in serum-free a-MEM medium for 48 h. Subsequently, the su-
pernatant was collected and subjected to sequential centrifugation steps:
300 g for 10 min, 2000 g for 10 min, and 10,000 g for 30 min. The su-
pernatant was then filtered using a sterile 0.22 pm filter. The superna-
tant was subjected to ultracentrifugation at 1 x 10° g twice, each for 70
min. After discarding the supernatant, the EVs were suspended with 200
pL PBS and stored at —80 °C.

The size and concentration of EVs were calculated by Nanoparticle
Tracking Analysis (NTA) (Particle Metrix, Munich, Germany). The
morphology of EVs was detected using transmission electron microscope
(TEM) (Thermofisher, USA). The proteins (CD9, CD63 and TSG101)
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(Table S1) were measured by Western blot. According to published
methods, THP-1 was induced to mature macrophage (MO0), after incu-
bation with 200 nM 12-O-tetradecanoylphorpol-13-acetate (PMA,
Sigma, USA) for 48h [41]. SMSCs, MCs and MO macrophages were then
used for the EVs internalization studies. In brief, PKH26 (red) dye
(Solarbio, China) was used to label the EVs, followed by centrifugation
at 10°g to remove excess dye. The labeled EVs were incubated with cells
for 48h. The cells were then fixed with 4 % paraformaldehyde (PFA),
followed by staining with F-actin (Yeasen, China) and 4,6-dia-
midino-2-phenylindole (DAPI, Servicebio, China). A confocal micro-
scope (Leica, Germany) was used to observe the cells.

2.3. Assessing EVs on the behavior of SMSCs and MCs

For cell proliferation assay, SMSCs and MCs (5 x 10° cells/well) were
seeded in 96-well plates respectively, and treated with different con-
centrations of the EVs (0, 4 x 10° particles/mL and 8 x 10° particles/
mL). Cell Counting Kit-8 (CCK-8, Beyotime, China) was used to measure
cell proliferation levels at different time points (days 1, 3 and 5). Ab-
sorbances were calculated at 450 nm by an absorbance microplate
reader (BioTek Inc., USA).

For scratch test, SMSCs and MCs (2 x 10° cells/well) were seeded in
6-well plates respectively. When the cells reached confluence, the cell
layers were scratched by 200 pL pipette heads, followed by exposed to
different concentrations of the EVs. Images were taken at 0 and 24 h
using DMi8 microscope (Leica, Germany) and analyzed by ImageJ
software.

For transwell test, the lower chambers were added with different
concentrations of the EVs in 500 pL serum-free medium. SMSCs and MCs
(2 x 10* cells/well) in 200 pL serum-free medium were seeded to the
transwell upper chambers (Corning, USA) for 24 h. The upper chambers
were fixed with 4 % PFA for 15 min and stained with 0.5 % crystal violet
solution for 30 min. The cells were gently removed from the upper side
of the chamber using cotton swabs. DMi8 microscope was used to
observe the cells migrating to the downside of the chambers. The counts
of migrated cells were measured by ImageJ software.

For SMSCs differentiation and MCs ECM formation, SMSCs and MCs
(2 x 10* cells/well) were seeded in 24-well plates. After the cells
reached 90 % confluence, the medium was changed to a chondrogenic
medium with different concentrations of the EVs for 7 days. The cells
were fixed with 4 % PFA, followed by stained with Alcian blue solution
for 30 min. For immunofluorescence staining, after being fixed with 4 %
PFA, the cells were exposed to 0.01 % Triton X-100. Subsequently, the
cells were incubated with an anti-collagen II antibody (Table S1) at 4 °C
overnight, followed by incubation with a goat anti-rabbit IgG antibody.
The cells were captured under a DMi8 microscope.

For real time quantitative reverse transcription polymerase chain
reaction (RT-qPCR), the total RNA from SMSCs and MCs was isolated by
an RNA extraction Kit (EZBioscience, China) and subsequently reverse-
transcribed to complementary DNA using a reverse transcription kit
(EZBioscience, China). RT-qPCR was conducted with SYBR Green qPCR
Master Mix (EZBioscience, China) following the manufacturer’s in-
structions. mRNA expression was normalized to GAPDH, and the 2 AACT
method was employed to calculate the related gene expression. The
primer sequences utilized in this study are provided in Table S2.

2.4. Assessing the effect and mechanism of EVs on macrophage
polarization

After induced by PMA, THP-1 was then incubated with or without
stimulating factors (100 ng/mL LPS and 20 ng/mL IFN-y) and with
different concentrations of the EVs for 72 h. For immunofluorescence,
the procedures were carried out as previously described. The primary
antibodies against CCR7 and Arg-1 were used to represent for M1 and
M2 macrophages respectively (Table S1). Images were captured using
DMi8 microscope.
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For flow cytometry, the cells were stained with FITC CD86 and PE
CD206 at 4 °C for 30 min in the dark. Flow cytometry was performed by
LSRFortessa. The data was analyzed by Flowjo software. Antibodies
were described in Table S1.

For ELISA, cytokine levels (IL-1B, TNF-a, Arg-1 and IL-10) were
detected using ELISA kits according to the manufacturer’s instructions.

For RT-PCR, the experiments were used to measure the expression of
inflammation-related genes, including IL-15, TNF-a, Arg-1 and IL-10
(Table S2). The instruments were as described above.

For RNA sequencing, differential gene expression of the cells was
analyzed using RNA sequencing. Trizol reagent (Invitrogen) was used to
extract total RNA from the cells. Gene expression showing a fold change
greater than 2 and a p-value below 0.05 was considered valid. The RNA
sequencing and analysis were carried out by Shanghai Biotechnology
Corporation (Shanghai, China).

2.5. Preparation and characterization of hydrogels

Dextran (Mw = 10 kDa) and sodium periodate (NalO4, AR, 99.5 %)
were obtained from Tixiai Chemical Industry Development Co., Ltd
(Shanghai, China). Carboxymethyl chitosan (83512-85-0, BR, Water
solubility) was purchased from Shanghai Bangcheng Chemical Co., Ltd
(Shanghai, China). Poly-i-lysine (25104-18-1) was purchased from the
Shanghai Macleane Biochemical Technology Co., Ltd. 5 g of dextran was
dissolved in the 80 mL distilled water, while the NalO4 (5.93 g) was
dissolved in the 20 mL distilled water. Then the NalO4 solution was
slowly dropped into dextran solution for 5 h of the reaction in the dark,
and finally the reaction was stopped by adding 2 mL of diethylene glycol
to quench the unreacted NalO4 [24]. The reaction liquid was dialyzed
with a dialysis bag (relative molecular mass 3500) for 72 h, and then was
freeze-dried to prepare the oxidized-dextran. The 5 mL of OD-PL (10 wt
% solution in PBS, containing 2 mg/mL PL) solution, and 5 mL of CS (2
wt% solution in PBS, containing 8 X 10°/mL EVs) were prepared to
prepare the OD/CS-PL@EVs hydrogel adhesive by using a home-made
double-barreled syringe with the volume ratio of 2:1. Moreover, the
OD and CS solution, OD-PL and CS solution, OD and CS@EVs solution
were prepared into the hydrogels and named as OD/CS, OD-PL/CS,
OD/CS@EVs, respectively.

The surface morphology of OD/CS, OD-PL/CS, OD/CS@EVs, and
OD/CS-PL@EVs hydrogels were analyzed by the scanning electron mi-
croscopy (SEM; Hitachi TM-1000, Japan). Briefly, the prepared adhesive
hydrogels were freeze-dried, and then coated with gold for morpho-
logical assessment at an accelerating voltage of 5 kV. The mean pore size
was calculated by using ImageJ (ImageJ 1.51) software based on the 500
X SEM. In addition, more characterization of hydrogels, including
degradation behavior, rheology analysis, TGA, FTIR, and NMR spec-
troscopy analysis, gelling time testing, mechanical properties was
detailed in Supplementary Information.

2.6. Assessing the cytocompatibility and antibacterial properties of OD/
CS-PL@EVs hydrogel adhesive

Different hydrogels (OD/CS, OD/CS-PL, OD/CS@EVs, and OD/CS-
PL@EVs) were prepared in sterile conditions and placed in complete
medium with a concentration of 100 mg/mL to obtain the relevant ex-
tracts at 37 °C for 5 days. The cells were incubated without or with
different hydrogel extracts. The absorbance was obtained using CCK-8
solution, as described above. The cytocompatibility was also analyzed
by the Calcein/PI Cell Cytotoxicity Assay Kit (Beyotime, China). Photos
were taken with DMi8 microscope.

