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ARTICLE INFO ABSTRACT

Keywords: Enhancing the regeneration of cartilage defects remains challenging owing to limited innate self-healing as well
Exosomes as acute inflammation arising from the overexpression of reactive oxygen species (ROS) in post-traumatic mi-
Hydrogels croenvironments. Recently, stem cell-derived exosomes (Exos) have been developed as potential cell-free therapy
Cartilage . . . A .

i . for cartilage regeneration. Although this approach promotes chondrogenesis, it neglects the emerging inflam-
Reactive oxygen species A . . . . . .
Macrophage matory microenvironment. In this study, a smart bilayer-hydrogel dual-loaded with sodium diclofenac (DC), an
Inflammation anti-inflammatory drug, and Exos from bone marrow-derived mesenchymal stem cells was developed to mitigate

initial-stage inflammation and promote late-stage stem-cell recruitment and chondrogenic differentiation. First,
the upper-hydrogel composed of phenylboronic-acid-crosslinked polyvinyl alcohol degrades in response to
elevated levels of ROS to release DC, which mitigates oxidative stress, thus reprogramming macrophages to the
pro-healing state. Subsequently, Exos are slowly released from the lower-hydrogel composed of hyaluronic acid
into an optimal microenvironment for the stimulation of chondrogenesis. Both in vitro and in vivo assays
confirmed that the dual-loaded bilayer-hydrogel reduced post-traumatic inflammation and enhanced cartilage
regeneration by effectively scavenging ROS and reprogramming macrophages. The proposed platform provides
multi-staged therapy, which allows for the optimal harnessing of Exos as a therapeutic for cartilage regeneration.

related to joint cartilage injury, including pain, inflammation, and
functional impairment, but the impact on the intrinsic mechanisms of

1. Introduction

Without intervention, articular cartilage (AC) trauma usually leads
to post-traumatic osteoarthritis (PTOA), a subtype accounting for 12 %
of total osteoarthritis (OA) cases [1]. AC predominantly affects young
and active individuals [2]. The common clinical treatment methods for
traditional joint cartilage injuries include non steroidal
anti-inflammatory drugs (NSAIDs), analgesics, physical therapy, and
intra-articular injection [3]. Mainly aimed at alleviating symptoms
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stimulating cartilage tissue regeneration is often limited [4]. Moreover,
the progression of PTOA is considered irreversible. Owing to the avas-
cular nature of cartilage and sparse chondrocytes resident in cartilagi-
nous tissue, damaged cartilage has limited regeneration capability [5,6].
Recruitment of endogenous stem cells from subchondral bone is crucial
for in situ cartilage regeneration. Recently, exosomes (Exos)-based
therapy has been developed as potential acellular therapy for cartilage
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regeneration to replace stem cell transplantation.

Exosomes (Exos) from bone marrow-derived mesenchymal stem cells
(BMSCs) can recapitulate the effect of native cells on cartilage defects
without the associated side effects of stem cells [7,8]. Abundant
miR-23a-3p within Exos inhibits phosphatase and tensin homolog
(PTEN) levels and enhances protein kinase B (AKT) expression, thus
promoting cartilage regeneration [9,10]. Moreover, Exos recruit BMSCs
and promote neo-cartilage formation via the chemokine signaling
pathway [11]. In recent years, there have been numerous studies on
Exos as a therapeutic agent and as an integrated component of a delivery
biomaterial for cartilage repair, providing encouraging results [12]. In
particular, Exos internalized by endogenic chondrocytes and BMSCs
have been shown to enhance cell migration, proliferation, and chon-
drogenic differentiation [13]. Trauma to articular cartilage, especially
when it develops to PTOA, is commonly associated with excessive
inflammation [14]. However, current approaches using Exos for carti-
lage repair pay close attention to the cartilage regeneration phase, with
limited attention to the preceding inflammatory stage [15,16]. Although
BMSC-derived Exos exhibit immunomodulation in some cases, the mo-
lecular cargo and structure of Exos may be subject to interference arising
from the oxidative stress conditions, thereby possibly limiting or
diluting the tissue regeneration effect [17]. Therefore, under these
conditions, induction of the chondrogenic differentiation of endogenic
stem cells would also be suppressed [18]. Consequently, to more fully
utilize Exos as a cell-free therapeutic drug for cartilage regeneration
during cell proliferation, precisely regulating the emerging inflamma-
tory microenvironment is a critical factor [19].

The chronic inflammatory microenvironment resulting from AC
damage is inundated with various activated inflammatory cells and pro-
inflammatory mediators, along with reactive oxygen species (ROS) [20,
21]. During cartilage injury, overexpressed ROS not only attacks the
extracellular matrix (ECM) of the AC directly but also induces lipid
peroxidation and DNA cleavage, which destabilizes the microenviron-
ment [22]. Furthermore, ROS overexpression at cartilage defect sites
exacerbates  inflammation, thereby  creating an  intense
pro-inflammatory microenvironment, which may compromise down-
stream cellular functions and lead to impaired healing [23].
ROS-responsive and scavenging biomaterials are smart materials that
can directly mitigate oxidative stress in the inflammatory microenvi-
ronment. These biomaterials offer the distinct advantage of promptly
and effectively eliminating ROS while also serving as carriers for the
controlled release of therapeutics in response to elevated levels of ROS
[24]. Recent investigations have shown that combined ROS-elimination
treatment and anti-inflammatory drugs can synergistically decelerate
the progression of inflammation more effectively than either treatment
in isolation [25,26]. Sodium diclofenac (DC) is a non-steroidal anti-in-
flammatory drug that inhibits prostaglandin synthesis through the
blockade of cyclooxygenase 1 (COX-1) and cyclooxygenase 2 (COX-2) to
reduce pain and inflammation at the site of injury [27]. Sodium diclo-
fenac mainly indirectly affects macrophage polarization by regulating
the inflammatory environment. This process mainly involves inhibiting
lipoxygenase and inhibiting NF- kB signal pathway is used to suppress
M1 polarization [19]. And it can induce the expression of
anti-inflammatory cytokines, such as interleukin (IL-10), and regulate
the production of ROS. These environmental improvements can all
affect the transformation of macrophages into M2 type status [28].
Therefore, DC release from ROS-responsive and scavenging biomaterials
prior to Exos release into the cartilage defect site may afford a green-
house for Exos to regulate immune responses and promote cartilage
regeneration.

