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Chondrocyte-mimetic therapeutic microcarriers for synergistic
chemo-mechanical signaling in cartilage regeneration

This cell-free platform mimics the chondrocyte niche using
exosomes and membrane-coated porous microcarriers.
These structures promote tissue integration, act as exosome
reservoirs, and activate mechanotransduction signaling,
while cartilage-specific exosomal miRNAs enhance host cell
recruitment and maturation. By integrating biochemical and
biomechanical cues, this strategy bypasses challenges of
cell-based therapies and offers a scalable, clinically relevant
approach for complex tissue regeneration.
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Traumatic and degenerative cartilage injuries pose a significant
clinical challenge. Among emerging treatments, cell-free, tissue-
mimicking approaches have shown promise for cartilage regenera-
tion. Here we design chondrocyte-mimicking therapeutic microcar-
riers that stimulate host chondrocyte migration, proliferation, and
maturation by recapitulating the native chondrogenic niche. Our
microcarriers, featuring an interconnected microporous network,
are functionalized with chondrocyte-derived cell membrane and
chondrocyte-secreted exosome. The microcarrier framework pro-
vides structural support at the defect site while allowing cell ancho-
rage and infiltration. The chondrocyte-derived cell membrane,
replicating the native chondrocytes, retains cartilage-specific extra-
cellular matrix (ECM), and serves as a reservoir for exosome delivery,
facilitating anabolic responses through integrin-mediated mechan-
otransduction, particularly via the Rho/ROCK-actin-YAP axis.
Furthermore, the chondrocyte-derived exosomes restore cartilage
homeostasis by delivering chondrogenic miRNAs and regulating key
metabolic processes, including lipid metabolism and ECM remodel-
ing. Together, these therapeutic components play a synergistic role
in driving chemo-mechanical signaling, promoting chondrocyte
recruitment, proliferation, and maturation, ultimately coordinating
cartilage repair. This biomimetic approach offers a promising strat-
egy for cell-free cartilage regenerative therapies.
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New concepts

We introduce a transformative cell-free, tissue-mimicking platform that
enables synergistic chemo-mechanical regulation for cartilage repair. Our
concept leverages natural biomaterials - cell-secreted exosomes and cell
membranes - to replicate the dynamic physicochemical environment of
native cells. Unlike previous work that focused primarily on biochemical
cues, our strategy integrates both biochemical signals such as cartilage-
specific exosomal miRNA and biomechanical signals. This dual approach
employs highly porous microcarriers that create a lacunae-like architecture
to accelerate tissue integration, while a cell membrane coating acts as a drug
reservoir and activates matrix-driven mechanotransduction signaling. For
the first time, we reveal that this cell membrane-coated biointerface mod-
ulates integrin-mediated mechanotransduction by specifically activating the
Rho/ROCK-actin-YAP pathway, an essential mechanism that significantly
promotes host chondrocyte proliferation and maturation. This break-
through deepens our understanding of cell membrane-associated designs
and holds significant promise for the development of next-generation
biomaterials. By synchronizing these multifaceted signals, our approach
minimizes risks inherent to cell-based therapies and offers a scalable,
broadly applicable framework for complex tissue regeneration. This work
establishes a fresh conceptual paradigm in synergistic signaling for tissue
repair, paving the way for innovative, multifunctional biomaterials.

1. Introduction

Articular cartilage is a specialized connective tissue that facil-
itates smooth joint movement by distributing loads and mini-
mizing friction between bones.'” Despite its vital functions,
repairing damaged or degenerating articular cartilage remains
a significant clinical challenge, primarily due to its avascular
and aneural nature, severely impairing its regenerative
capacity.*” With limited self-repair potential, articular cartilage
injuries are common, affecting over 60% of patients under-
going arthroscopy.®’ Even minor defects can progress to severe
joint degeneration, often leading to osteoarthritis.® Current
clinical treatments, such as autologous chondrocyte transplan-
tation, microfracture, and mosaicplasty, frequently fail to fully
restore the structure and function of healthy cartilage. These
methods face limitations, including tissue scarcity, donor site
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mechanical and immune-related

9,10

morbidity, weakness,
complications.” " Therefore, innovative clinical strategies are
urgently needed to achieve effective cartilage repair.

Recent advances in cartilage repair have increasingly high-
lighted the therapeutic potential of exosomes - nano-sized
extracellular vesicles (40-160 nm) that deliver bioactive cargos
(proteins, metabolites, and nucleic acids) with lower immuno-
genic and tumorigenic risks compared to cell therapies."' ">
Despite this promise, clinical application of exosomes faces
significant challenges, particularly in maintaining their stability
and retention in the body. Exosomes are often rapidly cleared by
the immune system or accumulate in organs such as the liver,
spleen, and lungs.'®'” Moreover, successful cartilage repair
typically requires multiple doses of exosomes in large quantities,
which increases treatment costs.'®'® To overcome these limita-
tions, biomaterials such as hydrogels, microcarriers, and 3D-
printed scaffolds are being explored to improve exosome reten-
tion and ensure controlled, localized release.?’ Previous studies
have demonstrated that scaffolds embedded or coated with
exosomes can effectively promote cartilage regeneration.*'*>
These scaffolds serve a dual role by acting as carriers for
exosomes and providing a supportive matrix for cellular interac-
tions, offering both biochemical and physical cues for cartilage
repair. Such scaffold-mediated exosome delivery systems, there-
fore, hold significant promise for clinical translation.

In tissue engineering, various biomimetic scaffolds have been
developed to enhance cartilage regeneration by replicating its
physical and chemical characteristics. For rigid tissues, such as
cartilage, the mechanical strength of the scaffolds is particularly
crucial, as cartilage constantly withstands compressive stress
during movement. Additionally, a porous structure is essential to
facilitate tissue repair at the cellular level.”®> Consequently,
mechanically stable porous scaffolds, including 3D-printed scaf-
folds, microcarriers, and composite hydrogels, have proven more
effective for cartilage repair than amorphous, soft hydrogel
scaffolds.””***?> Among these materials, porous microcarriers
have gained significant attention due to their multifaceted
merits, enabled by open, interconnected pores.”**” These micro-
carriers can deliver a wide range of bioactive molecules, includ-
ing small molecules, growth factors, and cells.>®**° Additionally,
the porous structure creates a favorable microenvironment for
cell proliferation and infiltration while facilitating the exchange
of oxygen and nutrients.>® Furthermore, microcarriers offer
tunable physical properties, such as adjustable particle and pore
sizes,®* allowing customization to meet specific tissue repair
needs. For instance, the porous structure of microcarriers can
mimic the lacunae found in cartilage — small spaces that house
clusters of chondrocytes within the matrix.*> These lacunae
provide a mechanical microenvironment that regulates chon-
drocyte function through biomechanical signaling. By replicat-
ing this structure, porous microcarriers support long-term
chondrocyte viability and activity.>**°

While much research has focused on replicating the physi-
cal properties of cartilage, efforts to mimic its chemical features
have primarily involved using cartilage extracellular matrix
(ECM) components, such as hyaluronic acid, for scaffold
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preparation.>*™*® However, the in vivo chemical composition
of cartilage is likely far more intricate. We have previously
demonstrated that scaffolds decorated with cell membranes
can effectively replicate the physicochemical properties of the
original cell sources, thereby facilitating specific cell-cell
communications.>**° For example, scaffolds decorated with
mesenchymal stem cell membranes significantly enhanced
the physical contact and adhesion of leukemia stem cells
compared to non-decorated scaffolds.* Similarly, T cells exhib-
ited increased tethering on scaffolds coated with dendritic cell
membranes.*® This cell membrane cloaking technique holds
broad potential for biomimetic strategies in developing tissue-
engineered scaffolds for cartilage repair.