Bacteria, including gram-positive staphylococcus aureus (S. aureus)
(ATCC 43300) and gram-negative Escherichia coli (E. coli) (ATCC 25922)
were obtained from the American Type Culture Collection (Rockefeller,
MD). Bacteria were cultured in Trypticase Soy Broth (TSB) and prepared
to bacterial suspension with a concentration of 10’ CFU/mL before the
experiments. Different hydrogel groups (OD/CS, OD/CS-PL, OD/
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CS@EVs, and OD/CS-PL@EVs) were added to a 24-well plate. 100 pL
bacterial suspension was added to the surface of different hydrogels and
incubated at 37 °C for 12 h. The spread-plate method, SEM and SYTO-9/
PI staining were used to study the antibacterial ability of OD/CS-
PL@EVs. The detailed methods are provided in Supplementary
Information.

2.7. Subcutaneous implantation of OD/CS-PL@EVs hydrogel adhesive

Forty SD rats were categorized into four groups, including OD/CS,
OD/CS-PL, OD/CS@EVs, and OD/CS-PL@EVs, each consisting of 5 rats.
The dorsal hair of the rats was shaved, and 15 mm longitudinal incisions
were performed on the skin. Different hydrogel groups were subcuta-
neously implanted, and specimens were harvested at 2 and 4 weeks.
Following fixation with PFA for 12 h, the specimens were subjected to
Hematoxylin and Eosin (H&E) staining. ImageJ software was used to
calculate the infiltrated cells in different groups and the remaining
volume of the specimens.

2.8. Assessing OD/CS-PL@EVs hydrogel adhesive on the behavior of
SMSCs and MCs

For the scratch test, different hydrogels (OD/CS-PL, OD/CS-PL@EV5s)
were added to the upper chamber with 200 pL. For transwell test, the
lower chamber was supplemented with 200 pL of different hydrogels in
a 500 pL medium. The cells were incubated with hydrogels for 24 h and
observed using a DMi8 microscope at 0 h and 24 h.

According to the above descriptions, the cells were incubated with
different hydrogels for 7 days. The cells were then stained with Alcian
blue solution or anti-collagen II antibody, as described above. The cells
were taken under a DMi8 microscope. The expression of chondrogenic-
related genes was analyzed using RT-qPCR.

2.9. Assessing OD/CS-PL@EVs hydrogel adhesive on macrophage
polarization

MO macrophage was seeded to the down chamber of 24-well plates
with or without stimulating factors. The upper chamber was added with
or without 200 pL hydrogels. The cells were incubated with the primary
antibodies to CCR7 and Arg-1 for immunofluorescence. For flow
cytometry, the cells were incubated with CD86 and CD206 antibodies
and analyzed using LSRFortessa. For ELISA, the cytokine levels were
detected using ELISA Kkits, including IL-18, TNF-a, Arg-1 and IL-10.
Inflammation-related gene expression was calculated by RT-PCR.

2.10. Meniscal defect model in rabbit

A total of 40 mature male rabbits (New Zealand White rabbits, 3.0
kg) were used in this study. The bilateral knee joints of each rabbit were
involved in the animal experiments. All rabbits were randomly allocated
into four groups as follows: the control group, OD/CS-PL group, OD/CS-
PL@EVs group, and sham group. The surgery was conducted under
inhalation anesthesia using isoflurane. The knee area was shaved and
cleaned using chlorhexidine gluconate. A medial parapatellar incision
was made and the cylindrical defect (1.5-mm diameter) was created in
the inner two-thirds of the anterior portion of the medial meniscus by a
skin biopsy punch (Kai Medical). Subsequently, 200 pL of OD/CS-
PL@EVs was implanted in the right knee (OD/CS-PL@EVs group) with
the dual syringe. The left knee was implanted with or without 200 pL of
OD/CS-PL (OD/CS-PL group and the control group). The sham group
procedure, which included exposing the medial joint and subsequent
closure in layers without creating defect, was conducted in the right
knee.
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2.11. Histologic evaluation and biomechanical testing

The menisci, femoral condyle (FC) and tibial plateau (TP) were
harvested at 1 week, 6 weeks and 12 weeks after surgery in each knee
respectively, followed by photography and observation. FC and TP were
evaluated using The International Cartilage Repair Society (ICRS)
cartilage lesions classification [42].

For histological evaluation, the menisci, harvested 1 week after
surgery was fixed with 10 % neutral buffered formalin (Servicebio,
China), followed by dehydrated and embedded in paraffin to cut to
sections. The sections were then prepared for immunofluorescence
staining with TNF-a and IL-10 (Table S1). The immunofluorescence in-
tensity was measured by ImageJ software.

The menisci, FC, and TP harvested at 6 weeks and 12 weeks after
surgery were also prepared into sections. The sections of menisci were
then stained with H&E, safranin O (S-O), toluidine blue (TB) and Col II.
FC and TP were sectioned by the methods as previously described [43].
The sections were stained with H&E and TB and then graded blindly
using the Mankin grading system [44]. ImageJ software was used to
analyze the deposition of Col II semi-quantitatively.

For biosafety evaluation in vivo, the organs (heart, spleen, liver,
kidney, lung) in rabbits of each group were collected, fixed with PFA,
and subsequently embedded in paraffin and stained with H&E.

The medial menisci from each group were harvested and placed at
4 °C. (the control group, OD/CS-PL group, OD/CS-PL@EVs group, and
the sham group) (n = 5) at week 12. For biomechanical testing, the
healed tissue and surrounding normal tissue were cut into a rectangular
specimen (3 mm x 3 mm; thickness, ~2.2-2.5 mm). The compression
testing of regenerated menisci was performed to measure the compres-
sive stress by the universal testing machine equipped with a 100 N load
cell at a crosshead speed of 1 mm/min.

2.12. Statistical analysis

The data are expressed as mean + standard deviation (SD). Graph-
Pad Prism 8.0 (GraphPad Software Inc., USA) was utilized for statistical
analysis. In each experiment, statistical analysis was conducted using a
minimum of three independent samples. Statistical significance was
analyzed using One-way analysis of variance (ANOVA) or Student’s t-
test. The Tukey method was employed for post-hoc analysis. Statistical
significance was defined at a threshold of P < 0.05.

3. Results
3.1. Characterization of SMSCs and EVs

To begin with, the isolated cells showed a typical spindle-shaped
morphology under the microscope (Fig. 1A). After culturing in osteo-
genic, adipogenic, and chondrogenic media for 3 weeks, the cells
respectively formed calcium deposition, lipid droplets, and pro-
teoglycans, demonstrating their capability for trilineage differentiation
(Fig. 1B). As shown in Fig. 1C-E, flow cytometry of surface antigens on
these cells showed that over 90 % were positive for CD44 and CD90,
while CD34 was mainly negative. These above results suggested that
SMSCs were isolated.

Furthermore, after removing cells and cell debris from the superna-
tant (Fig. 1G), transmission electron microscopy (TEM) demonstrated
that the obtained products exhibited a classic cup-shaped or semi-
spherical morphology with bilayer membranes (Fig. 1I). The results of
nanoparticle tracking analysis (NTA) indicated that the average diam-
eter of EVs was (140 + 41) nm (Fig. 1F). Moreover, Western blot anal-
ysis showed high expression levels of the surface markers TSG101, CD9,
and CD63 on the products (Fig. 1H). Hence, the prepared products
should belong to SMSC-derived EVs. Next, we evaluated the 48h inter-
nalization of EVs in SMSCs, MCs and M0 macrophage induced from THP-
1. These EVs could be internalized and were found to be abundant
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Fig. 1. Identification and internalization of SMSCs and EVs. A) Picture of SMSCs.

Scale bar = 200 pm. B) Representative images of Alizarin red, Oil Red O, and Alcian

blue staining. Scale bar = 200 or 100 pm. C-E) Flow cytometry pictures of SMSCs surface markers CD90, and CD44, with CD34 as negative control. F) Particle size
distribution of EVs measured by NTA. G) Schematic illustration of EVs isolation. H) Western blot of EVs-related markers including CD63, TSG101, and CD9. I) EVs
morphology taken by TEM. Scale bar = 200 or 100 pm. J) PKH-26-labeled EVs internalized by THP-1, SMSCs and MCs. Scale bar = 50 pm.

within these cells (Fig. 1J). The results demonstrated that SMSC-derived
EVs were successfully prepared and could interact with intra-articular
cells.

3.2. Response of SMSCs and MCs to EVs

Cell viability assays were performed after SMSCs and MCs co-
cultured with EVs for 1, 3, and 5 d respectively. As shown in
Fig. 2A-B, the results indicated that EVs significantly enhanced the
absorbance of both SMSCs and MCs time-dependently, with the
enhancement effect positively correlated with the concentration of EVs
at each time point.