Herein, we developed an ROS-responsive bilayer-hydrogel loaded
with Exos (Bil-Gelpc/gxos) to link the inflammatory stage with the pro-
liferation stage (Fig. 1). This design aims to alleviate the detrimental
effects of the inflammatory environment on BMSCs differentiation and
chondrocyte function by linking the two stages. It seeks to enhance the
therapeutic efficiency of Exos in the application of cartilage repair,
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addressing the limitations of approaches that solely focus on a single
stage. Specifically, a hyaluronic acid (HA)-based hydrogel encapsulating
Exos was selected as the lower-hydrogel (Low-Gelgyos). HA is the main
component of articular cartilage and synovial fluid, which plays a
crucial role in the joint lubrication and cartilage tissue protection via
recognizing HA receptors (differentiation group 44, CD44). As the main
component of the lower-hydrogel, it mimicked the ECM of cartilage and
facilitated the effective fusion of the newborn cartilage with the sur-
rounding cartilage [29]. A polyvinyl alcohol (PVA)-based hydrogel
loaded with DC was designed as the upper-hydrogel (Up-Gelpc) to create
an anti-inflammatory microenvironment by degrading in response to
elevated levels of ROS and then releasing DC. The phenylboronic acid in
the upper-hydrogel could form reversible bonds with the cis-diol groups
contained in the abundant glycosaminoglycans in cartilage tissue,
conducing to the integration between the hydrogel and cartilage. In
addition, the two layers of the hydrogel systems were bound together by
the ways of hydrogen bonding, boric acid bonding and electrostatic
interaction. Therefore the whole bilayer-hydrogel scaffold was expected
to perform mechanical stability during implantation [30]. The perfor-
mance of this bilayer-hydrogel in reducing oxidative stress and pro-
moting cartilage repair was evaluated through in vitro and in vivo
experiments. With the improved immunological microenvironment by
the upper-hydrogel, the sustained release of Exos from the
lower-hydrogel over several days enhanced cell-cell interactions and
promoted chondrogenic repair. Benefiting from the bilayer structure,
Exos functioned optimally and facilitated cartilage repair and regener-
ation under a favorable “umbrella” environment created by the
upper-hydrogel.

2. Materials and methods
2.1. Construction of the bilayer-hydrogel

2.1.1. Preparation of the upper-hydrogel

4-(Bromomethyl) phenylboronic acid (4-BPBA, 1.0 g) and N, N, N,
N'-tetramethyl-1,3-propanediamine (TMPDA, 0.2 g) were added to
dimethylformamide (DMF, 40 mL). The solution was stirred at 60 °C for
24 h and then poured into tetrahydrofuran (THF, 100 mL). It was then
filtered, and the residue was washed with THF three times [31]. After
drying under vacuum, N’-(4-boronobenzyl)-N>-(4-boronophenyl)-N%,
N, N3 NAtetramethyl-1,3-propanediaminium (TSPBA) was obtained
with a yield of 69.76 % (0.59 g). PVA (5 g) was completely dissolved in
deionized water (100 mL) with stirring at 90 °C. TSPBA (5 wt% in H50,
1 mL) was mixed with PVA (5 wt%, 2 mL) to form a ROS-responsive
hydrogel. Finally, a predetermined amount of DC was added to the
TSPBA solution to obtain the upper-hydrogel.

2.1.2. Preparation of the lower-hydrogel

Hydrogel performance is influenced by various factors, including the
elastic modulus, porosity, and swelling ratio. To optimize the hydrogel
for loading Exos, we prepared hydrogels with different HA contents. In
brief, sodium alginate (SA, 1.0 g, 2 wt%) and HA (0.25 g, 0.5 g, 1.0 g)
were dissolved in 50 mL of deionized water at 40 °C (water bath),
resulting in three gelatinous solutions with different HA/SA ratios (1:4,
1:2, 1:1 w/w). After cooling, Exos were incorporated into the mixture,
which was then placed in a mold. Spraying calcium ions (calcium
chloride solution, 100 mM) evenly on the surface of the mold using a
spray can. When the calcium ions were fully penetrated, the SA
macromolecular chain was successfully cross-linked, while encapsu-
lating the free HA macromolecules.

2.1.3. Preparation of the bilayer-hydrogel

First, the lower-hydrogel was prepared in a mold. Next, a PVA so-
lution was added, to which a TSPBA solution containing sodium diclo-
fenac was thoroughly mixed. The upper and lower hydrogels with the
proportion of 1:1 was subjected to freezing and thawing repeatedly to
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Fig. 1. Schematic illustration of the fabrication of bilayer-hydrogel and the successive promotion of multiple cartilage regeneration phases by bilayer-
hydrogel. (a) Preparation of bilayer-hydrogel. (b) An increase in the ROS level at the cartilage injury site triggers the degradation of the upper-hydrogel and the
release of DC for inflammation regulation. Subsequently, the lower-hydrogel slowly released Exos in the suitable microenvironment provided by the upper-hydrogel
to repair cartilage damage.
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obtain a stable structure. After that, the two layers were well bonded due
to multiple bond interactions at the interface between the upper and
lower hydrogel [32].

2.2. Material characterization

2.2.1. Surface morphology

The surface morphologies of the hydrogels were determined using
scanning electron microscopy (SEM, SU-8010, Japan) equipped with an
energy dispersive spectroscopy (EDS). Samples were freeze-dried, and
the cross-sections of the samples were coated with a gold layer to
enhance the conductivity for SEM. The porous structures of the hydro-
gels were examined, and the pore size was quantified using ImageJ.

2.2.2. Mechanical properties

The rheological properties of the hydrogels (lower-hydrogel with
different HA/SA ratios, upper-hydrogel containing DC, and upper-
hydrogel without DC) were determined using a rheometer (MCR301,
Austria) equipped with 25 mm parallel plates. Experiments were con-
ducted at 25 °C, and the energy storage modulus (G") and loss modulus
(G") were recorded.

2.2.3. Physical properties

The swelling behavior of the lower-hydrogel in water was deter-
mined as follows. Freeze-dried hydrogel samples (W) were weighed and
then immersed in distilled water at room temperature for 20 s. Samples
were periodically removed from water, gently blotted with absorbent
paper until no more water dripped, and then weighed again (W¢). The
swelling ratio (SR) of the hydrogel was calculated using the following
equation: SR=(WWj)/Wg x 100 % [33].

To study the degradation behavior of the upper and lower hydrogels
under the same conditions, 1 ml of the bilayer-hydrogel consisting of Up-
Gelpc and Low-Gelgxos was immersed in 10 mL of simulated body fluid
(SBF) containing 10 mM H30- and incubated at 37 °C. At a preset time
point, the Up-Gelpc and Low-Gelgxos Were separated and weighed.