In this study, we develop chondrocyte-mimicking scaffolds
that replicate both the physical and chemical properties of
cartilage microenvironments to enhance cartilage repair. The
scaffold consists of porous microcarriers coated with chondro-
cyte membrane and loaded with chondrocyte-secreted exo-
somes. This design aims to promote host chondrocyte
recruitment, proliferation, and maturation by replicating the
physicochemical properties of the chondrocyte niche. We
assess the effects of local exosome delivery through this scaf-
fold on cartilage repair using a rat osteochondral defect model.
Furthermore, we investigate the molecular mechanisms under-
lying the cellular processes mediated by chondrocyte-derived
exosome and cell membrane, examining how the scaffold
contributes to the restoration of matrix homeostasis during
cartilage repair and regeneration.

2. Experimental section
2.1 Fabrication of microcarriers

Porous microcarriers were fabricated using a co-axial nozzle-
based co-flow microfluidic device. The device consisted of an
inner nozzle for the dispersed phase and an outer nozzle for the
continuous phase (Coaxial Nozzle, NanoNC, South Korea). For
the dispersed phase, polycaprolactone (PCL, My 80 kDa, Sigma-
Aldrich, USA) and camphene (Sigma-Aldrich, USA) were dis-
solved in chloroform (Daejung, South Korea) at concentrations
of 2-5% (w/w) and 10-25% (w/w), respectively. The continuous
phase was prepared by dissolving polyvinyl alcohol (PVA, My,
85-124 kDa, Sigma-Aldrich, USA) in distilled water (DW) at a
concentration of 2% (w/v). The dispersed phase was injected
through the inner nozzle using a flow rate of 1.0-2.5 ml h™*
using a syringe pump, while the continuous phase was simulta-
neously pumped through the outer nozzle at 10 -40 ml h™™.
Micro-droplets formed at the nozzle junction due to shear
forces between the two phases. Emulsified micro-droplets were
collected in a water bath and solidified into microcarriers at
room temperature for 4 h with orbital shaking at 60 rpm,
allowing chloroform evaporation. The solidified microcarriers
were purified using pluriStrainers™ 300 pum (pluriSelect Life
Science, Germany), washed with DW, and subsequently sub-
jected to lyophilization for 12 h to sublimate the camphene,
resulting in pore formation.

This journal is © The Royal Society of Chemistry 2025
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Dense microcarriers were prepared using a dripping mode-
based drop formation method, as previously reported.*' A 2%
(w/w) PCL solution in chloroform was pumped at 1 ml h™*
through a vertically placed 27G nozzle into a 2% (w/v) PVA
aqueous solution bath. Micro-droplets formed at the nozzle tip
and detached when droplet weight overcame surface tension
and viscous drag forces. These microdroplets were solidified
and collected following the same procedure used for porous
microcarriers.

2.2 Characterization of microcarriers

2.2.1 Morphology. The morphology of the microcarriers
was observed using field-emission scanning electron micro-
scopy (FE-SEM, Sigma 300, Carl Zeiss, Germany). To analyze the
internal structure, microcarriers were embedded in an optimal
cutting temperature (O.C.T, 4583, Sakura, USA) compound,
frozen, and then sectioned in half using a cryotome (CM1850,
Leica Biosystems, Germany). The cross-sections were subse-
quently imaged using FE-SEM. The diameter and pore size of
the microcarriers were analyzed based on FE-SEM images using
Fiji Image J (NIH, USA). The coefficient of variance (CV) for the
diameter was calculated by dividing the standard deviation by
the mean value and then multiplying by 100 to express it as a
percentage.

2.2.2 Elastic modulus. The bulk and surface elastic moduli
of the microcarriers were assessed using a rheometer and a
nanoindenter, respectively. For bulk elastic modulus measure-
ments, a cylindrical specimen (8 mm in diameter, 5.3 mm in
height) was prepared by mechanically drilling a hole into a
Teflon plate. The hole was then filled with microcarriers, and
the specimen was subjected to compression testing using a
rheometer (DHR-1, TA Instruments, USA) at a loading rate of
5 um s~ ', with an 8 mm disposable plate until the applied force
reached 50 N.

To measure the surface elastic modulus of the porous
microcarriers before and after cell membrane coating, the
microcarriers were placed in a well of a 6-well plate, submerged
in phosphate-buffered saline (PBS), and analyzed using a
nanoindenter (Pavone, Optics11 Life, Netherlands). A 27 um
diameter probe with a stiffness of 3.92 N m™' was pressed
0.1 pm into the material to determine the surface elastic modulus.

2.2.3 Degradation test. For the degradation test, 10 mg of
microcarriers were incubated in 1 ml of 1 M sodium hydroxide
solution, with shaking at 60 rpm at 37 °C for 9 days. The
solution was refreshed daily. Microcarriers were collected at
predetermined time points to assess morphological changes
and measure mass erosion. The percentage of remaining mass
was calculated relative to the initial mass.

2.3 Isolation and culture of rat mesenchymal stem cells and
chondrocytes

Five-week-old male Sprague-Dawley rats were purchased from
DBL Co. (South Korea) and housed in standard rat cages
with unrestricted access to food and water. All experimental
protocols and procedures involving the rats in this study were

This journal is © The Royal Society of Chemistry 2025
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approved by the Institutional Animal Care and Use Committee
of Dankook University (no. DKU-22-038).

Mesenchymal stem cells (MSCs) were isolated from rat bone
marrow, as previously reported.*? Briefly, the rats were eutha-
nized via CO, inhalation followed by cervical dislocation. Hind
limbs were dissected, and the skin was removed to isolate
femurs and tibias. Bone marrow was extracted by centrifuga-
tion at 10000g for 1 min. The extracted marrow was then
resuspended in alpha minimum essential medium eagle, alpha
modification («-MEM, LM008-01, Welgene, South Korea) sup-
plemented with 10% fetal bovine serum (FBS, 35-015-CV,
Corning, USA) and 1% penicillin-streptomycin (P/S, 15140-
163, Thermo Fisher Scientific, USA) and passed through a
Falcon® 70 pm cell strainer (352350, Corning, USA) to remove
bone debris and blood aggregates. After centrifugation at 783 g
for 5 min, the cell pellet was resuspended in growth medium,
seeded in 100 mm culture dishes, and incubated at 37 °C in a
humidified atmosphere of 5% CO,. The medium was changed
every 2-3 days.