Scratch assay and Transwell assay were further carried out to assess
the effect of EVs on SMSCs and MCs migration. The cells from different
groups were cultured for 24 h, and the scratch width was recorded at 0 h
and 24 h after scratching, along with the number of cell migration at 24
h. As shown in Fig. 2C-F, the EVs group exhibited a significantly smaller
scratch width, indicating faster cell migration, which was associated

positively with the concentration of EVs. Additionally, the results of the
Transwell assay (Fig. 2G-J) demonstrated that the migrated cells in the
EVs group were significantly more than those in the control group. These
findings indicated that EVs significantly enhance the migration capa-
bility of SMSCs and MCs.

We used Alcian staining, immunofluorescence, and RT-qPCR to
investigate the effect of EVs on the chondrogenic differentiation of
SMSCs and MCs ECM formation. As shown in Fig. 2K-L, the proteoglycan
expression in the EVs groups with different concentrations was
increased after incubation with EVs for 7 d in a concentration-dependent
manner. Additionally, the immunofluorescence staining results for Col II
showed significantly enhanced intensity of red fluorescence in EVs-
treated SMSCs and MCs, indicating that EVs significantly promoted
the secretion of Col II in both SMSCs and MCs, as shown in Fig. 2M-N.
Similarly, as shown in Fig. 2P-Q, semi-quantitative analysis of immu-
nofluorescence staining also supported the results.

Furthermore, mRNA was extracted from SMSCs and MCs in each
group, and RT-qPCR was used to evaluate the mRNA expression levels of
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Fig. 2. The influence of EVs for SMSCs differentiation and ECM formation of MCs. A-B) Effect of EVs on the proliferation of SMSCs and MCs measured by CCK-8
assay, respectively. C-D) Representative images of SMSCs and MCs migration evaluated by scratch assay, respectively. E-F) Semi-quantitative analysis of SMSCs
and MCs scratch assay, respectively. G-H) Representative images of SMSCs and MCs Transwell assay treated with different concentrations of EVs, respectively. I-J)
Semi-quantitative analysis of SMSCs and MCs Transwell assay, respectively. K-L) Representative images of SMSCs and MCs Alcian Blue staining, respectively. M — N)
Representative immunofluorescence images of Col II expressed by SMSCs and MCs, respectively. P-Q) Relative fluorescence intensity of Col II expressed by SMSCs
and MCs, respectively. R-S) The mRNA expression of chondrogenic genes in SMSCs and MCs measured by RT-qPCR. Scale bar = 100 pm ns represents no significance.

*p < 0.05, **p < 0.01, ***p < 0.001.

chondrogenic-related genes, including Col II, aggrecan (Acan), and Sox-9.
The results showed that after 7 d co-culture, EVs significantly increased
the mRNA expression levels of Col II, Acan, and Sox-9 in SMSCs and MCs
in a concentration-dependent manner (Fig. 2R-S). These results collec-
tively demonstrated that EVs intervention promoted chondrogenic dif-
ferentiation of SMSCs and enhanced the formation of cartilaginous ECM
in MCs.

3.3. The effects of EVs on the polarization of macrophage and associated
molecular mechanisms

To investigate the regulatory effects of EVs on the polarization of
macrophages, MO macrophage was induced from THP-1 using PMA, and
then intervened with stimulating factors (SF, 100 ng/mL LPS and 20 ng/
mL IFN-y) into M1 phenotype. Firstly, to demonstrate the alterations in

macrophage phenotypes, we used immunofluorescence staining for
CCR7 and Arg-1, representing M1 and M2 phenotypes, respectively. As
indicated in Fig. 3A and C, the group intervened with only SF exhibited
extensive overexpression of CCR7 and low expression of Arg-1 compared
to the control group. Notably, the CCR7 expression was significantly
reduced, while Arg-1 was significantly increased by EVs treatments in a
concentration-dependent manner. Moreover, consistent results were
obtained through semi-quantitative analysis of fluorescence intensity
(Fig. 3B and D). In addition, we employed flow cytometry to analyze the
polarization of macrophage. As depicted in Fig. 3E and F, the group
treated solely with SF exhibited the highest ratio of M1 phenotype and a
low ratio of M2 phenotype. However, the proportion of the M1 pheno-
type significantly decreased, while the proportion of the M2 phenotype
increased markedly with the addition of EVs, and this shift was more
evident with increasing concentrations of EVs. The analysis of the mean
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Fig. 3. EVs modulated the polarization of macrophages from M1 to M2 phenotype. A-B) Representative immunofluorescence images and relative fluorescence
intensity of CCR7 (red) expressed by macrophages. C-D) Representative immunofluorescence images and relative fluorescence intensity of Arg-1 (green) expressed by
macrophages. E-F) Representative flow cytometry of macrophage markers CD86 (M1) and CD206 (M2). G-H) Mean fluorescence intensity of CD86 and CD206
measured by flow cytometry. I) The inflammatory cytokines expression of macrophage measured by ELISA. J) The mRNA expression of inflammatory genes measured
by RT-gPCR. Scale bar = 100 pm ns represents no significance. *p < 0.05, **p < 0.01, ***p < 0.001. “SF” represents stimulating factors (100 ng/mL LPS and 20 ng/

mL IFN-y).

fluorescence intensity (MFI) for each group also revealed a consistent
trend in the results (Fig. 3G-H). Thus, EVs had the capability of facili-
tating macrophage polarization from M1 to M2 phenotype.

We then conducted ELISA and RT-qPCR experiments to evaluate the
expression levels of pro-inflammatory (TNF-a, IL-1f) and anti-
inflammatory (Arg-1, IL-10) cytokines and genes in different experi-
mental groups. As shown in Fig. 3I-J, the pro-inflammatory cytokines
and genes were significantly upregulated in the SF group, while the anti-
inflammatory cytokines and genes were significantly downregulated
compared to the control group. In contrast, the EVs treatment group
exhibited a significant downregulation of TNF-a and IL-1p cytokines
secretion and gene expression, along with a significant upregulation of
Arg-1 and IL-10 cytokines secretion and gene expression compared to
the SF group. In addition, the higher concentration of EVs exhibited
better regulation capabilities.

To further explore the molecular mechanisms of macrophage

polarization regulated by EVs, we performed RNA sequencing on mac-
rophages subjected to two treatments, including SF treatment and SF +
EVs treatment. SF group was designated as the control group. There
were significant differences in RNA expression between SF group and SF
+ EVs group, as indicated by the results of principal component analysis
(PCA) (Fig. 4A). Heatmaps and volcano plots were further generated,
exhibiting 586 upregulated genes and 610 downregulated genes in SF +
EVs group compared to SF group (Fig. 4B—C). GO enrichment analysis
was conducted and the results indicated that the differentially expressed
genes were mainly associated with immune system processes and in-
flammatory responses (Fig. 4D). KEGG enrichment analysis further
showed significant differences in gene expression, such as cytokine-
cytokine receptor interaction, chemokine signaling pathway, toll-like
receptor signaling pathway, and NOD-like receptor pathway after EVs
treatment compared to the control group (Fig. 4E). Genes in these
pathways were significantly downregulated in the SF + EVs group, and
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Fig. 4. Molecular mechanisms of EVs modulation the macrophage polarization. A) Principal component analysis (PCA) of each group. B-C) Volcano map and Heat
map of differential genes between SF + EVs and SF group related to enrichment pathway. D) Top 30 of differential genes by GO enrichment analysis between SF +
EVs and SF group. E) Top 20 the differential pathway by KEGG enrichment analysis between SF + EVs and SF group. F-I) GSEA enrichment analysis of cytokine-
cytokine receptor interaction, chemokine signaling pathway, toll-like receptor signaling pathway, and NOD-like receptor pathway between SF + EVs and SF group.

were further confirmed in volcano plots and heatmap. Moreover, GSEA
results confirmed the downregulation of cytokine-cytokine receptor
interaction, chemokine signaling pathway and toll-like receptor
signaling pathway, and NOD-like receptor pathway after EVs interven-
tion (Fig. 4F-I), which was consistent with the KEGG results. Therefore,
EVs showed the immunoregulatory efficacy of inflammation via
macrophage polarization from M1 to M2 phenotype.

3.4. Preparation and characterization of OD/CS-PL@EVs hydrogel
adhesive

To prepare the OD/CS-PL@EVs hydrogel adhesive, the oxidized
dextran (OD) was synthesized and characterized by FTIR, TGA, and
NMR. The FTIR spectrum showed the broad band of 3800-3000 cm™! in
the infrared absorption spectra of OD, which was narrower than the
dextran due to the hydroxyl group content decreasing, while the new
absorption peak appeared at 1733/cm due to the forming hemiacetal
structure (Fig. 5A). Meanwhile, the TGA displayed the OD possessed a

lower degradation temperature of around 200 °C than that of dextran
around 270 °C (Fig. 5B), while the NMR spectrum showed the charac-
teristic proton signals from aldehyde groups (9.2-9.1 ppm) and hemi-
acetal groups (6.0-4.1 ppm), as demonstrated in Fig. 5C. Moreover, the
oxidation degree of oxidized dextran was 78.21 + 4.14 %. Altogether,
these results indicated the dextran was successfully oxidized to obtain
the OD.