2.2.4. Release of Exos and DC from hydrogels

Equal volumes of Up-Gelpc and Low-Gelgyos were used to form a 200
pL bilayer-hydrogel, which was then immersed in 2 mL of phosphate-
buffered saline (PBS) containing 10 mM H30O4 and incubated at 37 °C
to investigate the release kinetics of DC and Exos from the bilayer-
hydrogel. Supernatant (200 pL) was collected from the tube at speci-
fied time intervals, and an equal volume of fresh PBS was replenished.
The concentration of Exos in the supernatant was determined by
measuring the OD at 265 nm using a UV spectrophotometer (MIULAB,
China) and employing a bicinchoninic acid (BCA) protein assay kit
(Beyotime, China) to quantify the protein content. Finally, the cumu-
lative release of DC and Exos from the bilayer-hydrogel was calculated.

2.3. Evaluation of H20z-scavenging ability

Hy0, oxidizes and hydrolyzes TSPBA, which degrades the upper-
hydrogel scaffold to release the payload, DC. To observe its
morphology change over time, the upper-hydrogel was immersed in PBS
containing 10 mM H30, at 37 °C. Additionally, the H;O, concentration
was determined using the titanium sulfate colorimetric method
(hydrogen peroxide detection kit, LEAGENE, China).

2.4. Uptake of Exos

The phagocytosis of Exos encapsulated in the lower-hydrogel by
BMSCs was investigated as follows. We first performed Exos isolation,
identification and staining. Exos were initially labeled with PKH 26 and
subsequently co-incubated with BMSCs for 24 h. The cells were then
fixed at room temperature and stained with TRITC-phalloidin (Invi-
trogen, USA) and 4-6-diamidino-2-phenylindole (DAPI, Invitrogen) to
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identify the cytoskeleton and nucleus, respectively. Finally, labeled cells
were observed using a confocal microscope (EVOS™ M7000, USA).

2.5. In vitro biocompatibility assessment

The cytocompatibility of the hydrogels were evaluated using a live/
dead staining kit (Invitrogen) and CCK-8 assay kit (Beyotime). For live/
dead staining, BMSCs were cultured with the lower-hydrogels (three
different HA/SA ratios) for 1, 2, and 3 days. Staining was conducted per
manufacturer’s instructions, and the cells were observed using a
confocal microscope (EVOS™ M7000). Three randomly selected fields-
of-view were used to quantify cell viability with ImageJ. For the cyto-
toxicity assay, BMSCs were co-cultured with extracts of the lower-
hydrogels (three different HA/SA ratios) for 1, 2, and 3 days. Subse-
quently, 100 pL of CCK-8 solution (100 pL/mL) was added to each well,
and incubation continued for 2 h. A microplate reader (Tecan Spark,
Switzerland) was used to measure the absorbance of cells in each well at
450 nm.

Similarly, the upper-hydrogel (loaded with DC) was co-cultured with
RAW264.7 for the above viability and proliferation assays.

2.6. Validation of ROS-scavenging

The ROS clearance ability of the upper-hydrogel was validated as
follows. RAW264.7 cells were co-cultured with Up-Gel and Up-Gelp for
24 h and then exposed to HyO, (100 pM) for 3 h. The control group was
untreated. Subsequently, the cells were stained with DCFH-DA (10 pM,
Sigma-Aldrich, China) for 30 min and observed using a confocal mi-
croscope. Following the similar procedure, cells were collected in flow
tubes after DCFH-DA staining. The intracellular ROS levels were
measured using a flow cytometer (Cytek Aurora, USA) and data analysis
was performed using FlowJo.

2.7. Flow cytometry analysis of macrophage polarization

RAW264.7 cells were co-cultured with the upper-hydrogel in well
plates and stimulated with either LPS (100 ng/mL) or IL-4 (20 ng/mL).
Afterwards, the cells were washed with pre-cooled PBS to prepare
single-cell suspensions. This was followed by a series of steps, including
fixation, membrane-breaking, and incubation with antibodies targeting
M1 marker CD86 and M2 marker CD206 (Thermo Fisher Scientific).
Subsequently, the cells were analyzed using a flow cytometer and
analyzed using FlowJo.

2.8. Validation of chondrocyte protection

To confirm the chondroprotection effect of the bilayer-hydrogel, we
used JC-1 to measure the mitochondrial membrane potential and TUNEL
staining to detect nuclear DNA breakage during the apoptosis of cells.
Early apoptosis was assessed using the mitochondrial membrane po-
tential detection kit (JC-1, Beyotime). Per manufacturer’s instructions,
cells in 24-well plates were stained with JC-1 staining solution at 37 °C
for 20 min. Then, each well was washed twice with 1 x JC-1 staining
buffer, and the fluorescence intensity was measured using a confocal
microscope. The red-to-green fluorescence ratio reflects changes in the
mitochondrial membrane potential. To investigate chondrocyte
apoptosis, cells were stained with a one-step TUNEL apoptosis assay kit
(Elabscience, China) per manufacturer’s instructions and observed
under a confocal microscope (EVOS™ M7000).

2.9. Gene expression

Total cellular RNA was determined using an RNA extraction kit
(Omega, USA). cDNA synthesis was performed using a PrimeScript RT
reagent kit (Takara, Japan), and qPCR amplification was conducted
using the qPCR SYBR green master mix (Yeasen, China). The GAPDH
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gene was used as an internal control. Relative gene expression levels
were measured using the 272*C" method. The expressions of
inflammation-related genes (IL-1f, IL-6, iNOS, IL-10, Arg-1, CD206),
chondrocyte differentiation-related genes (COL II, Sox9, ACAN) and
pathway-related genes (CLK2, DYRK1A, TCF4, TCF7) were evaluated.
The experiments of real-time quantitative PCR (qPCR) were repeated
three times independently. Primers for this study were purchased from
Tsingke Biotech (China), and the sequences are listed in Table S1.

2.10. Immunofluorescence

For immunofluorescence staining, the medium was removed and
fixed for 30 min with 4 % PFA. Then, samples were treated with 0.3 %
Triton X-100 (Biofroxx, Germany) for 10 min and blocked with 5 % goat
serum (Beyotime) for 1 h. Samples were incubated with primary anti-
bodies overnight at 4 °C. Subsequently, secondary antibodies were
applied, followed by nuclear staining with DAPI for 5 min. Finally,
fluorescence images were taken using a widefield fluorescence imaging
system (Zeiss celldiscoverer 7, Germany). The antibodies used are listed
in Table S2.