Rat chondrocytes were isolated using a previously described
method.”” After euthanizing the rats via CO, inhalation, an
abdominal incision was made to extract costal cartilage from
the anterior ribs. To minimize fibroblast contamination, the
surrounding soft tissues were meticulously removed. The har-
vested cartilage was then minced into 1-2 mm?® pieces with
micro scissors and incubated in 0.25% Trypsin/EDTA (T/E,
25200-056, Thermo Fisher Scientific, USA) at 37 °C for 1 h.
Following incubation, the T/E solution was removed by centri-
fugation at 2000 rpm for 3 min. The cartilage pieces were then
subjected to overnight digestion at 37 °C with a Collagenase II
solution (2 mg ml™*, LS004176, Worthington Biochemical
Corporation, USA). The next day, the tissue suspension was
filtered through a 70 pm cell strainer to remove undigested
tissue fragments. Filtered cells were collected by centrifugation
at 1200 rpm for 5 min, and the supernatant was discarded. The
cell pellet was resuspended in a growth medium consisting of
High Glucose Dulbecco’s Modified Eagle’s medium (DMEM,
LMO001-26, Welgene, South Korea), 10% FBS, and 1% P/S. The
resuspended cells were seeded in 100 mm culture dishes and
incubated at 37 °C in a humidified atmosphere of 5% CO,.
Subculturing was performed once the cells reached 70-80%
confluence. Cells at passage 3 were used for all subsequent
experiments to ensure consistency and reproducibility.

2.4 Preparation and characterization of chondrocyte-derived
cell membranes

Cell membranes were isolated from rat chondrocytes following
a previously reported protocol with minor modifications.*®
Briefly, rat chondrocytes were lysed in a hypotonic lysis buffer
(20 mM Tris-HCI (pH 7.5), 10 mM KCl, 2 mM MgCl,, and
0.2 mM EDTA) supplemented with a protease and phosphatase
inhibitor cocktail (Halt™ Protease and Phosphatase Inhibitor
Cocktail (100X), 78440, Thermo Fisher Scientific, USA). The cell
lysate was then mechanically fragmented using an ultrasonic
homogenizer (Scientz-IID, SCIENTZ, China) and then centri-
fuged at 3200g for 5 min. The supernatant was collected and
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centrifuged at 10 000g for 30 min at 4 °C. The resulting cell
membrane pellet was resuspended in PBS containing 0.2 mM
EDTA and the protease and phosphatase inhibitor cocktail to
prevent protein degradation. The prepared cell membranes
were stored at 4 °C and used within one month.

To characterize the cell membranes, sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and western
blot analysis were performed. Cell membranes were lysed using
RIPA lysis buffer (EBA-1149, ELPIS biotech, Korea) containing a
protease and phosphatase inhibitor cocktail. Protein concen-
trations were determined using the Pierce™ BCA protein assay
kit (23225, Thermo Scientific, USA). Proteins were then dena-
tured by heating with 5x loading buffer (751-001, GeneAll,
South Korea) at 100 °C for 10 min and subsequently electro-
phoresed on a polyacrylamide gel. The gel was washed in
distilled water (DW) for 30 min, stained with Coomassie Blue
(1610786, Bio-rad, USA) for 1 h at room temperature with gentle
shaking, and washed again with DW for 30 min. The stained gel
was imaged using an iBright imaging device (iBright™ FL1500,
Invitrogen, USA).

For western blot analysis, equal amounts of total protein per
lane were separated by electrophoresis and transferred onto a
polyvinylidene difluoride membrane. The membrane was
blocked with 5% (w/v) bovine serum albumin (BSA) fraction V
(SM-BOV-100, GeneAll) in 1x Tris-buffered saline containing
0.1% Tween (TBST, TR2007-105-80, Biosesang, South Korea)
for 1 h, followed by incubation with primary antibodies in
5% (w/v) BSA in TBST solution overnight at 4 °C. After washing
with TBST buffer, the membrane was incubated with an HRP-
conjugated secondary antibody (1:10000, 7074, Cell Signaling,
USA) at room temperature for 1 h. Protein signals were visua-
lized using Supersignal west pico plus chemiluminescent sub-
strate (34580, Thermo Fisher Scientific, USA) and captured by
the iBright™ 1500 imaging system. Details of the antibodies
used are described in Table S1 (ESIt).

2.5 Extraction and characterization of chondrocyte-derived
exosomes

Rat chondrocytes were seeded at a density of 1.3 x 10 cells per cm”.
After 24 h, the cells were washed with PBS, and the medium was
replaced with DMEM supplemented with 2% exosome-depleted
FBS (A2720803, Thermo Fisher Scientific, USA). Following 48 h
of incubation, the conditioned medium was collected and
centrifuged at 2000g for 20 min at 4 °C to remove cell debris.
The supernatant was subsequently concentrated using an
Amicon® ultra centrifugal filter 100 kDa MWCO (UFC9100,
Millipore, USA) by centrifugation at 5000g for 30 min at 4 °C
with a fixed-angle rotor. The concentrate was then filtered
through a 0.2 pm syringe filter, mixed with ExoQuick-TC™
(EXOTC10A-1, System Bioscience, USA), and incubated overnight
at 4 °C. The following day, the exosome fraction was collected by
centrifugation at 1500g for 30 min at 4 °C. To preserve vesicle
integrity for long-term storage, the exosomes were resuspended
in a 25 mM trehalose solution and stored at —80 °C until use.
The morphology of the isolated exosomes was observed
using FE-SEM (Sigma 300, Carl Zeiss, Germany) and field-
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emission transmission electron microscopy (FE-TEM, JEM-
F200, JEOL, Japan) after fixation in 2.5% glutaraldehyde at
room temperature for 1 h. Before imaging, the fixed exosomes
were further stained with 1.5% phosphotungstic acid (PTA,
79690, Sigma-Aldrich, USA) for TEM analysis.

The concentration, size, and distribution of the exosomes
were evaluated using nanoparticle tracking analysis (NTA) on a
Nanosight NS300 instrument (NS300, Malvern Panalytical Ltd,
UK).*® The exosomes were diluted in PBS, and the measure-
ments were conducted under the following conditions: detec-
tion threshold set to 5, temperature maintained at 25 °C,
syringe pump speed set at 40 AU, syringe load at 100, and
camera level set at 15. Data from four individual measurements
were collected and analyzed using NanoSight NTA software.

2.6 Small RNA sequencing analysis of chondrocyte-derived
exosomes

According to the manufacturer’s instructions, total RNA was
extracted from chondrocyte-derived exosomes using the miR-
Neasy Micro kit (217084, Qiagen, Germany). The RNA quality
was assessed with the Agilent 2100 Bioanalyzer using the RNA
6000 Pico Chip (Agilent Technologies, Netherlands), and RNA
quantification was performed using the NanoDrop 2000 Spec-
trophotometer (Thermo Fisher Scientific). Library preparation
was carried out for small RNA sequencing using the NEBNext™
Multiplex Small RNA Library Prep kit (New England BioLabs,
USA). The yield and size distribution of the constructed small
RNA libraries were evaluated using the High-sensitivity DNA
Assay on the Agilent 2100 Bioanalyzer (Agilent Technologies,
Inc., USA). Sequencing was performed on the NextSeq500
system (Illumina, San Diego, CA., USA) to generate single-end
75 bp reads. Sequence reads were mapped to the reference
genome for data analysis using the Bowtie2 software to gen-
erate alignment files (bam files). Mature miRNA sequences
served as reference sequences for mapping. Read counts
mapped to mature miRNA sequences were extracted from the
alignment file using Bedtools (v2.25.0) and Bioconductor
packages in the R statistical environment (version 3.2.2). These
read counts were used to quantify miRNA expression levels. The
top 100 miRNAs, based on average read counts across three
individual batches of samples, were selected and visualized in a
heatmap using MeV software (version 4.9.0). Gene ontology
term enrichment analysis of the predicted target genes was
performed using the DAVID Bioinformatics Resource, and
KEGG pathway analysis was conducted using DIANA mirPath
v.3. To compare the miRNA compositions between chExo and
MSC exosomes, we used publicly available data on MSC exo-
somes from dataset #GSE 113868.