Afterwards, all hydrogels were prepared with the double-linked sy-
ringes. To prepare the OD/CS-PL@EVs hydrogels, the 10 % OD con-
centration could form a gel quickly to full the meniscus defect with
suitable anti-stress properties, while the 2 % CS displayed suitable sol-
ubility characteristics and fluidity. As shown in Fig. 5D, the prepared
OD/CS and OD/CS@EVs hydrogels were colorless transparent appear-
ance, while the OD/CS-PL and OD/CS-PL@EVs hydrogels showed slight
milky white cloudiness due to inducing PL leading to the increasing
degree of cross-linking. Meanwhile, the scanning electron microscopy
(SEM) also indicated all hydrogels displayed a porous structure, the
mean pore sizes were 58.9 + 14.5 pm, 59.0 + 12.2 ym, 47.8 £ 13.6 pm
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Fig. 5. Characterization of physicochemical properties of hydrogels. A) Fourier transform infrared (FTIR) spectra of dextran and oxidized dextran. B) Weight remains
of dextran and oxidized dextran assessed by Thermo-gravimetric Analyzer (TGA). C) NMR spectra of dextran and oxidized dextran. D) Macroscopic appearance and
SEM of different hydrogels. Scale bar = 100 pm. E) Pore size of different hydrogels. F, H) The rheological property assay of OD/CS. G, I) The rheological property
assay of OD/CS-PL hydrogel adhesive. J) The adhesion property of OD/CS-PL@EVs hydrogel adhesive to different tissues. K) The adhesion property of OD/CS-
PL@EVs hydrogel adhesive to meniscal tissues before and after injecting to the meniscal defect site. L) The adhesion mechanics of hydrogels by the lap-shear
testing. M) The lap shear stress—strain curves of different hydrogels. N) The adhesion strength of different hydrogels. O) EVs distribution in OD/CS-PL@EVs
hydrogel adhesive measured by confocal microscopy. Scale bar = 10pm. *p < 0.05 and ***p < 0.001, when compared to OD/CS group. *p < 0.05 and *##p <

0.001, when compared to OD/CS@EVs group.

and 49.6 + 13.0 pm for OD/CS, OD/CS@EVs, OD/CS-PL and OD/CS-
PL@EVs hydrogels, which showed these hydrogels possessed large
pore size for facilitating cell infiltration (Fig. 5E). Moreover, the OD/CS-
PL and OD/CS-PL@EVs hydrogels showed smaller pore sizes than the
OD/CS, OD/CS@EVs hydrogels. Meanwhile, the gelatinization time
were respectively 32.6 + 3.6s, 33.2 + 5.4s, 22.8 4 4.9s, and 21.8 + 4.8s
for OD/CS, OD/CS@EVs, OD/CS-PL and OD/CS-PL@EVs hydrogels
(Fig. S1). All these examinations revealed the PL increased the cross-
linking degree.

The in vitro degradation features of these hydrogels showed all
samples displayed increasing in mass due to the swollen stream water of
the hydrogel itself in the first three days, and then the hydrogels
appeared a drop tendency. The maximum swelling ratio was respec-
tively 115.7 + 5.5 %, 116.1 + 6.7 %, 114.9 +£ 7.5 %, and 113.9 + 4.1 %

10

at 36 h, while the remained mass was respectively 39.9 + 7.4 %, 39.2 +
5.9 %, 46.0 + 10.9 %, 45.8 + 12.1 % for OD/CS, OD/CS@EVs, OD/CS-
PL and OD/CS-PL@EVs hydrogels at 35 d, which showed these hydro-
gels displayed the low swelling rate and a relatively long degradation
cycle (Fig. S2). As a trace addition, EVs didn’t change the physical and
chemical properties, thus, the viscosity and mechanical properties of
OD/CS, and OD/CS-PL hydrogels were employed by the rheological
property assay, which the results presented the OD/CS-PL hydrogel
displayed lower rigidity and better elastic deformability than that in the
OD/CS hydrogel, as shown in Fig. 5F-I and Fig. S3.

We further assessed the compressive properties of hydrogels, the
strain-stress curve showed all hydrogels presented similar compressive
stress mode, while the mechanical behavior of OD/CS-PL and OD/CS-
PL@EVs hydrogels was better than that of OD/CS and OD/CS@EVs
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hydrogels. Then, the quantitative analysis displayed the broken strain
was 26.66 + 5.55 %, 26.66 + 5.52 %, 29.42 + 3.80 %, and 28.21 +
5.78 %, as well as the maximum compressive strength was 6.88 + 1.39
KPa, 7.26 + 1.26 KPa, 10.55 + 2.08 KPa, and 10.05 + 1.08 KPa for OD/
CS, OD/CS@EVs, OD/CS-PL and OD/CS-PL@EVs hydrogels (Fig. S4),
which showed the PL could significantly improve the compressive me-
chanical properties of hydrogels.

Moreover, as shown in Fig. 5J, the OD/CS-PL@EVs hydrogels could
adhere well to different tissues, and bear their own weight without
falling off, showing excellent ex vivo adhesion characteristics. Mean-
while, as demonstrated in Fig. 5K, the cylindrical defect was prepared
throughout the meniscus, and the in-situ filling of the defect could be
achieved by injection of OD/CS-PL@EVs hydrogels. Quantitative anal-
ysis of the adhesion mechanics of hydrogels by the lap-shear testing
(Fig. 5L), the lap shear stress—strain curves showed the hydrogels
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without PL (OD/CS, OD/CS@EVs), and with PL (OD/CS-PL, OD/CS-
PL@EVs) hydrogels had different dopamine grafting ratios (Fig. 5M).
The adhesion strength was 97.67 + 12.76 KPa, 95.52 + 13.86 KPa,
134.45 + 28.69 KPa, and 133.08 + 19.62 KPa for OD/CS, OD/CS@EVs,
OD/CS-PL and OD/CS-PL@EVs hydrogels, which showed PL increased
the adhesion mechanics of the hydrogel (Fig. 5N). Besides, EVs with red
fluorescence (PKH-26) were observed under a confocal microscope,
indicating the even distribution of EVs within the OD/CS-PL@EVs
hydrogel (Fig. 50). These above results together indicated the advan-
tageous in vitro and ex vivo mechanical performances of the prepared
OD/CS-PL@EVs hydrogels.

control
OD/Cs
OD/CS@EVs
OD/CS-PL

! ODICS-PL@EVs

logy CFUmI

ODI/CS-PL@EVs

Fig. 6. Antibacterial effect of OD/CS-PL@EVs hydrogel adhesive against S. aureus and E. coli. A) Schematic illustration of different hydrogels against S. aureus and
E. coli; (B-C) Representative images of S. aureus colonies and antibacterial efficiency under different treatments (saline, OD/CS, OD/CS@EVs, OD/CS-PL, and OD/CS-
PL@EVs). D) Representative SEM images of S. aureus under different treatments. E) Representative Live/Dead Fluorescent images of S. aureus treated in different
ways. (green signal: living bacteria; red: dead bacteria). F, H) Representative images of E. coli colonies and antibacterial efficiency under different treatments. G)
Representative SEM images of E. coli under different treatments. J) Representative LIVE/DEAD Fluorescent images of E. coli treated in different ways. Scale bar = 100
pm, 2 pm or 500 nm ns represents no significance. *p < 0.05, **p < 0.01, ***p < 0.001.



M. Huang et al.

3.5. The cytocompatibility and antibacterial properties of OD/CS-
PL@EVs hydrogel adhesive

We evaluated the cytocompatibility of the prepared hydrogels with
different components (OD/CS, OD/CS-PL, OD/CS@EVs, and OD/CS-
PL@EVs). SMSCs and MCs were co-cultured with the extracts of OD/
CS, OD/CS-PL, OD/CS@EVs, and OD/CS-PL@EVs for 5 d. Live/dead
fluorescence staining was performed on SMSCs and MCs, as shown in
Figs. SSA-B. The results indicated that SMSCs and MCs exhibited normal
growth, with spindle-shaped cell morphology in all groups. Meanwhile,
SMSCs and MCs in OD/CS@EVs and OD/CS-PL@EVs groups were found
more than those in OD/CS and OD/CS-PL groups. The absorbance of
SMSCs and MCs was then measured using CCK-8 assay kit to evaluate
cell viability, and the OD/CS@EVs and OD/CS-PL@EVs group signifi-
cantly promoted the proliferation of both SMSCs and MCs, while the
OD/CS and OD/CS-PL groups did not exhibit a noticeable proliferative
effect on SMSCs and MCs (Figs. S5C-D). It was concluded that the pro-
liferation of the cells was promoted by the loaded EVs in OD/CS-
PL@EVs hydrogels.