2.11. Western blotting

The cells were collected and added to RIPA lysis buffer (Beyotime)
containing protease and phosphatase inhibitors (Sigma-Aldrich). Then,
the solution was centrifuged at 12000 rpm for 30 min at 4 °C to isolate
the supernatant. SDS-PAGE was used to separate the proteins, which
were transferred onto 0.45 pm PVDF membrane (Millipore, USA),
blocked with QuickBlockTM blocking buffer (Beyotime), and then
incubated with primary antibodies (listed in Table S2) at 4 °C overnight.
Finally, the proteins were incubated with secondary antibodies (Pro-
teintech, China) at room temperature for 2 h. An enhanced chem-
iluminescence kit (Millipore) was applied to detect the proteins, which
were quantified using ImagelJ.

2.12. RNA sequencing and bioinformatics

RAW264.7 cells were cultured with the bilayer-hydrogel for 3 days,
and the supernatant was collected after centrifugation. BMSCs were
incubated with differentiation medium (supernatant: basic differentia-
tion medium = 1:1) for 7 days. The basic differentiation medium con-
tained Dulbecco’s Modified Eagle Medium (DMEM), 10 % fetal bovine
serum (FBS), 1 % penicillin/streptomycin, 0.05 % 100 x ITS, 50 pM
ascorbic acid, and 100 nM dexamethasone. After 7 days of culturing,
samples were collected and treated with Trizol reagent (Beyotime) and
stored at —80 °C for sequencing [34]. Extracted total RNA was sent to
Oebiotech (China) for library preparation, RNA sequencing (RNA-seq),
and data analysis.

2.13. In vivo ROS-scavenging assessment and rat cartilage defect model

All procedures adhered to the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals, and received
approval from the Animal Ethics Committee of Shandong Provincial
Hospital Affiliated to Shandong First Medical University (No. 2023-
013). In this study, 33 Sprague-Dawley (SD) rats (male, 300 g) were
used. The immunomodulatory and cartilage repair effects of Bil-Gelpc,
Exos I Vivo were evaluated using subcutaneous implantation and carti-
lage defect models. To create the subcutaneous implantation model, we
shaved and sterilized the dorsal surgical site of 9 SD rats and made two
incisions to create subcutaneous pockets. Two hydrogels were implanted
in each rat, and the wounds were sutured. Three rats were injected with
ROS-specific chemiluminescence probe L-012 (Sigma-Aldrich) to eval-
uate the ROS clearance ability in vivo. Chemiluminescence images were
observed using an in vivo imaging system (IVIS Lumina K Series III,
PerkinElmer, USA). Six rats were euthanized directly, and tissue samples
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were collected to evaluate immune regulation effects [24]. The cartilage
defect model was established by using a drill bit to create full-thickness
cylindrical cartilage defects (2.0 mm in diameter, 1 mm in depth) on the
distal femoral trochlear groove of 24 SD rats. The choice of left or right
legs for surgery was randomized to minimize individual differences. The
rats were randomly divided into four groups: 1) Control; 2) Up-Gelpc; 3)
Low-Gelgxos; 4) Bil-Gelpc/gxos- At 4 and 8 weeks postoperative, the rats
were euthanized using carbon dioxide, and tissue samples were
collected.

2.14. Macroscopic assessment and MRI

At 4 and 8 weeks post-surgery, cartilage repair was macroscopically
evaluated using the criteria of the International Cartilage Repair Society
(ICRS). Specifically, defect filling, tissue integration, and surface
smoothness were assessed through visual inspection of each knee joint.
Magnetic resonance imaging (MRI; Siemens, Germany) was used to
confirm new cartilage growth.

2.15. Histological evaluation

Tissue samples from rats with subcutaneous implants were histo-
logically analyzed using hematoxylin and eosin (H&E), macrophage
markers (iNOS marker M1, CD206 marker M2) for immunofluorescence.
Knee tissue samples were collected for histological analysis of cartilage
repair at 4 and 8 weeks postoperation using H&E, safranin O/fast green
(SOFG), toluidine blue (TB), immunochemistry, and
immunofluorescence.

2.16. Statistical analysis

All data are expressed as the mean + standard deviation (n > 3).
Variations between multiple groups were assessed using one-way anal-
ysis of variance (ANOVA). Results were analyzed and compared using
GraphPad Prism software (La Jolla, CA). Statistical significance was set
at ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

3. Results

3.1. Synthesis, characterization, and ROS-scavenging ability of the upper-
hydrogel

The ROS-responsive upper-hydrogel was obtained by crosslinking
PVA with ROS-responsive linker TSPBA. SEM revealed that the upper-
hydrogel had a porous network structure (Fig. 2A). TSPBA was synthe-
sized through the quaternization of TMPDA with excess 4-BPBA and was
evaluated with 'H NMR (Fig. 2B). The formation of the upper-hydrogel
was due to the fact that TSPBA contains two phenylboronic acids, which
complexed with the diol on the PVA (Fig. S1A and B). Through live/dead
staining and CCK-8 experiments, we selected 2 pg/mL as the optimal
concentration for loading DC onto the upper-hydrogel (Fig. S2). We
assessed the upper-hydrogel ability of ROS- scavenging using a titanium
sulfate oxidation assay kit. Within 60 h, it was able to eliminate 10 mM
H20; and completely release the loaded DC (Fig. 2C and D). Through
degradation experiments (Figs. S3A and B), we visually observed the
changes of the upper-hydrogel in HyO,, and the degradation rate was
directly proportional to the ROS levels. As the HyO5 concentration
increased, the volume of the hydrogel decreased. This response char-
acteristic allowed for the release of drugs in varying amounts based on
the degree of inflammation. Meanwhile, the upper-hydrogel exhibited
solid like viscoelasticity with higher storage modulus (G') and lower loss
modulus (G”) as shown in the rheological experiments (Fig. 2E), indi-
cating the successful gelation of PVA and TSPBA. The modulus of the
hydrogel was hardly affected after DC loading. As shown in Fig. 2F, the
upper-hydrogel exhibited strong adhesiveness, capable of adhering to
different substances, which provided the basis for a good bonding with
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Fig. 2. Characterization of DC-loaded ROS-responsive upper-hydrogel. (A) SEM image of the upper-hydrogel. (B) 'H NMR of ROS-responsive linker TSPBA. (C)
Addition of the upper-hydrogel to H,O2 (10 mM) and evaluation of H,O, concentration with titanyl sulfate. (D) Cumulative release of DC from hydrogels in PBS with
or without H,05 (10 mM). (E) Storage modulus (G') and loss modulus (G") of Up-Gel and Up-Gelp indicate gel-like behavior. (F) Photographs of the upper-hydrogel
adhered to various substrates, such as metal and plastic. (G) Mechanism of ROS clearance. (H) Intracellular ROS-scavenging performance of the upper-hydrogel
(DCFH-DA™; green). (I) Quantification of the fluorescence of DCFH-DA (n = 3). (J) Flow cytometry of DCFH-DA labeled RAW264.7 cells on different hydrogel