2.7 Preparation and characterization of microcarriers coated
with chondrocyte-derived cell membranes

To coat porous microcarriers with chondrocyte-derived cell
membranes (chM), the microcarriers were mixed with chM at a
weight ratio 1:0.1 and incubated with vigorous vortexing over-
night at 4 °C. Following the coating process, the microcarriers
were washed with PBS to remove unbound cell membranes.

This journal is © The Royal Society of Chemistry 2025
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The cell membrane layer on the chM-coated microcarriers
was visualized by FE-TEM. Samples were fixed in 2.5% glutar-
aldehyde at room temperature for 1 h, embedded in O.C.T
compound, cryosectioned to a thickness of 10 um, and stained
with 1.5% PTA before imaging. The average thickness of the cell
membrane layers on the microcarriers was analyzed based on
FE-TEM images using Image ] software.

For additional visualization, the cell membranes were fluor-
escently labeled before extraction by incubating cells with
Vybrant™ Dil Cell-Labeling solution (1 pl for 10° cells per ml,
V22885, Invitrogen, USA). After coating the microcarriers with
the fluorescently labeled cell membranes, the coating was
observed by confocal laser scanning microscopy (CLSM, Eclipse
Ti2, Nikon, Japan). Cross-sectional CLSM images were captured
after cryosectioning the samples into 10 pm-thick sections.

Water contact angle measurements were conducted to
assess the surface hydrophilicity of the coating. PCL films were
prepared by casting 1 ml of a 3% (w/w) PCL solution in
chloroform containing 20% (w/w) camphene onto a Teflon
plate. The films were air-dried overnight and subsequently
lyophilized. The cell membrane coating was then applied as
described above. Water contact angles were measured using a
contact angle goniometer (PHX300, SEO, South Korea).

2.8 chExo loading and release study

To load exosomes onto the microcarriers, 0.4 mg of chondro-
cyte cell membrane-coated microcarriers were mixed with 40 pg
of chondrocyte-derived exosomes (chExo) in 5 pl of PBS. The
mixture was incubated with gentle shaking for 1 h at 37 °C. For
visualization and quantification of exosome loading, the exo-
somes were fluorescently labeled using VybrantTM DiO Cell-
Labeling Solution (V22886, Invitrogen, USA). Briefly, 40 pg of
chExo was incubated with 1 pl of DiO dye for 30 min at 37 °C.
Excessive DiO dye was removed with Exosome Spin Columns
MW 3000 (4484449, Invitrogen, USA). The DiO-labeled chExo
was then mixed with chM-coated microcarriers at a weight ratio
1:10 and incubated for 1 h at 37 °C. After loading the
exosomes, the fluorescence intensity of the supernatant con-
taining the unloaded exosomes was measured using a spectro-
fluorophotometer (RF-6000, Shimadzu, Japan). The amount of
exosomes loaded onto the microcarriers was calculated by
subtracting the amount of unloaded exosomes from the initi-
ally added amount. To determine the release profiles of chExo
from the microcarriers, 0.4 mg of chExo-loaded microcarriers
were incubated in 20 pl of PBS with shaking at 250 rpm at 37 °C.
At predetermined time points, 5 pl of the supernatant was
collected, and the fluorescence intensity was quantified using a
spectrophotometer. A standard curve with DiO-labeled chExo
was used for quantification. After each collection, 5 pl of fresh
PBS was replenished. Additionally, the surface charges of the
chExo-loaded microcarriers dispersed in PBS were measured
using a Zetasizer (Nano ZS90, Malvern Panalytical Ltd, UK).

2.9 Intracellular uptake of chExo

To evaluate the intracellular uptake of chExo released from the
microcarriers, cells were treated with extracts from DiO-labeled
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chExo-loaded microcarriers. The extract was prepared by incu-
bating 0.1 mg of microcarriers in 66.5 pul of DMEM for 24 h. Rat
chondrocytes were seeded on glass coverslips at a density of 1 x
10" cells per cm?. The following day, the extract was added to
the cells and incubated for 12 h. To assess whether the
exosomes were internalized by cells, lysosomes were stained
with Lysotracker Red DND-99 (L7528, Invitrogen, USA) and
observed using CLSM. To investigate whether exosomes loaded
onto microcarriers can be internalized by cells through direct
contact, 10* rat chondrocytes were directly seeded onto 0.1 mg
of DiO-labeled chExo-loaded microcarriers in a well of ultra-low
attachment 96-well plates. After 12 h of incubation, the cells
were stained with a Lysotracker and imaged by CLSM to
visualize the internalization of the exosomes.

2.10 Transwell migration assay

To evaluate rat chondrocytes or MSCs were seeded into the
upper chamber of a transwell (353097, Corning, USA) at a
density of 1.3 x 10° cells per cm® In the lower chamber,
30 ug ml ! of free exosomes, 0.5 mg of chM-coated microcarriers,
or 0.5 mg of chExo/chM microcarriers (loaded with 10.5 pg of
chExo) were added. After 12 h of incubation, the migrated cells
were fixed with 4% formaldehyde and stained with 10% crystal
violet solution (C0775-25G, Sigma-Aldrich, USA) in methanol. The
stained cells were imaged using a light microscope (IX73, Olym-

pus, Japan).

2.11 Evaluation of cell adhesion, proliferation, and
maturation on microcarriers

To assess cell adhesion and proliferation on the microcarriers,
1 x 10° chondrocytes or MSCs were seeded onto 1 mg of
microcarriers (approximately 100 particles). On day 1 of culture,
cells were fixed with 4% (v/v) paraformaldehyde and stained with
Phalloidin (Alexa Fluor™ Plus 488, A32731, Invitrogen, USA) to
visualize F-actin and with 4’,6-diamidino-2’-phenylindole dihy-
drochloride (DAPI, D9542, Sigma-Aldrich, USA) to stain nuclei.
The number of adhered cells per microcarrier was quantified by
counting nuclei from DAPI-stained images using Image ] software.
To image cell adhesion by SEM, fixed cells were dehydrated
through a graded ethanol series (70%, 80%, 90%, 95%, and
100%), air-dried at room temperature, and observed using FE-
SEM. The images were then pseudo-colored using Adobe Photo-
shop CS6 software. The proliferation profile was monitored using
the Cell Counting Kit-8 (CK04, DOJINDO, Japan). At predeter-
mined time points, 0.1 mg of microcarriers (10 particles) were
transferred to a 96-well plate and incubated with medium contain-
ing 10% CCK-8 solution for 2 h at 37 °C. The absorbance of the
resulting solution was measured using a Varioskan™ LUX multi-
mode microplate reader (VLBLOOD1, Thermo Scientific, USA).