Gram-positive bacteria S. aureus and gram-negative E. coli were
selected to assess the antibacterial performance of different hydrogels
(Fig. 6A). Fig. 6B-C and F, H indicated that after co-culturing with
bacteria for 12 h, the OD/CS and OD/CS@EVs groups did not show
significant antibacterial effects, while the OD/CS-PL and OD/CS-
PL@EVs groups exhibited superior antibacterial ability against
S. aureus and E. coli. It is worth noting that the introduction of PL into
OD/CS significantly enhanced the antibacterial effects of the hydrogel,
achieving superior antibacterial efficacy against both S. aureus and
E. coli. Next, morphological changes of S. aureus and E. coli after co-
culturing with hydrogels were observed using SEM. As shown in
Fig. 6D and G, S. aureus and E. coli exhibited spherical and rod-shaped
forms with smooth surfaces and intact cell walls in the control group,
while the bacterial morphology in the OD/CS and OD/CS@EVs groups
showed distortion, and cell walls appeared wrinkled to some extent.
Furthermore, in the OD/CS-PL and OD/CS-PL@EVs groups, both bac-
terial morphology and cell walls were further distorted and damaged.
The live/dead fluorescence staining experiment further identified the
antibacterial effects of hydrogels. The OD/CS-PL and OD/CS-PL@EVs
groups had a higher number of dead S. aureus and E. coli compared to
the other groups (Fig. 6E and J). All these results indicated that OD/CS-
PL@EVs exhibited obvious antibacterial capabilities against both
S. aureus and E. coli, providing strong support for next-step tissue
regeneration.

3.6. Degradation and cell infiltration of OD/CS-PL@EVs hydrogel
adhesive in subcutaneous implantation model

To investigate the cell infiltration effect after implantation in vivo, we
implanted different hydrogels (OD/CS, OD/CS-PL, OD/CS@EVs, and
OD/CS-PL@EVs) subcutaneously in rats. Firstly, all hydrogel groups
exhibited a mild immune response (Figs. SOA-B). At week 2, the OD/CS
and OD/CS-PL groups showed several layers of infiltrated cells at the
edges, while a dense hydrogel structure was visible in the central region,
suggesting that OD/CS and OD/CS-PL facilitated cell infiltration. In
contrast, the OD/CS@EVs and OD/CS-PL@EVs groups exhibited some
gaps in the central region, and more cells infiltrated. This indicated that
the introduction of EVs into the hydrogel promoted cell infiltration and
hydrogel degradation. At week 4, the OD/CS and OD/CS-PL groups
exhibited increased cell infiltration and decreased hydrogel volume
compared to the 2-week time point. In contrast, the OD/CS@EVs and
OD/CS-PL@EVs groups demonstrated a higher level of cell infiltration
and a smaller residual volume than the other groups. These findings
indicated that EVs could promote cell recruitment within the hydrogel
and the hydrogel degradation. We further conducted a semi-quantitative
analysis of cell infiltration quantity and remaining hydrogel volume
(Figs. S6C-D). The results also showed that the presence of EVs
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significantly promoted the cell infiltration ability of the hydrogel, as
well as the degradation rate of the hydrogel.

3.7. Response of SMSCs and MCs to OD/CS-PL@EVs hydrogel adhesive

To further investigate the impact of hydrogels on the migration
ability of SMSCs and MCs, we co-cultured OD/CS-PL and OD/CS-
PL@EVs with SMSCs and MCs, and evaluated the migration potential
by scratch assays and migration experiments. Fig. 7A and C demon-
strated that the OD/CS-PL@EVs group significantly promoted the
reduction of scratch width in SMSCs, while the OD/CS-PL group did not
show a significant decrease in scratch width compared to the control
group. The ability of OD/CS-PL@EVs to promote cell migration was also
confirmed in MCs results (Fig. 7B and D). Additionally, in the Transwell
experiments, OD/CS-PL@EVs group significantly promoted the migra-
tion of SMSCs to the down surface of the chamber compared to the
control group and the OD/CS-PL group, while the migration of SMSCs in
the OD/CS-PL group showed no significant difference from the control
group (Fig. 7E and G). Similar results are also observed in MCs as well
(Fig. 7F and H). These results proved that the prepared OD/CS-PL@EVs
has a superior ability to promote SMSCs and MCs migration.

As shown in Fig. 7I-J, the proteoglycan expression analyzed by
Alcian staining of SMSCs and MCs in the OD/CS-PL@EVs group were
significantly more than those in the control and OD/CS-PL groups at 7 d,
while the OD/CS-PL group had similar proteoglycan expression to the
control group. The immunofluorescence intensity of Col II in the OD/CS-
PL@EVs group was higher than that in the control and OD/CS-PL
groups. The control group and OD/CS-PL group had similar fluores-
cence intensity (Fig. 7K-L). The results were further confirmed by fluo-
rescence semi-quantitative analysis (Fig. 7M — N). Furthermore, RT-
gqPCR results shown in Fig. 70-P demonstrated that OD/CS-PL@EVs
group significantly upregulated the gene expression of Col II, Acan and
Sox-9 in both SMSCs and MCs, while OD/CS-PL group did not exhibit a
significant upregulation trend in the expression of Col II, Acan and Sox-9
in both SMSCs and MCs compared to the control group. These results
together indicated that OD/CS-PL@EVs effectively promote the chon-
drogenic differentiation of SMSCs and the expression of cartilaginous
extracellular matrix in MCs.

3.8. Response of macrophage to OD/CS-PL@EVs hydrogel adhesive

We then assessed the ability of OD/CS-PL@EVs hydrogel adhesive to
regulate macrophage polarization in vitro. As indicated in Fig. 8A and C,
the control group showed low fluorescence intensity of CCR7 and Arg-1,
while the MO macrophage treated with only stimulating factors group
exhibited the highest fluorescence intensity of CCR7 and lowest in-
tensity of Arg-1 at 72 h. Notably, the fluorescence intensity of CCR7 in
the SF + OD/CS-PL@EVs group significantly decreased, while the in-
tensity of Arg-1 markedly increased compared to the SF group. However,
the fluorescence intensity of CCR7 and Arg-1 in the SF + OD/CS-PL
group did not differ significantly compared to the SF group. Further-
more, Semi-quantitative analysis of the fluorescence intensity also
demonstrated similar results (Fig. 8B-D). Next, flow cytometry exhibi-
ted that OD/CS-PL@EVs significantly reduced the ratio of CD86 and
significantly increased the ratio of CD206 compared to the SF group
(Fig. 8E-F). The results of MFI also yielded consistent conclusions
(Fig. 8G-H). ELISA and RT-qPCR experiments demonstrated that OD/
CS-PL@EVs significantly decreased the secretion and downregulated
the gene expression of pro-inflammatory cytokines, while significantly
increasing the secretion and upregulating the gene expression of anti-
inflammatory cytokines. The expression of pro-inflammatory and anti-
inflammatory cytokines in the OD/CS-PL group did not change signifi-
cantly compared to the SF group (Fig. 81-J). Therefore, OD/CS-PL@EVs
possessed superior capability to inhibit the M1 polarization of macro-
phage and promote the M2 polarization.
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Fig. 7. The influence of OD/CS-PL@EVs hydrogel adhesive for SMSCs differentiation and ECM formation of MCs. A-B) Representative images of SMSCs and MCs
migration under different treatments (PBS, OD/CS-PL and OD/CS-PL@EVs). C-D) Semi-quantitative analysis of SMSCs and MCs scratch assay, respectively. E-F)
Representative images of SMSCs and MCs Transwell assay with different hydrogels in the down chamber. G-H) Semi-quantitative analysis of SMSCs and MCs
Transwell assay, respectively. I-J) Representative images of SMSCs and MCs Alcian Blue staining. K-L) Representative immunofluorescence images of Col II expressed
by SMSCs and MCs. M — N) Relative fluorescence intensity of Col II expressed by SMSCs and MCs, respectively. O-T) The mRNA expression of chondrogenic genes in
SMSCs and MCs measured by RT-qPCR. Scale bar = 100 pm ns represents no significance. *p < 0.05, **p < 0.01, ***p < 0.001.