scaffolds in the fluorescein isothiocyanate FITC-A channel. (K) Average fluorescence intensity of DCFH-DA in different groups (n = 3). Data are presented as mean =+
SD, **p < 0.01, ***p < 0.001.
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the lower-hydrogel. Catalase (CAT) was the natural enzyme with the
highest content in the human body, playing a powerful role in clearing
ROS [35]. The borate ester bond in the upper-hydrogel mainly plays a
role similar to CAT enzyme, which can efficiently convert HyO4 into H,O
and O, (Fig. 2G). DCFH-DA was employed as a probe to determine the
intracellular ROS levels of RAW264.7 cells cultured with different
hydrogel scaffolds. Apparent fluorescence quenching was more pro-
nounced in the experimental groups than in the positive control group
(only with H05), and the fluorescence intensity was quantified (Fig. 2H
and I). The efficiency of the upper-hydrogel in scavenging intracellular
ROS was further confirmed using flow cytometry and quantitative
analysis (Fig. 2J and K). For the control group and the positive group,
the ROS-positive expression rates were 0.11 % and 65.5 %, respectively.
In sharp contrast, when Up-Gel, Up-Gelpc were added, the positive
expression of ROS was dropped to 29.7 % and 29.3 %, respectively. This
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demonstrated that the upper-hydrogel had a good effect in
ROS-scavenging, and it was primarily the ROS-responsive junctions that
produced a marked effect.

3.2. Exos identification, cellular uptake, and distribution in the lower-
hydrogel

Transmission electron microscopy (TEM) revealed that BMSC-
derived Exos resembled spherical microvesicles with a size of approxi-
mately 100 nm (Fig. 3A). Nanoparticle tracking analysis (NTA) showed
that the average size of BMSC-derived Exos was 73.75 + 12.66 nm, with
99.8 % of Exos falling within the range of 30-150 nm (Fig. 3B). In
addition, western blotting results showed that Exos were enriched with
surface markers, namely apoptosis-linked gene product 2 interacting
protein X (Alix) and tumor susceptibility gene 101 (Tsg101) (Fig. 3C).
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Fig. 3. Isolation, identification, and encapsulation of Exos in Low-Gelgyos. (A) TEM image of BMSC-derived Exos. (B) NTA results of Exos. (C)Western blotting
for Alix and Tsgl01 in BMSC-derived Exos. (D) Fluorescence image indicating the internalization of Exos by BMSCs. (E) a. Photograph of Low-Gelgyos. b. Exos

distribution in Low-Gelgxos showed by confocal microscopy.
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These results demonstrated the successful isolation of BMSC-derived
Exos. The quantitative western blotting analysis and zeta potential
detection of Exos were shown in Fig. S4. Fluorescence imaging showed
that BMSCs internalized Exos after the cells were co-cultured with
PKH26-labeled Exos for 24 h (Fig. 3D). Physical drawing of Low-Gelgyos
and immunofluorescence imaging revealed the 3D spatial distribution of
Exos in the hydrogel (Fig. 3E).

3.3. Characterization and cytotoxicity of the lower-hydrogel

In cartilage tissue engineering, different concentrations of HA can
have a significant impact on the effectiveness of cartilage repair. Ac-
cording to gene expression testing analysis, the effectiveness of cartilage
formation is higher in the concentration range of 0.5-5 % [36]. Among
them, the concentration of about 2 % is very similar to the natural HA
content in the joint environment [37]. Considering the clinical situation
and safety, we used 0.5 %, 1 % and 2 % HA concentrations (HA/SA =
1:4, 1:2, 1:1) to screen the lower-hydrogel scaffold loaded with Exos.
SEM images showed that all hydrogels had uniform interconnected
porous structures, the pore size increased gradually as the proportion of
HA in the hydrogel mixture increased (Fig. 4A and B). The EDS mapping
results showed an even cross-linked network of the hydrogel by the
gelation sodium alginate with calcium ions, favoring the uniform dis-
tribution of Exos encapsulated (Figs. SSA and B). The all-prepared
hydrogels exhibited a stable viscoelastic property with greater storage
modulus (G) and smaller loss modulus (G”), as shown in the
frequency-scan curves in the rheological test (Fig. 4C). The elasticity of
the hydrogels was considered to be increased as the HA content
increased, demonstrating the higher cross-link density of with larger
amount of HA. This mechanical stability could provide structural sup-
port for the damaged cartilage, transmit mechanical forces effectively,
and maintain the shape and integrity during the healing process of joint
cartilage [38]. Hydrogel swelling compresses the surrounding tissues
and might even lead to separation from the target organ. Experimental
data showed that the SR decreased as the proportion of HA in the
hydrogel mixture increased, which was related to the ionic strength
balance between polyanions and polycations in the hydrogel mixture
(Fig. 4D) [39]. Subsequently, we characterized the release of Exos
encapsulated in the prepared hydrogels, revealing about 80 % of Exos
were released within 14 days. The rate of Exos release slightly increased
as the proportion of HA in the hydrogel mixture increased (Fig. 4E).
Because the lower-hydrogel was designed to support cell infiltration, the
biocompatibility of the prepared hydrogels was evaluated. Live/dead
staining indicated that the hydrogels were biocompatible with BMSCs.
Furthermore, increasing the HA content substantially improved the
biocompatibility of the hydrogel (Fig. 4F and G). Additionally, the effect
of the hydrogels on the proliferation of BMSCs was determined using
CCK-8. As shown in Fig. 4H, there was a significant difference in cell
viability between the hydrogel groups and the control group after 1, 2,
and 3 days of culturing. Examination of the three hydrogel groups
showed the hydrogel with the higher HA content promoted more pro-
nounced cell proliferation.

During cartilage regeneration, new granulation tissue needs space to
grow, gradually replacing the implanted scaffold [40]. In this study, the
HA/SA (1:1) group had the largest pore size structure and did not pro-
duce significant differences in other physicochemical properties. Ac-
cording to a previous study, increasing the HA content of HA-based
hydrogels enhances chondrogenesis and ECM deposition of coated
mesenchymal stem cells [41]. Indeed, the biocompatibility of the pre-
pared hydrogels with BMSCs was positively correlated with the pro-
portion of HA. Considering the above results, we used the HA/SA ratio of
1:1 to prepare the lower-hydrogel as the carrier of Exos.