To evaluate rat chondrocyte maturation, chondrocyte-
specific ECM deposition was confirmed by histological stain-
ing. After 20 days of culture on microcarriers, the cells were
fixed, embedded in OCT compound, and cryosectioned to a
thickness of 5 um. The sections were stained using Masson’s
Trichrome (MT, HT15, Sigma-Aldrich, USA) and Safranin-O
(Saf-O, HT90432, Sigma-Aldrich, USA). The percentage of
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positively stained areas was quantified and normalized to the
relevant microcarrier cluster area (%). To evaluate microcar-
riers integration during cell culture, the number of microcar-
riers per cluster was counted using Fiji Image J software. A
cluster was defined as a group where two or more microcarriers
were connected, and a total of 100 microcarriers were counted

per group.
2.12 Evaluation of cell infiltration to microcarriers

The cell infiltration from the surface into the inner space of the
microcarriers was evaluated as previously reported.** Rat chon-
drocytes were cultured on the microcarriers for 20 days. F-actin
and nuclei were stained with Alexa FluorTM 546 Phalloidin
(A22283, Invitrogen, USA) and DAPI, respectively. The stained
microcarriers were embedded in O.C.T compound, cryosec-
tioned into 20-um-thick slices, and observed by CLSM. The
microcarrier area was divided into three zones: core (C), middle
(M), and outer (O), with a zone length ratio of C:M:0=5:4:1.
The fluorescence intensity of F-actin in each zone was mea-
sured using Fiji Image J software.

2.13 Real-time polymerase chain reaction (PCR)

Real-time PCR was conducted to assess gene expression levels
in rat chondrocytes or MSCs cultured on microcarriers for
5 days. Total RNA was isolated using the Ribospin™II kit
(341-150, GeneAll, South Korea) following the manufacturer’s
instructions. cDNA synthesis was performed using the High-
Capacity ¢cDNA Reverse Transcription Kit (4368813, Applied
Biosystems, USA) with a HID Veriti® 96-Well Thermal Cycler
(447907, Applied Biosystems, Singapore). Real-time PCR was
carried out using the SensiMix™ SYBR Hi-ROX kit (QT605-05,
Bioline, UK) and the StepOneTM Plus instrument (Applied
Biosystems). Relative gene expression levels were quantified
using the AACt method (27*“Ct) and normalized to the house-
keeping gene, glyceraldehyde 3-phosphate dehydrogenase
(Gapdh). Detailed primer sequences are described in Table S2
(ESTH).

2.14 Bulk RNA sequencing analysis

To assess global changes in gene expression in rat chondrocytes
cultured on microcarriers for 5 days, bulk RNA sequencing
analysis was conducted. On day 5 of culture, total RNA was
extracted using the Ribospin™ II kit. Quantitative sequencing
was performed by E-biogen Inc. (South Korea). Libraries were
constructed using the QuantSeq 3’ mRNA-Seq Library Prep Kit
(Lexogen, Inc., Austria) according to the manufacturer’s proto-
col. Briefly, 500 ng of total RNA per condition was hybridized
with an oligo-dT primer containing an Illumina-compatible
sequence at its 5’ terminus, followed by reverse transcription.
The RNA template was degraded, and second-strand synthesis
was initiated with a random primer that also contained an
Ilumina-compatible linker sequence at its 5’ end. Double-
stranded libraries were purified using magnetic beads to
remove reaction components. Amplification was then per-
formed, and clusters were added to generate complete adapter
sequences. The final libraries were purified from PCR
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components. High-throughput sequencing was performed
using a single-end 75 sequencing approach on the NextSeq
500 platform (Illumina, Inc., USA). The resulting reads were
aligned using Bowtie2 (Langmead and Salzberg, 2012). Differ-
entially expressed genes were identified through coverage ana-
lysis using Bedtools (Quinlan AR, 2010). The read count data
were normalized using the TMM + CPM method in R, imple-
mented through EdgeR (R Development Core Team, 2020)
within Bioconductor (Gentleman et al., 2004). Gene classifica-
tion was conducted based on searches of the DAVID (https://
david.abcc.nciferf.gov/) and Medline databases (https://www.
ncbi.nlm.nih.gov/).

2.15 Immunostaining

After 1 day of rat chondrocyte culture on microcarriers, the cells
were fixed in 4% (v/v) paraformaldehyde for 30 min at room
temperature. The fixed cells were then permeabilized using
0.1% (v/v) Triton X-100 in PBS for 15 min. To block non-specific
binding, the cells were incubated with 5% (w/v) BSA for 1 h at
room temperature with gentle shaking. Following blocking, the
cells were incubated with primary antibodies overnight at 4 °C
with gentle shaking, followed by treatment with secondary
antibodies for 1 h at room temperature. Details of the anti-
bodies used are described in Table S3 (ESIt). Subsequently,
F-actin and nuclei were stained with Phalloidin (either Alexa
Fluor™ Plus 488 or 546) and DAPIL Fluorescence images were
obtained using CLSM. The cell spreading area and F-actin
intensity were measured using Image J software. Additionally,
the mean intensity of YAP and MRTF-A within the nucleus and
cytosol was quantified using the freehand selection tool in Fiji.

2.16 Inhibitor treatment

MK-0429 (MK, HY-15102, MedChemExpress, China), NSC
23766 (NSC, 2161, Tocris, UK), Y-27632 (Y, 1254, Tocris, UK),
and verteporfin (VP, 5305, Tocris, UK) were used in this study.
For dose-response screening, rat chondrocytes were seeded at a
density of 5000 cells per well in a 96-well plate and treated with
various concentrations of each inhibitor: MK (25, 50, 100, 200,
400, and 800 nM), NSC (12.5, 25, 50, 100, 200, and 400 uM), Y
(12.5, 25, 50, 100, 200, and 400 uM), or VP (0.5, 1, 2, 4, 6, and
8 uM). After 24 h of treatment, cell viability was assessed using
the CCK-8 assay. For experiments involving rat chondrocytes
that were seeded onto microcarriers, cells were treated with
25 nM MK, 50 pM NSC, 100 uM Y, or 1 uM VP, which were
added to the media at the time of cell seeding. Following 24 h of
treatment, cells were stained for F-actin, MRTF-A, and YAP. The
inhibitory effects were then observed using CLSM.