3.9. The immunoregulatory meniscus cartilage regeneration by OD/CS-
PL@EVs hydrogel adhesive in meniscal defect model

Cylindrical defects on the anterior horn of the medial meniscus were
created as the meniscus injury model (Fig. 9A-B). We then harvested the
meniscus from the control, OD/CS-PL, OD/CS-PL@EVs, and the sham
groups one week after surgery, prepared paraffin sections of the defect
site, and performed immunofluorescent staining for TNF-a and IL-10 to
evaluate the inflammatory status of the meniscus in vivo. The control
group showed significantly high fluorescent intensity for TNF-a and low
fluorescent intensity for IL-10, indicating the presence of an acute in-
flammatory response after meniscus injury. OD/CS-PL exhibited a slight
decrease in TNF-a fluorescent intensity and a slight increase in IL-10
fluorescent intensity, while OD/CS-PL@EVs showed a significant
decrease in TNF-a fluorescent intensity and a significant increase in IL-
10 fluorescent intensity (Figs. S7A-B). The semi-quantitative analysis of
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the fluorescence intensity of TNF-a and IL-10 similarly confirmed
consistent results (Fig. S8). These results indicated that OD/CS-PL@EVs
had superior immunomodulatory capability in vivo, regulating immune-
microenvironment towards a favorable tissue regeneration status.

We further observed the macroscopic appearance of regenerated
menisci in each group at weeks 6 and 12 postoperatively. No instances of
knee joint infection or stiffness were found at 6 and 12 weeks. At week 6
postoperatively, there was no obvious repair observed in the meniscal
defect area in the control group, while partial repair of the meniscus was
observed in the OD/CS-PL group and OD/CS-PL@EVs group (Fig. 9C).
At week 12, the meniscal defect area in the OD/CS-PL group and OD/CS-
PL@EVs group showed further healing compared to the control group,
while the control group did not exhibit obvious healing. It was worth
noting that the meniscus of OD/CS-PL@EVs group showed a smooth
surface, achieving the better healing effect compared to OD/CS-PL and
the control group, although slightly weaker than the sham group
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Fig. 8. OD/CS-PL@EVs hydrogel adhesive modulated the polarization of macrophages. A-B) Representative immunofluorescence images and relative fluorescence
intensity of CCR7 (red) expressed by macrophages under different treatments (PBS, OD/CS-PL and OD/CS-PL@EVs). C-D) Representative immunofluorescence
images and relative fluorescence intensity of Arg-1 (green) expressed by macrophages. E-F) Representative flow cytometry of macrophage markers CD86 (M1) and
CD206 (M2). G-H) Mean fluorescence intensity of CD86 and CD206 measured by flow cytometry. I) The inflammatory cytokines expression of macrophage measured

by ELISA. J) The mRNA expression of inflammatory genes measured by RT-qPCR. Scale bar = 100 pm ns represents no significance. *p < 0.05, **p < 0.01,
0.001. “SF” represents stimulating factors (100 ng/mL LPS and 20 ng/mL IFN-

(Fig. 9D). The meniscus in the sham group were intact, as shown in
Fig. S9.

The representative histological sections of regenerated menisci in
each group are shown in Fig. 9E-L. As indicated in Fig. 9E and G at week
6, H&E, safranin O (S-O) histological staining results revealed severe
loss and interruption of the menisci with no safranin O-stained matrix
(red) in the control group at the defect site. In the OD/CS-PL group, the
central area of the meniscus defect was filled with some regenerated
tissue. Additionally, the menisci in the sham group appeared intact, and
the inner and outer structures exhibited heterogeneity, with the inner
structure consisting of numerous chondrocyte-like cells (Fig. S9).
Notably, OD/CS-PL@EVs group displayed a greater amount of menisci
tissue regeneration in the defect area with safranin O-stained matrix in
the central defect site, and the regenerative tissue showed a predomi-
nance of round to oval-shaped chondrocyte-like morphology, which was
similar with the inner area of the sham group. Furthermore, toluidine

).
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blue (TB) staining results also showed that the OD/CS-PL@EVs group
exhibited TB staining positive in the central of defect area compared
with the control group and OD/CS-PL group (Fig. 91). At week 12, the
control group showed more regenerated menisci tissue compared to
week 6, however, there was still a large area of interruption and loss in
the defect area. The defect in the OD/CS-PL group was filled with
irregularly regenerated menisci tissue, with some cells presenting
chondrocyte-like characteristics. Interestingly, in the OD/CS-PL@EVs
group, the meniscus defect was filled with regenerated tissue, and the
new menisci tissue was firmly integrated with the defect edge, con-
taining abundant chondrocyte-like cells as well as extracellular matrix
(Fig. 9F). In addition, S-O staining (Fig. 9H) showed that the OD/CS-
PL@EVs group exhibited strong positive staining for regenerated
meniscal tissue, similar to the sham group, indicating a large amount of
glycosaminoglycan in the extracellular matrix. In contrast, the control
group exhibited relatively weak S-O staining, suggesting only a small
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Fig. 9. Meniscal regeneration after implanting OD/CS-PL@EVs hydrogel adhesive. A) Schematic illustration of the construction of the meniscal defect model. B)
Macroscopic appearance of meniscal cylindrical defect. C-D) Macroscopic observations of medial meniscus after surgery at weeks 6 and 12, respectively. E-F)
Representative Hematoxylin and eosin (H&E) staining of meniscal tissue with different magnification in the different groups at weeks 6 and 12, respectively. Scale
bar = 400 pm, 200 pm, or 100 pm. G-H) Representative Safranin O (S-O) staining of meniscal tissue at weeks 6 and 12, respectively. Scale bar = 400 pm. I-J)
Representative Toluidine Blue (TB) staining of meniscal tissue at weeks 6 and 12, respectively. Scale bar = 400 pm. K-L) Representative Col II staining of meniscal

tissue at weeks 6 and 12, respectively. Scale bar = 200 pm.

amount of glycosaminoglycan. S-O staining in the OD/CS-PL group was
weaker than that in the OD/CS-PL@EVs group. Moreover, the OD/CS-
PL@EVs group showed strong positive TB staining, similar to the
medial area of the sham group.

Immunohistochemical analysis for Col I was also used to investigate
the composition of the regenerated meniscal extracellular matrix.
Considering that the inner avascular zone of the menisci is primarily
composed of collagen II, collagen II staining was performed on each
group, with the results shown in Fig. 9K-L. At week 6, Col II staining in
the OD/CS-PL group and OD/CS-PL@EVs group was stronger than that
in the control group, but weaker than that in the sham group. This result
was also confirmed in the semi-quantitative analysis of Col II (Fig. S10).
At week 12, Col II staining in the regenerated menisci of the OD/CS-
PL@EVs group significantly intensified, indicating a substantial pro-
duction of Col II at the injury site. Meanwhile, the new tissue in the OD/
CS-PL group contained less Col II, and the control group even less. The
trend of change was consistent with the semi-quantitative analysis of Col
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1I (Fig. S10).

3.10. Delay of articular cartilage degeneration by OD/CS-PL@EVs
hydrogel adhesive

We assessed the protective effect of OD/CS-PL@EVs hydrogel ad-
hesive on articular cartilage. The medial femoral condyle (FC) and tibial
plateau (TP) were harvested, and International Cartilage Repair Society
(ICRS) cartilage lesions classification was used for macroscopic evalu-
ation, as shown in Fig. 10A-D, and E, the control group showed the
highest ICRS scores at both weeks 6 and 12. However, the ICRS scores
were found to be no statistically significant difference between the OD/
CS-PL group, OD/CS-PL@EVs group, and the sham group at weeks 6 and
12. Histological evaluation revealed partial disintegration of the carti-
lage in FC and TP of the control group, with decrease in TB staining
intensity at week 6. Moreover, at week 12, the control group showed
more severe cartilage damage over time. The surfaces of the cartilage in
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group. p < 0.001, when compared with control group.
the OD/CS-PL group exhibited roughness or decreased TB staining in-
tensity, whereas the surfaces of the cartilage in the OD/CS-PL@EVs
group and the sham group showed similar conditions with no
apparent damage (Fig. 10B-C and S11). Together, OD/CS-PL@EVs
hydrogel adhesive protected the articular cartilage from the progres-
sive degeneration after meniscus injury.

3.11. OD/CS-PL@EVs hydrogel adhesive promotes meniscus
reconstruction with enhanced biomechanical strength

At week 12, the mechanical test was conducted on the regenerated
meniscus tissue in each group. The OD/CS-PL@EVs group exhibited a
significantly higher compressive stress in the regenerated tissue
compared to both the control group and the OD/CS-PL group, and
showed no significant difference compared to the sham group in terms of
compressive stress (Fig. S12).
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p < 0.001, when compared with the control group. Red arrows indicate obvious cartilage damage.