In order to obtain structurally stable scaffolds of bilayer-hydrogel,
we adopted repeated freeze-thawing for the binding of the upper and
lower hydrogel layers. The optical images before and after stretching the
bilayer-hydrogel showed that the final fracture occurred in the upper
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layer rather than at the interface, demonstrating the strong bonding
strength between the two layers (Fig. 4I). The interface microstructure
observed by SEM showed that the two layers was connected continu-
ously with no obvious boundary between the two layers and the macro
and micro pores structure of the two layers transited smoothly (Fig. 4J).
The degradation and release behavior curves of the bilayer-hydrogel
were shown in Fig. 4K, L, where about 90 % of the upper-hydrogel
were degraded and DC drug showed an initial burst release within the
first 3 days. Subsequently, the lower-hydrogel degradation as well as the
release of Exos was accelerated gradually, with approximately 90 % of
Exos released by around 25 days. DC release from the upper-hydrogel
was rapid and prioritized, capable of swiftly improving the inflamma-
tory environment and providing a favorable microenvironment for the
release of Exos.

3.4. Effects of upper-hydrogel on inflammation through
immunomodulation

Macrophages are primary mediators of inflammation after injury,
and the production of ROS has a significant effect on the polarization of
macrophages, as depicted in Fig. 5A. The effect of the upper-hydrogel on
RAW264.7 polarization in vitro was investigated. In particular, the
expression of relevant inflammatory molecules was analyzed using
gPCR, immunofluorescence, and flow cytometry. qPCR results indicated
that the Up-Gelp group efficiently down-regulated the expression of M1
phenotypic markers (IL-1f, IL-6, iNOS) and up-regulated the expression
of M2 phenotypic markers (IL-10, Arg-1, CD206) compared with the
control group (Fig. 5B). In alignment qPCR findings, immunofluores-
cence results indicated that the percentage of iNOS-positive cells was
lower in the Up-Gelpc group than in the control group, while the per-
centage of Arg-1-positive cells was higher in the Up-Gelp group than in
the control group (Fig. 5C and D). Flow cytometry using CD86 as a
marker of M1 phenotype showed that the fluorescence of 59.9 % of LPS-
treated cells was stronger than the background fluorescence, and 38.8 %
and 23.2 % of cells were retained in the M1 region after Up-Gel and Up-
Gelp treatments, respectively (Fig. 5E). To determine the effect of the
upper-hydrogel on the M2 phenotype, we examined CD206 expression
using flow cytometry. The results showed that the Up-Gelpc group had
the highest number of CD206-positive cells (more than IL-4-treated
cells) among the tested groups, including the IL-4-treated group
(Fig. 5F). Our findings demonstrated the potent immunomodulatory
effects of the upper-hydrogel. In particular, the upper-hydrogel effec-
tively inhibited macrophage M1 polarization and promoted M2
polarization.

3.5. Effect of bilayer-hydrogel on chondrogenic differentiation and
chondroprotection in vitro

In order to investigate the effect of the bilayer-hydrogel on the
chondrogenic differentiation of BMSCs. We first verified the ability of
the lower-hydrogel to recruit (Fig. S6) and adhere (Fig. S7) to BMSCs.
The addition of Exos significantly increases BMSCs migration and
adhesion ability. Subsequently, BMSCs were treated with the bilayer-
hydrogel for 7 and 14 days, followed by qPCR assessments. qPCR re-
sults showed that the expressions of Col II, Sox9, and ACAN mRNA were
significantly enhanced upon the addition of upper-hydrogel to Bil-
Gelpc/Exos (Fig. 6A). Western blotting results were consistent with qPCR
results (Fig. 6B and C). The main constituents of cartilage ECM, pro-
teoglycans and type II collagen (COL II), were analyzed using Alcian
blue staining and immunofluorescence, respectively. Alcian blue stain-
ing showed that proteoglycan expression (blue color) increased
sequentially in the order of Control, Up-Gelpc, Low-Gelgyos, and Bil-
Gelpc/Exos groups (Fig. 6D). Immunofluorescence staining for COL II and
ACAN in the four groups resulted in images with intense green and red
fluorescence, indicating that Bil-Gelpc/pxos €nhanced cartilage differ-
entiation (Fig. 6E and F). This experiment showed that the expression of
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chondrocyte marker protein in BMSCs continuously improved with the
upper-hydrogel in the bilayer-hydrogel and the addition of Exos. This
result suggested that the Bil-Gelpc/rxos Was able to improve chondrocyte
formation and differentiation, and also indicated the necessity of the
presence of an upper-hydrogel.

The inflammatory environment following AC injury affects not only
the chondrogenic differentiation of BMSCs but also the degeneration of
surrounding chondrocytes. IL-1f is a major catabolic cytokine of carti-
lage injury and is involved in the stimulation of catabolic enzymes, such
as MMP, which degrades the ECM of cartilage and leads to the release of
GAG [42]. We used IL-1p to simulate cartilage injury in vitro and then
investigated the effect of Bil-Gelpc,/kxos 0n chondrocyte apoptosis. Early
cell apoptosis was assessed by measuring the mitochondrial membrane
potential with JC-1. The findings indicated that the Bil-Gelpc/gxos group
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counteracted IL-1B-induced mitochondrial damage (Fig. 6G). In addi-
tion, the TUNEL assay revealed a significant reduction in apoptotic cells
in the Bil-Gelpc/gxos group compared with the control group, indicating
that Bil-Gelpc/gxos provided chondroprotection (Fig. 6H). The corre-
sponding quantification was shown in Fig. S8.

3.6. In vivo evaluation of ROS-scavenging and inflammatory regulation

To verify the ROS scavenging capability of bilayer-hydrogel in vivo,
the ROS-specific chemiluminescence probe was injected to detect the
expression level of ROS. As shown in Fig. 7A and B, the ROS level was
consistently higher in the control group than in the Bil-Gelpc,gxos group,
and the chemiluminescence signal was significantly attenuated after
bilayer-hydrogel treatment, indicating that ROS expression was
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significantly inhibited. Subsequently, the major organs (heart, liver,
spleen, lungs, and kidneys) were collected and their H&E staining results
demonstrated that Bil-Gelpc/rxos did not induce significant abnormal-
ities or organ damage compared with the control group (Fig. S9).