2.17 Invivo cartilage regeneration using microcarriers in a rat
osteochondral defect model

All animal experiments were conducted according to the ethical
guidelines of the Animal Research Committee at Dankook
University (no. DKU-22-038). Eight-week-old male Sprague-
Dawley rats were used to establish an osteochondral defect
model, as previously described.*” Rats were anesthetized with
an intramuscular injection of ketamine (80 mg kg™ ') and

This journal is © The Royal Society of Chemistry 2025
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xylazine (10 mg kg~ ') throughout the procedure. The leg hair
on the knee was shaved, and the surgical site was disinfected
with povidone-iodine followed by 70% ethanol. A linear inci-
sion was made through the skin, muscle, and synovial capsule
of the knee joint using a surgical blade. The patella was luxated
to either the right or left side to expose the trochlear groove,
where a defect was created. Articular cartilage defects (1.6 mm
in diameter and 1.6 mm in depth) were prepared on each side
of the knee joint under cooling conditions with sterile saline,
using a dental high-speed handpiece equipped with a 1.6 mm
diameter dental bur (ISO No: 016, SBT No: 5). Eight defects
from four rats were randomly assigned to six groups: intact,
untreated, bare microcarriers, chM-coated microcarriers,
chExo/chM-coated microcarriers, and chExo only treatment.
For the microcarrier groups, 5 mg microcarriers were
implanted into each defect. In the chExo/chM-coated micro-
carrier group, 100 pg of chExo was loaded onto 5 mg of
microcarriers. For the chExo-only group, 100 pg of free chExo
was applied for comparison and administered as a single dose
on the day of surgery.

After implantation, the muscle and skin were sutured with
absorbable Vicryl® and non-absorbable 4-0 Prolene sutures
(8603G, Ethicon, USA). Animals were housed individually to
prevent wound manipulation. Eighteen weeks post-operation,
the animals were euthanized by CO, inhalation, and the knee
joints were harvested and fixed in 10% neutral buffered for-
malin for subsequent histological analysis and micro-
computed tomography (LCT) imaging.

2.18 pCT imaging

UCT images of the fixed tissues were obtained using X-ray
settings of 65 kV and 385 pA, with an exposure time of 279
ms per section on a Skyscan 1176 system (Skyscan, Belgium).
The reconstructed images were analyzed to assess hard tissue
formation within the region of interest using CTAn Skyscan
software. Three-dimensional images were generated and visua-
lized using CTvol Skyscan software (ver. 2.3.2.0). Key para-
meters evaluated in the defect area included newly formed
bone volume (mm?®), percent bone volume (%), surface area
(mm?), and tissue volume (mm?).

2.19 Histological analysis

After tissue fixation, the samples were decalcified in RapidCal™
solution (6040, BBC Chemical Co., USA) for 2 weeks. Following
decalcification, the tissues were dehydrated in a graded ethanol
series and then embedded in paraffin. Sections were cut at a
thickness of 5 pm using a microtome (Leica RM2245, Leica
Biosystems, Germany) and mounted onto coated glass slides.
The slides were deparaffinized and rehydrated through a series
of xylene and graded ethanol solutions. The tissue sections
were then stained with hematoxylin & eosin (H&E), Masson’s
trichrome (MT), Safranin O & Fast green (Saf O), and anti-
collagen II (1:50 dilution, sc-52658, Santa Cruz, USA). Stained
sections were imaged using a light microscope and further
analyzed with Fiji Image J software. The percentage of positively
stained areas for Saf-O and type II collagen was quantified and
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normalized to the relevant defect area (%). For histological
scoring, a modified histological grading®® was employed to
assess the quality of cartilage repair, as outlined in Table S4
(ESIT). Additionally, the regenerated cartilage was evaluated
using the International Cartilage Repair Society (ICRS) macro-
scopic score method.*®

2.20 Statistical analysis

All values were expressed as mean =+ standard deviation.
Statistical analyses were performed using either Student’s
t-test or one-way analysis of variance (ANOVA), followed by
Tukey’s multiple comparison test where applicable (GraphPad
Prism). For the analysis of histological and ICRS scores, the
Kruskal-Wallis test was used for global comparisons among
groups. In all cases, p < 0.05 was considered statistically
significant.

3. Results and discussion

3.1 Preparation of porous microcarriers using a co-flow
microfluidic system

We prepared porous microcarriers using a co-axial nozzle-based
co-flow microfluidic device (Fig. 1(a)). In this setup, the dis-
persed phase channel was positioned within the continuous
phase channel, allowing the simultaneous flow of both phases.
A solution of PCL/camphene dissolved in chloroform served as
the dispersed phase, while the continuous phase comprised an
aqueous solution of PVA. The shear force exerted by the
continuous phase fragmented the dispersed phase into emul-
sion droplets at the junction. These droplets were subsequently
solidified through solvent extraction and lyophilization, where
camphene sublimation resulted in the formation of pores.

The emulsified droplets were transparent and uniformly
sized (Fig. 1(b)). After a series of modifications, these droplets
solidified into porous microcarriers. We could precisely control
the size of PCL microcarriers by adjusting microfluidic para-
meters, including PCL concentration, camphene concen-
tration, and flow rate (Fig. 1(c), (d) and Fig. S1, ESIY).
Microcarriers produced using a coaxial nozzle of 27 G and
21 G were 300-500 um in diameter.

By co-varying polymer/camphene ratios and emulsion flow
rates, we simultaneously tuned microcarrier diameter and pore
size. Increasing PCL content from 2% to 5% (w/w) raised
solution viscosity, producing larger particles with smaller pores
(due to inhibited camphene crystallization), whereas boosting
camphene content at a fixed 3% PCL (w/w) expanded both pore
volume and overall particle size. Under our optimized condi-
tion (3% (w/w) PCL, 20% (w/w) camphene; dispersed phase
1 ml h™'; continuous phase 10 ml h™"), microcarriers measured
454.5 + 5.4 pm in diameter with uniform pores (Fig. 1(e) and
(f)). Raising the continuous phase flow to 40 ml h™"' decreased
particle size to ~383 pm, while varying the dispersed phase
flow rate (1.0-2.5 ml h™") had only minor effect.

Compared to a conventional dripping-based method for PCL
microcarrier fabrication,*"*” our co-flow microfluidic system
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Fig. 1 Fabrication of porous microcarriers using a co-flow microfluidic system and their characteristics. (a) Schematic illustration of the fabrication
process for microcarriers using a co-axial nozzle-based co-flow microfluidic device (top). PCL/camphene dissolved in chloroform and a PVA aqueous
solution serve as the dispersed and continuous phases, respectively. The shearing force exerted by the continuous phase causes the dispersed phase to
break into emulsion droplets at the junction. These emulsified droplets are solidified through solvent extraction and lyophilization, during which
camphene sublimates, forming pores. Bright-field images depict the emulsified droplets and the resulting porous microcarriers (bottom). Scale bars,
500 pm. (b) Optical image of the co-nozzle microfluidics device. (c) and (d) Particle and pore size distribution of microcarriers under various microfluidic
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operating conditions. Effect of PCL and camphene concentrations on microcarrier particle and pore sizes (c). Effect of flow rates of the continuous phase
(Fc) and dispersed phase (Fd) on particle and pore sizes (d). The red arrow indicates the optimal condition for producing porous microcarriers: a mixture
of 3% (w/w) PCL and 20% (w/w) camphene in the dispersed phase flowing at 1 ml h™%, with a PVA aqueous solution as the continuous phase co-flowing at
10 ml h™%, (e) Representative SEM images of the surface and cross-sections of porous or dense microcarriers. Scale bars: 100 pm (main images), 20 pm
(porous microcarriers, inset, red box), and 5 pm (dense microcarriers, inset, red box). Cross-sectional areas are highlighted with red dotted lines. (f)
Diameter and pore size measurements of microcarriers (n = 50 microcarriers per group). The coefficient of variation (CV) is defined by a ratio of the
standard deviation to the average microcarrier size. (g) Elastic moduli of microcarriers (n = 9-10 microcarriers per group). (h) Degradation profiles of
microcarriers under alkaline conditions over 9 days. Data are presented as means + s.d. of n. ****p < 0.0001; Student's t-test for (f), (g); two-way ANOVA

followed by Tukey's post hoc tests for (h).

yielded more uniform microcarriers, with a coefficient of
variance (CV) of just 1.2% (Fig. 1(f)). These porous microcar-
riers, in contrast to non-porous ‘“dense” PCL microcarriers of
similar size, featured highly interconnected micropores (59.6 +
11.1 pm) throughout the carriers (Fig. 1(e)).