3.12. Systemic biosafety analysis of OD/CS-PL@EVs hydrogel adhesive

Finally, H&E staining of the main organs (heart, liver, kidney, lung,
and spleen) in all groups were analyzed at week 12. As shown in
Fig. S13, the results showed no significant adverse reactions from the
implantation of OD/CS-PL and OD/CS-PL@EVs groups. Therefore, the
implantation of OD/CS-PL@EVs hydrogel adhesive was considered to be
biologically safe.

4. Discussion

In this study, we designed and prepared a highly wet-adhesive
antibacterial hydrogel, and loaded it with SMSCs-derived EVs to
create a convenient injectable hydrogel system, aiming to achieve
effective adhesion to the injured meniscus and prevent microbial inva-
sion in the wet intra-articular microenvironment. This hydrogel system
also exhibited the capability to regulate immune homeostasis, mobilize
the proliferation and recruitment capacity of endogenous cells,
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stimulate the chondrogenic differentiation of stem cells, and promote
cell ingrowth into the hydrogel, thereby achieving the regeneration of
meniscal cartilaginous tissue in vivo, which presented a promising
treatment strategy for meniscus repair.

A novel wet-adhesive glycopeptide OD/CS-PL hydrogel adhesive was
fabricated and demonstrated excellent adhesion to wet tissues, including
the meniscus, with the adhesion strength reached 134.45 + 28.69 KPa in
this work. Previous studies have also documented the mechanical
properties of hydrogel adhesion to meniscus and cartilage surfaces. For
example, a double-network hydrogel was reported to exhibit adhesion to
the cartilage surface, achieving the adhesion strength of 130 KPa, which
was superior to commercially adhesive hydrogels [45]. In addition, a
mussel-inspired adhesive hydrogel was demonstrated to achieve a shear
strength of 120 KPa [37]. Therefore, the adhesion mechanics of
OD/CS-PL and OD/CS-PL@EVs hydrogel adhesives meet the mechanical
requirements reported for meniscus repair [17]. Notably, all compo-
nents of this composite glycopeptide hydrogel are FDA-approved sub-
stances (dextran, CS, and PL) with excellent biocompatibility, holding
promising potential for clinical translation. Dextran could be oxidized to
the aldehyde group to prepare OD, which could attach to the tissue
surface or prepare the hydrogel via the formation of Schiff base bonds.
CS with the amino and carboxyl groups was frequently conjugated
oxidized dextran to prepare qualified adhesion OD/CS cross-linked
network structure to apply in the biomedical field [24]. Additionally,
PL with intrinsic non-antigenicity, antibacterial properties, biocompat-
ibility, and biodegradability, as well as possessing free amines on the
side chain, which displayed profound bioactivity and multi-function in
various biomedical applications [27]. PL effectively enhanced the me-
chanical strength and adhesion performance of the OD/CS hydrogel. The
existence —-COOH of CS, could crosslink with PL by the amide reaction
under mild conditions, while the -CHO of OD crosslinks with the -NH2
of PL and CS by the Schiff base reaction to form OD/CS-PL hydrogel
adhesive. This hydrogel provided an effective delivery vehicle for the
regeneration of injured meniscal tissue. In addition, by simply mixing
OD-PL and CS using a double-barreled syringe, the OD/CS-PL hydrogel
adhesive could be prepared at room temperature effectively and prac-
tically. Furthermore, this gelation approach offers more merits
compared to the UV-curing approach, as the limited availability and
penetration depth of the latter restricts its use in joint spaces [23].
Previous studies have reported the development of synthetic scaffolds
for meniscal regeneration. However, such substitutes often cannot
integrate well with the host meniscus and require extensive trimming of
the host meniscus for fixation, inevitably resulting in additional loss of
meniscal tissue [4]. The OD/CS-PL hydrogel adhesive significantly re-
duces the operational difficulty of the hydrogel in clinical practice,
allowing it to be easily squeezed and applied to the damaged meniscus
with a syringe for adhesion. This operational process effectively ach-
ieves the maximum protection of the host meniscus integrity and dem-
onstrates significant benefits in meniscus regeneration, considering the
advantageous delivery strategies of irregular tissues in the wet envi-
ronment. Additionally, hydrogels with a porous structure play a crucial
role in regulating tissue regeneration processes, such as cell infiltration,
migration, and extracellular matrix deposition. Compared to nano-sized
pores, hydrogels with micro-sized pores could be better at promoting
nutrient transport and metabolite release, potentially accelerating the
degradation of hydrogel, and promoting tissue repair [46]. The
OD/CS-PL hydrogel adhesive exhibited a microporous structure with a
pore size of 47.8 + 13.6 pm, which remained unchanged after loading
EVs. The OD/CS-PL@EVs hydrogel adhesive effectively accelerated the
degradation of the hydrogel subcutaneously and facilitated cell infil-
tration. This contributes to the hydrogel being rapidly replaced by cells
and new tissue during the tissue repair process, enabling the hydrogel to
integrate with the host tissue as soon as possible.

EVs from SMSCs were selected and loaded onto OD/CS-PL@EVs
hydrogel adhesive to exhibit biological effects in this study. The re-
sults indicated that EVs demonstrated a promoting effect on endogenous
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cells (SMSCs and MCs), including their proliferation, recruitment,
chondrogenic differentiation, and ECM formation abilities. These results
were consistent with existing research findings [31,32]. Although
various stem cells-derived extracellular vesicles were reported to pro-
mote tissue healing, currently only SMSCs-EVs was investigated for their
role in meniscus regeneration, and their research findings indicate that
EVs might promote meniscus repair by mediating endogenous cell pro-
liferation and migration through the CXCL5 and CXCL6/CXCR2 axis,
which can enhance stem cell growth and migration during tissue healing
[31]. However, in the in vivo experiments of these studies, EVs were only
directly injected into the joint cavity. Although the reported results were
promising, the transient release of EVs might prevent long-term effec-
tiveness in cartilage and meniscal regeneration processes. Furthermore,
when loaded into OD/CS-PL@EVs hydrogel adhesive, the hydrogel ad-
hesive exhibited similar regulatory capabilities over endogenous cells in
vitro and achieved substantial cell infiltration as well as regeneration of
cartilage-like tissue at the site of meniscal defects in rabbits. The
meniscus, as a heterogeneous fibrocartilage, differs in composition and
function between its inner and outer zones. The inner zone, character-
ized by a lack of blood supply, primarily consists of chondrocytes and
bears compressive loads [43]. Therefore, for repairs in avascular re-
gions, it is essential to reconstruct the natural inner zone tissue structure.
The OD/CS-PL@EVs hydrogel adhesive effectively restored the avas-
cular cartilage-like tissue of the meniscus, thereby potentially restoring
the original function. The poor healing of the meniscal avascular area
has always been a clinical challenge. After meniscal injury, multiple
factors influence meniscal avascular zone repair, especially inadequate
cell recruitment and inflammatory response [3]. Recently, to overcome
the characteristic of low endogenous cell recruitment ability, current
studies reported that various types of stem cells directly applied for
meniscal injury repair, either alone or with the assistance of a scaffold
[47]. Among these, SMSCs, which are considered an endogenous stem
cell source for meniscal repair, might be a preferred option for stem cell
therapy [28]. Furthermore, the acquisition of SMSCs is relatively mini-
mally invasive, as they can be obtained through simple arthroscopic
surgery, and requires minimal tissue demand [47]. However, cell-based
therapeutic strategies typically have some inherent drawbacks as
mentioned above. Considering that stem cell-mediated tissue regenera-
tion primarily involves activating resident cells through paracrine
mechanisms, EVs from stem cell paracrine secretion, with low antige-
nicity and relative controllability, have been extensively documented to
exert beneficial effects on cellular functions [30]. Additionally, the
primary goal of meniscus repair is to delay the progression of osteoar-
thritis, and SMSCs-EVs was reported to play a crucial role in protecting
articular cartilage. Therefore, in this study, SMSCs-EVs released from
adhesives may also directly contribute to protecting articular cartilage
[48]. Therefore, by constructing the OD/CS-PL@EVs hydrogel adhesive,
it was endowed with the ability to efficiently regulate the endogenous
regenerative cell behaviors, adequately addressing the drawback of
insufficient endogenous cells during meniscal regeneration process.
Chen et al. constructed the GelMA-Aptamer system to recruit synovial
cells and meniscus cells, demonstrating promising meniscus regenera-
tion at week 12, similar to this study’s findings in delaying cartilage
degeneration. However, this system lacks adhesive properties, poten-
tially posing a risk of hydrogel detachment [9]. Pan et al. prepared
TGF-f1 loaded silk fibroin hydrogel adhesive for meniscus injury repair,
exhibiting good wet adhesion and anti-swelling properties. The adhesive
was reported to achieve meniscus repair. While it needs to considered
that there are issues regarding the singular biological effect and safety of
growth factors [5,49].