The anti-inflammatory and pro-inflammatory pathways in the local
microenvironment are closely related to activated macrophages, which
can produce excessive ROS and inflammatory factors within cells [43].
Therefore, the phenotypic transition of macrophages was assessed via
the H&E and immunofluorescence staining. H&E staining showed that
the tissue surrounding Bil-Gelpc/rxos contained reduced inflammatory
cells and well-organized collagen fibers (Fig. 7C). The Low-Gelgxos group
exhibited anti-inflammatory effects, but its effectiveness in rapidly
improving the inflammatory environment was not as pronounced as the
Up-Gelpc group. Moreover, the Bil-Gelpc/gxos group demonstrated the
most effective anti-inflammatory outcomes. This suggested that
although Exos possessed inflammatory regulatory capabilities, their
functional impact in swiftly ameliorating the inflammatory environment
was limited, highlighting the need for adjunctive anti-inflammatory
drugs. Consistent with the results of H&E staining, immunofluores-
cence staining revealed that Bil-Gelpc/gxos Significantly suppressed the
expression of M1 macrophage marker iNOS and promoted the expres-
sion of anti-inflammatory M2 macrophage marker CD206 (Fig. 7D and
E). The results demonstrated that the addition of the upper-hydrogel can
inhibit inflammation more effectively and trigger the alteration of
macrophage phenotypes in vivo.

3.7. Cartilage repair after regulating the inflammatory environment in
vivo

Cartilage defects were created in the patellofemoral groove of rats to
assess cartilage regeneration in vivo (Fig. S10). Cartilage repair was
evaluated at different time points using MRI (Fig. 8A). The four groups
were evaluated by assessing tissue regeneration within the defect, tissue
integration with the surrounding cartilage, subchondral bone signals,
intra-articular inflammation, and peripheral cartilage degeneration. In
the control group, defects were filled with disorganized regenerative
tissue, and an abnormally intense shadow was observed in the sub-
chondral bone at both 4 and 8 weeks. In the Up-Gelpc group, the defect
area was extensively filled, although tissue integration with the sur-
rounding cartilage was suboptimal. In the Low-Gelgyos group, the
cartilage defect area was filled with regenerated tissue, which was
poorly fused with the surrounding cartilage. In the Bil-Gelpc/gxos group,
the regenerated defect area was effectively fused with the surrounding
tissue, demonstrating superior repair outcomes at both 4 and 8 weeks
compared with the other three groups. The distal femurs were collected
for gross observation (Fig. 8B) and graded in accordance with ICRS
(Fig. S11A). The average ICRS grading score of the Bil-Gelpc/gxos group
was significantly higher than those of the control, Up-Gelpc, and Low-
Gelgxos groups at 4 and 8 weeks. These findings indicated that Bil-Gelpc,
Exos efficiently repaired cartilage defects without dislodging during joint
motion.

H&E (Fig. S12) and SOFG (Fig. 8C) were used to identify histological
changes in the cartilage and determine histological scores (Fig. S11B). In
the control group, the patellofemoral groove defect was filled with
neofibrous tissue without the formation of new cartilage (red stained).
In the Bil-Gelpc/gxos group, new cartilage formed in the defect at 4 weeks
postoperation, and the cartilage surface at 8 weeks postoperation was
similar to normal tissue. In the Bil-Gelpc/gxos group, TB staining showed
that the thickness of repaired tissue gradually increased over time, and
the ECM of regenerated cartilage was uniform (Fig. 8D). The expressions
of ECM proteins in defective and new cartilage were analyzed using
immunofluorescence and immunohistochemistry. The expressions of
ACAN and COL II were higher in the Bil-Gelpc/gxos group than in the
other groups (Fig. 8E and F) and corresponding quantification shown in
Fig. S13. To further clarify the specific type of collagen, immunohisto-
chemical staining was performed on COL I (Fig. S14). The results were
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consistent with H&E, SOFG and TB. Bil-Gelpc/exos treatment was able to
produce less type I collagen. It showed that the cartilage was able to
regenerate well without fibrosis. In summary, Bil-Gelpc,gxos facilitated
cartilage repair from as early as 4 weeks postoperation, which was not
achieved with either Up-Gelpc or Low-Gelgyos.

3.8. Mechanism of Bil-Gelpc/goxs enhanced cartilage regeneration

Owing to deficiencies in chondrocyte replication and proliferation,
cartilage regeneration is dependent on the migration of endogenous
BMSCs to defect sites and differentiation of BMSCs into chondrocytes
[44]. We performed RNA sequencing (RNA-seq) to analyze gene
expression during cartilage regeneration in the presence of Bil-Gelpc and
Bil-Gelpc,/Exos- Differential expression gene analysis showed that 1174
genes were up-regulated and 1061 genes were down-regulated in BMSCs
in the Bil-Gelpc/gxos groups compared with the Bil-Gelpc group (p <
0.05, |log2FC| > 1) (Fig. S15A). The up-regulated and down-regulated
genes of the two groups are shown in the volcano plot, along with sta-
tistical analysis (Fig. 8G). Furthermore, KEGG enrichment analysis
revealed that several pathways related to ECM metabolism were acti-
vated, while the Wnt pathway was inhibited in the Bil-Gelpc/gxos group
(Fig. 8H). In particular, Bil-Gelpc/pxos regulated the expression of key
genes associated with the chondrogenic differentiation of BMSCs cells,
such as TGF 3, Smad7, CLK2, TCF4, TCF7, and DYRK1A, of which CLK2
inhibits the induction of early cartilage formation and DYRK1A inhibits
the enhancement of mature chondrocyte function [45]. In addition, the
expressions of TCF4 and TCF7, chondrogenic genes in the Wnt pathway,
were also inhibited (Fig. 8I). qQPCR was used to verify the results of KEGG
analysis (Fig. S15B). The levels of four down-regulated genes were lower
in the Bil-Gelpc/pxos group than in the Bil-Gelpc group, which was
consistent with the RNA-seq results.

In summary, these results indicated that Bil-Gelpc/gxos modulated
chemokine signaling pathways to promote the differentiation of BMSCs
into chondrocytes. In contrast to conventional hydrogels loaded with
bioactive molecules, natural Exos were used in this study to promote the
migration, retention, and differentiation of BMSCs. However, the exact
mechanism of chemokine pathway activation remains to be explored in
future studies.

4. Discussion

The cartilage repair process consists of the hemostasis stage,
inflammation stage, proliferation stage, and maturation stage. During
the inflammation stage, a strong inflammatory response delays the
repair process, while appropriate inflammatory reactions initiate the
proliferation stage and create a favorable microenvironment, which
accelerates the entire wound healing process [46]. In this study, we
designed a ROS-responsive Exos-loaded bilayer-hydrogel to provide
multi-staged treatment, thereby optimizing the therapeutic effect of
Exos for cartilage regeneration.