We have carefully optimized fabrication conditions because
both microcarrier particle and pore sizes are critical for clinical
application. Particle sizes must be small enough to fill irregular
cartilage defects effectively, yet large enough to allow easy
handling in a clinical setting. Pore diameters of approximately
50-100 um are essential to recreate lacunae-like niches that
regulate chondrocyte behavior. Therefore, our optimized micro-
carriers - characterized by a particle size of ~450 um and a
pore diameter of ~60 pm - are expected to meet these design
criteria and thereby support host cell ingrowth, provides phy-
sical support for cell proliferation, and facilitates nutrient and
waste exchange, making them particularly promising for carti-
lage repair.** Furthermore, the high porosity of the microcar-
riers reduced their elastic modulus while increasing their
degradability (Fig. 1(g) and (h)). The bulk elastic modulus of
the porous microcarriers was 0.4 & 0.1 MPa, closely resembling
that of native cartilage tissue.**>° Due to their larger surface
area and high porosity, the microcarriers exhibited a faster
hydrolytic degradation rate in an alkaline solution compared to
their dense counterparts (Fig. 1(h) and Fig. S2, ESIt). These
characteristics suggest that porous microcarriers implanted in
cartilage defects can support cartilage repair by providing a
microenvironment that physically mimics native cartilage tis-
sue while also being naturally degraded within the body.

3.2 Chondrocyte membrane coating of porous microcarriers
alters the surface properties of microcarriers

To create a chondrocyte-mimicking scaffold for cartilage repair,
we decorated porous PCL microcarriers with chondrocyte-
derived cell membranes (chM) and exosomes (chExo)
(Fig. 2(a)). The chM used for coating the microcarriers was
extracted from primary rat chondrocytes through a series of
hypotonic lysis and ultracentrifugation steps. SDS-PAGE analysis
confirmed that the protein profile of the chM closely resembled
that of chondrocyte lysates (Fig. 2(b)). Notably, the chondrocyte-
specific surface marker, CD151, was highly preserved in chM,
whereas the transcription factor, SOX9, was scarcely detected
(Fig. 2(c)). Interestingly, despite the cell membrane extraction,
significant amounts of chondrocyte-specific ECM proteins, such
as aggrecan (ACAN) and type II collagen, remained associated
with the chM. These findings suggest that microcarriers coated

This journal is © The Royal Society of Chemistry 2025

with chM can replicate the physicochemical characteristics of
chondrocytes and their native microenvironment.

We coated porous microcarriers with chM through
membrane vesicle fusion. The chM vesicles, formed by ultra-
sonication, would readily fuse with the solid microcarrier
substrate to minimize interfacial energy, plausibly through
hydrophobic interactions, van der Waals forces, and electro-
static interactions.**®* TEM revealed a thin cell membrane
layer (192.5 + 105.1 nm) on the surface of the chM-coated
microcarriers (Fig. 2(d) and (e)), though membrane thickness
varied, ranging from 50 nm to 200 nm (Fig. S3). Fluorescently
labeled chM (Dil-chM) showed an evenly distributed fluores-
cence signal both on the surface and within the internal pores
of the microcarriers (Fig. 2(f), Fig. S3a, and Movie S1, ESIY).
Together, these results confirmed the successful and uniform
coating of the porous microcarriers with chondrocyte-derived
cell membranes.

The surface decoration of microcarriers with cell mem-
branes altered the physical properties of the scaffold surface.
While the surface elastic modulus of bare microcarriers was
~30 kPa, that of the chM-coated microcarriers decreased to
~0.5 kPa, which closely matches that of chondrocytes (0.5 to 1
kPa) (Fig. 2(g)).**>° In addition to reduced surface elasticity,
the surface hydrophobicity was significantly lowered, as con-
firmed by water contact angle measurement (Fig. 2(h)). These
results imply that the modified surface properties, which
mimic chondrocyte-specific chemical and physical characteris-
tics, may act as bioactive cues to regulate chondrocyte behavior.

3.3 Chondrocyte-derived exosomes exhibit therapeutic
potential for cartilage repair

We isolated chondrocyte-derived exosomes (chExo) from the
same cells used for cell membrane extraction. To obtain chExo,
we collected the supernatant of chondrocyte cultures, while the
cell pellet was utilized for cell membrane extraction. SEM and
TEM images revealed uniform spherical vesicles constructed
with a lipid bilayer (Fig. 3(a) and (b)). Nanoparticle tracking
analysis further indicated that the average size of chExo was
116.9 £ 33.6 nm (Fig. 3(c)), with no significant batch variations
in size observed (Fig. S4a, ESIf). Importantly, our analysis
confirmed the presence of exosomal surface marker proteins,
including TSG101, ALIX, and CD63, while the endoplasmic
reticulum marker Calnexin and Golgi apparatus marker
GM130 were absent (Fig. 3(d)). This indicates successful isola-
tion of chExo without contamination from other cellular
organelles.
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Fig. 2 Preparation and characterization of chondrocyte-mimicking microcarriers. (a) Overview of the preparation process for chondrocyte-mimicking
microcarriers. Porous microcarriers are decorated with the chondrocyte-derived cell membrane (chM) and exosome (chExo), referred to as chExo/chM
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membrane layer coated on microcarriers (n = 25 fields from 4 microcarriers). (f) CLSM images of microcarriers, showing the cell membrane coating on
the surface (left) and in cross-sections (right). Chondrocyte membranes are stained with Dil dye (red). Scale bar, 100 um. (g) Surface elasticity of
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Fig. 3 Characterization of chondrocyte-derived exosomes (chExo) and their integration onto the chondrocyte membrane-coated microcarriers. (a)
Representative SEM showing the chExo morphology. Scale bar, 200 um. (b) TEM images of chExo, illustrating their detailed structure. Scale bar, 20 nm. (c)
Nanoparticle tracking analysis (NTA) showing the average size and concentration of chExo. (d) Western blot analysis of exosome-specific markers in lysates
(Lys) and chExo. Exosomal surface marker proteins: TSG101, ALIX, and CD63; endoplasmic reticulum marker: Calnexin; Golgi apparatus marker: GM130. (e)-(g)
Small RNA-sequencing analysis of chExo (n = 3 batches from independent experiments). (e) Heatmap and hierarchical clustering of the top 100 miRNAs
enriched in chExo. (f) Pie chart (left) and heatmap (right) illustrating the most enriched top 5 miRNAs in chExo. (g) KEGG pathway analysis of the top 100 miRNAs
in chExo. (n) CLSM images showing the integration of chExo onto chondrocyte membrane-coated microcarriers. Chondrocyte membranes are labelled with
Dil (red) and chExo with DiO (green). Scale bar, 100 um. (i) Surface charge measurements of free chM and chExo (left) and microcarriers decorated with none
(bare), chM, or chExo/chM (right). () Cumulative release profiles of chExo from chExo/chM microcarriers over 72 h. Data represent mean + s.d. of n and
represent at least three independent experiments. *p < 0.05, **p < 0.01, and ****p < 0.0001; one-way ANOVA followed by Tukey's post hoc tests.
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Next, we analyzed the miRNA composition of chExo using
small RNA sequencing across three independent batches of
exosomes. Hierarchical clustering of the top 100 miRNAs
demonstrated no significant differences in miRNA composi-
tions among these batches (Fig. 3(e)). The most abundant
miRNA identified in chExo was miR-143-3p (27.1%), followed
by miR-148a-3p, miR-140-3p, miR-99a-5p, and let-7f-5p (Fig. 3(f)
and Fig. S4b, c, ESIt). Furthermore, enriched KEGG pathway
analysis revealed that the miRNAs in chExo were associated
with the regulation of genes involved in lipid biosynthesis and
metabolism, such as glycosphingolipid biosynthesis, inositol
phosphate metabolism, phosphatidylinositol signaling system,
folate biosynthesis, as well as extracellular signaling pathways
such as mucin-type O-Glycan biosynthesis and ECM-receptor
interaction (Fig. 3(g) and Table S5, ESIY).