This study indicated that the EVs derived from SMSCs could regulate
the inflammatory state of macrophages induced by THP-1. EVs exhibited
significant inhibitory effects on the transformation of macrophages to
the M1 phenotype and the polarization towards the M2 phenotype. In
addition, the OD/CS-PL@EVs hydrogel adhesive also demonstrated
consistent immunomodulatory effects. Furthermore, the inflammatory
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markers of meniscal defects were assessed in rabbits at one-week post-
surgery. The damaged meniscus intervened with the OD/CS-PL@EVs
hydrogel adhesive demonstrating a significant increase in IL-10 and a
decrease in TNF-a. Combined with in vitro results, this anti-
inflammatory effect is mainly attributed to the addition of EVs in the
hydrogel. Therefore, the superior anti-inflammatory performance of the
OD/CS-PL@EVs hydrogel adhesive was effective in regulating the im-
mune microenvironment of damaged meniscus. In addition to the lim-
itation of inadequate endogenous cells, it was reported that the pro-
inflammatory markers were significantly upregulated following menis-
cal injury and exerted an inhibitory effect on the meniscal cartilage
regeneration [3]. Multiple immune cells participate in cartilage injury
and repair, including macrophages, T cells, natural killer (NK), etc.,
among which macrophages playing a crucial role during the repair
phase. Macrophages are mainly categorized into M1 and M2 pheno-
types, where M1 macrophages lead to cartilage degradation, while M2
macrophages promote the resolution of inflammation and chondrogenic
differentiation of MSCs [33]. Therefore, effectively intervening with
macrophages and inducing their transition to the M2 phenotype will
create favorable conditions for meniscal cartilage tissue regeneration
[34]. Although the application of EVs for regulating the treatment of
tissue injury-related diseases has been widely reported, it is noteworthy
that this study represented the attempt to utilize EVs to intervene in the
immune homeostasis regulation after meniscus injury, and achieved
exciting results. Meanwhile, current studies on regulating the meniscal
inflammation environment only achieved a single anti-inflammatory
effect, often required the addition of other biological agents to achieve
regenerative purposes, making the preparation process of tissue engi-
neering scaffolds more complex and difficult to control [34]. This study,
by loading a single EVs component, enabled the hydrogel to simulta-
neously achieve immune homeostasis and regulate endogenous cell
behavior, ensuring the stability and convenience of hydrogel fabrica-
tion. Although antagonists of pro-inflammatory cytokines were reported
to promote meniscal tissue repair within an inflammatory microenvi-
ronment in vitro [50]. Currently available anti-inflammatory drugs used
in clinical practice, such as non-steroidal anti-inflammatory drugs, are
typically aimed at symptom relief instead of preventing or reducing
inflammatory reactions. Therefore, based on the tremendous potential
demonstrated by EVs in meniscus injury repair, they are expected to
replace or enhance existing anti-inflammatory drugs as bioactive agents.
In addition, RNA sequencing was further used to reveal the mechanisms
by which EVs inhibit inflammation and promote macrophage polariza-
tion toward the M2 phenotype in this study. EVs significantly down-
regulated the signaling pathways (cytokine-cytokine receptor
interaction, chemokine signaling pathway and toll-like receptor
signaling pathway, and NOD-like receptor pathway) associated with
inflammation when macrophages were co-cultured with stimulating
factors and EVs, and previous studies reported that different treatment
strategies achieved effective inflammation regulation by inhibiting these
inflammation-related pathways [46,51,52]. However, this study did not
further investigate the specific substances in EVs that regulated in-
flammatory responses, such as proteins and miRNAs, which require
additional exploration in future research.

In this work, CS, as chitosan-modified derivative rich in amino
groups, retains the inherent antibacterial properties and biocompati-
bility, which could be reflected in the fact that both prepared OD/CS and
OD/CS@EVs hydrogels exhibit certain antibacterial effects against the
two types of bacteria. Furthermore, the introduction of antibacterial
peptide (PL) further contributed to the excellent antibacterial perfor-
mance of the OD/CS-PL and OD/CS-PL@EVs hydrogel adhesives, both
of which exhibited superior antibacterial ability against two clinically
common bacteria within only 12 h of intervention. In addition to sterile
inflammation, implant infection also deserves attention when implant-
ing foreign grafts in human body. It has always been one of the most
challenging issues in orthopedic clinical practice, posing a serious threat
to human health and causing significant economic losses. Additionally,
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even if the presence of microorganisms does not lead to extreme infec-
tious events, it can still activate the body’s immune system, subse-
quently triggering a series of inflammatory responses, which severely
disrupt the tissue repair process [25]. Unfortunately, most tissue engi-
neering scaffolds did not simultaneously possess antibacterial ability
[6]. Therefore, it is essential to design implants with effective antibac-
terial properties to ensure that cells and tissues are in a safe environ-
ment. In addition, the commonly used anti-infection strategies involve
the administration of metal nanoparticles or antibiotics either systemi-
cally or locally. While these treatments often result in the emergence of
multidrug-resistant bacteria [53]. Metal nanoparticles might have lim-
itations in terms of biodegradability and cellular compatibility and
potentially trigger adverse effects on the immune system [54]. In this
study, PL is the key component in the hydrogel system responsible for
antibacterial activity. It is a natural antibacterial peptide with cationic
characteristics that allow it to interact directly with anionic bacterial
membranes. Through its amphipathic structure, it disrupts the cell
membrane, leading to antibacterial effects. Additionally, it can also
target bacterial proteins and nucleic acids, inhibiting bacterial growth.
Compared to antibiotics, antibacterial peptides act through a
non-receptor-mediated mechanism to irreversibly disrupt bacterial
membranes. This makes it difficult for bacteria to develop resistance,
making antibacterial peptides one of the most promising antibacterial
agents in addressing antibiotic resistance challenges [55]. Therefore, the
OD/CS-PL@EVs hydrogel adhesive not only achieved superior antibac-
terial performance but also maintained good biocompatibility and
enhanced its own wet-adhesive properties.

The goal of achieving biomimetic repair of the meniscal avascular
zone structure is to restore the compressive mechanical properties of
meniscus tissue and reshape its protective role in the knee joint [1].
Therefore, this study investigated the protective effects of meniscus on
articular cartilage in different groups. The results showed that the
OD/CS-PL@EVs group achieved the best cartilage protection effect,
which was also confirmed by scoring analysis. Furthermore, this study
also conducted compression mechanical testing on the regenerated
meniscal tissue and found that the OD/CS-PL@EVs group exhibited
superior compression mechanical values among the different groups.
These indicated that through the intervention of OD/CS-PL@EVs
hydrogel adhesive, the damaged meniscus achieved good histological
and mechanical functional recovery. In future clinical applications, the
OD/CS-PL@EVs hydrogel adhesive, as a promising method, are ex-
pected to be directly applied to in situ repair of meniscal tears. Addi-
tionally, it can be combined with meniscus suture techniques for use on
larger areas of meniscal tears, contributing to biologically enhanced
repair. In this study, the OD/CS-PL@EVs hydrogel adhesive consists of
components approved by FDA, which facilitates clinical translation. In
addition, the low immunogenicity of EVs also provide a certain guar-
antee for clinical safety. The injectable form of adhesive also simplifies
the steps of intraoperative procedures, making it convenient for clinical
applications. Future work will further explore the exact mechanisms by
which EVs regulate immunity and promote meniscal regeneration,
providing a solid theoretical basis for clinical translation. Additionally,
the animal model will shift to large animals, such as ovine and pigs,
whose menisci are physiologically more similar to the human meniscus.
Furthermore, there will be some preclinical research conducted to
evaluate the biosafety of the adhesive.

5. Conclusion

This study represents the report of a versatile bio-enhanced hydrogel
employed in meniscus repair, offering high wet adhesion, effective
antibacterial properties, and providing superior immunomodulatory
effects and enhanced meniscal cartilage regeneration capabilities
through SMSCs-EVs loading. The hydrogel can be effectively adhered to
the irregular and wet surface of the meniscus by squeezing it with a
syringe easily. The microporous structure facilitates cell infiltration and
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tissue regeneration, and its broad-spectrum antibacterial properties
ensure the prevention of implant infection. The released EVs exhibit
sequential therapeutic function, regulating the inflammatory microen-
vironment at the site of meniscal injury by reducing the expression of
multiple inflammation-related signaling pathways, promoting endoge-
nous cell proliferation, migration, and cartilaginous matrix formation. In
a rabbit meniscal defect model, the hydrogel facilitates cartilage
regeneration in the meniscal avascular zone and enhances the biome-
chanical strength of the regenerated meniscal tissue, delaying the
degeneration of articular cartilage. The simple and effective hydrogel
preparation method developed in this study, with its versatile biological
functions, holds promise as a potential means for clinically treating
meniscal avascular zone injuries.
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