The bilayer-hydrogel releases sodium diclofenac (DC) early for
immunomodulation and exosomes (Exos) later to match the activation
cycle of cartilage repair. In a simulated environment with elevated levels
of ROS, the upper-hydrogel degraded completely in a short period of
time. This rapid degradation plays a vital role in rapidly modulating the
inflammatory environment, thereby reducing additional damage to the
ECM. The regeneration of cartilage defects begins with the capture of
macrophages in the fibrous network of the defect area, which modulates
the inflammatory response for the recruitment of endogenous BMSCs
from the marrow cavity of the subchondral bone [47]. Subsequently,
these recruited BMSCs proliferate and differentiate into chondrocytes at
the wound site. Then, synthesized COL II and proteoglycans rebuild the
cartilage ECM, thereby contributing to the regeneration of cartilage
tissue [48]. Inflammation proves to be a double-edged sword for tissue
regeneration [49]. Typically, during the initial recovery phase, the in-
flammatory response defends against interference from external
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microorganisms and promotes the degeneration of phagocytes in the
damaged tissue. However, uncontrolled inflammation limits the recov-
ery of damaged tissue [50]. Excessive ROS within the wound not only
triggers a strong inflammatory response but also impairs endogenous
stem cells and macrophages [51]. ROS, as an important inflammatory
factor, can activate macrophages, thereby seriously exacerbating the
inflammatory response [52]. Thus, the targeted reduction of overex-
pressed ROS and the regulation of activated macrophage phenotypes
could substantially mitigate the inflammatory response. An excessive
host inflammatory response leads to cartilage fibrosis, and thus it is
critical to create an appropriate host inflammatory environment for
hyaline cartilage tissue formation [53]. Under the synergistic antioxi-
dant and anti-inflammatory effects of the upper-hydrogel, inflammatory
cytokines produced by pro-inflammatory immune cells, such as IL-14,
IL-6, and iNOS, were significantly down-regulated, and inflammatory
cytokines produced by anti-inflammatory immune cells, such as IL-10,
Arg-1, and CD206, were rapidly up-regulated. This indicated that
Up-Gelpc can create the anti-inflammatory environment required for
tissue repair and regeneration.

The continuous release of Exos from the hydrogel plays a pivotal role
in facilitating the migration of BMSCs, thus compensating for de-
ficiencies in chondrocyte replication and proliferation [44]. For the
construction of the lower-hydrogel, we chose to combine SA with HA. In
addition to its biocompatibility, SA exhibited properties such as fast
cross-linking with divalent metal interactions [54]. And it could
combine with PVA through physical interactions such as hydrogen
bonding and polymer chain entanglement to enhance the stability of the
connection with the upper-hydrogel. When we optimized the HA con-
tent (HA/SA ratio of 1:1) of the lower-hydrogel, we found that
increasing the HA/SA ratio also increased the cytocompatibility and
pore size of the formed hydrogel with higher Exos release. The large
pores of the scaffold provide infiltration channels for stem cell migra-
tion, cellular nutrient transportation, and waste elimination [55].
Nevertheless, the harsh microenvironment at the injury site is charac-
terized by high levels of ROS and excessive inflammation, which dis-
rupts the biological activity required for recruiting BMSCs. Although
Exos are credited with some of immunomodulation, their therapeutic
effect on cartilage repair separately was less productive than we antic-
ipated under pro-inflammatory environment, as presented in results of
subcutaneous implantation (Fig. 7C and D). Hence prior to Exos release,
the upper-hydrogel loaded with DC was driven to act as a protective
umbrella for the lower-hydrogel encapsulated Exos through rapidly and
effectively capturing excess ROS and reprogramming macrophages
phenotype. The in vitro findings indicated that the upper-hydrogel pro-
moted chondrogenic differentiation in an inflammatory environment
and that this effect was further enhanced by the addition of Exos.
Moreover, the bilayer-hydrogel inhibited chondrocyte apoptosis,
thereby protecting the limited amounts of chondrocytes. In vivo exper-
iments showed that the control group only produced disordered fibrous
tissue, with almost no spontaneous transformation into transparent
cartilage. In contrast, the Bil-Gelpc/rxos group completely replaced the
defect with newly formed, uniform cartilage tissue at only 8 weeks
postoperation. In addition, with the gradual degradation of the
upper-hydrogel and the release of Exos, the cartilage repair effect
became more pronounced. This indicated that upper-hydrogel regulates
inflammation and makes the cartilage repair effect more pronounced.
On the basis of these findings, we explored the relevant mechanisms of
enhanced cartilage repair and Exos function. Bioinformatics analysis
indicated that the expressions of genes involved in ECM degradation
were suppressed, while the expressions of genes related to cartilage
repair were promoted in the Bil-Gelpc/gxos group compared with the
Bil-Gelp¢ group. Enrichment analysis of the KEGG pathway indicated
inhibition of the Wnt signaling pathway, which plays an important role
in cartilage repair [56]. However, the exact mechanism of Exos
enhanced cartilage repair in an improved inflammatory environment
still requires further exploration.
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In summary, ROS overproduction and M1/M2 imbalance form a
vicious cycle and lead to an inflammatory microenvironment. Whereas
the persistence of an inflammatory environment is a major obstacle to
cartilage repair, this may limit the success of strategies to recruit
endogenous cells and use Exos scaffolds for in situ cartilage repair [57].
In the present study, we prepared a ROS-responsive Exos-loaded
bilayer-hydrogel scaffold. DC released upon the degradation of the
upper-hydrogel reduced endogenous ROS production, promoted
M2-type polarization of macrophages, and regulated the inflammatory
microenvironment in multiple dimensions. This design broke the vicious
cycle of the inflammatory milieu and provided a greenhouse for the
recruitment and activation of proliferative BMSCs as well as chon-
droprotection for enhanced cartilage repair. Taken together, the
bilayer-hydrogel displays promise for further clinical validation.

5. Conclusions

A ROS-responsive Exos-loaded bilayer-hydrogel was developed to
promote cartilage repair. The results of in vitro and in vivo experiments
show that the Bil-Gelpc/gxos hydrogel has an obvious role in inhibiting
inflammation and promoting cartilage formation in the damaged carti-
lage environment. The bilayer-hydrogel overcomes the shortcomings of
traditional single-stage therapies by closely linking two different repair
stages in a phased treatment, as well as harvests Exos as therapeutic drug
optimally. We believe this study provides a promising hydrogel design
for the treatment of cartilage defects.
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