To gain a better understanding, we compared the miRNA
composition of chExo with that of mesenchymal stem cell
(MSC)-derived exosomes, which are known to have therapeutic
effects on cartilage repair.*> We found that half of the top 100
enriched miRNAs in chExo were distinct from those identified
in MSC exosomes (Fig. S4d and e, ESIt). Furthermore, while the
most abundant miRNA in MSC exosomes was miR-122-5p,
chExo displayed miR-143-3p at the highest content (Fig. S4f,
ESIT). These results suggest that chExo and MSC exosomes may
regulate different pathways in host cells during the cartilage
repair process.

To assess cellular responses to chExo, we treated chondro-
cytes and bone marrow-derived MSCs with chExo. Chondro-
cytes treated with chExo exhibited increased cell migration in a
dose-dependent manner, with no toxicity at concentrations of
up to 30 pg ml~* (Fig. S5, ESIt). Moreover, chExo treatment
significantly accelerated the proliferation of chondrocytes com-
pared to the untreated control (Fig. S5c, ESIT). Intriguingly, the
gene expression of both chondrogenic and osteogenic markers,
such as Sox9, Col2al, Runx2, and Alp, was significantly up-
regulated in the chExo-treated MSCs, while the expression of
adipogenic and neurogenic genes remained unchanged
(Fig. S6, ESIt). These results suggest that chondrocyte-derived
exosomes may play a beneficial role in stimulating host cells in
osteochondral defects toward the repair process.

To mimic chondrocyte-specific functions, we loaded chExo
onto chM-coated microcarriers (Fig. 3(h)). DiO-labeled chExo
(green) was successfully loaded onto the Dil-labeled chM-
coated microcarriers (red), as indicated by the green fluores-
cence overlapping with the red signals.

This overlap confirmed the loading of chExo onto the cell
membrane layers of the microcarriers. We speculate that exo-
somes associate with the cell membrane coat via lipid-lipid
fusion, receptor-ligand binding, electrostatic interactions, and
non-specific adsorption.”® Although the cell membrane coating
slightly increased the surface charge of the microcarriers from
—33.3 £ 1.3 mV to —30.3 £ 1.2 mV, loading chExo did not
further alter the surface charge (Fig. 3(i)). On average, the chM-
coated microcarriers contained 13.2 + 1.3 ug chExo per pg
microcarrier. The cumulative release profile of chExo from the
chExo-loaded and chM-coated (chExo/chM) microcarriers
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exhibited an initial burst release of 35%, followed by a plateau
within 24 h (Fig. 3(j)). These results suggest that the cell
membrane layers of the microcarriers can act as a reservoir
for chExo, allowing for a more sustained delivery compared to
bolus exosome delivery via local injection.

3.4 Chondrocyte-mimicking microcarriers induce
chondrocyte-specific recruitment and improve chondrocyte
proliferation while maintaining the anabolic phenotype

The chExo/chM microcarriers demonstrated that chExo was
effectively taken up by chondrocytes (Fig. 4(a)-(c)). Notably,
chExo released from the microcarriers were internalized by cells
in a manner comparable to soluble chExo (Fig. 4(b)). Furthermore,
cells adhering to the chExo/chM microcarriers were able to
internalize the chExo directly from the microcarriers (Fig. 4(c)).
Importantly, the released chExo stimulated chondrocyte migra-
tion to a degree similar to that of free chExo (Fig. 4(d)), suggesting
that the exosomes remained intact and functional upon release.
Interestingly, chExo did not induce any migration in rat mesench-
ymal stem cells, highlighting their specific ability to recruit
chondrocytes (Fig. S7, ESIt).

On the first day of culture, chondrocyte adhesion to chM or
chExo/chM microcarriers was approximately 8- to 9-fold greater
than to bare microcarriers (Fig. 4(e) and (f)). Both chM and
chExo/chM microcarriers further supported rapid cell prolifera-
tion compared to bare ones (Fig. 4(g)). Furthermore, chondro-
cytes adhered to the microcarriers continued to migrate toward
the center of the microcarriers, accompanied by the up-
regulation of migration-related genes (Fig. 4(h) and (i)). Con-
siderable cell infiltration was observed in chExo/chM micro-
carriers compared to chM or bare microcarriers on the first day
of culture, and this infiltration persisted through day 20
(Fig. S8, ESIY).

Bulk RNA sequencing analysis revealed that chondrocytes
maintained their anabolic phenotype while actively proliferat-
ing on the chondrocyte-mimicking microcarriers (Fig. 4(j)).
Compared to the bare microcarrier group, both chM and
chExo/chM microcarriers significantly up-regulated the expres-
sion of genes associated with anabolic phenotypes (Col2a1,
Sox9, Comp, Acan, and Col1a1) while down-regulating catabolic
phenotype-related genes (Mmps and Adamts) in chondrocytes.
Additionally, anti-inflammatory genes (Tgfbi, Tgfbl, Tgfb2, and
Tgfb3) were up-regulated, while pro-inflammatory genes (1l15,
Nos2, and Tnf) were down-regulated in chondrocytes cultured
on both chM and chExo/chM microcarriers (Fig. S9, ESIT).
Although the overall trends in gene expression profiles were
similar between chM and chExo/chM microcarriers, the fold
change was more pronounced in the chExo/chM microcarrier
group. This suggests that the loading of chExo onto chM
microcarriers had an additional enhancing effect on chondro-
cyte function and maturation. The chondrocyte-mimicking
microcarriers supported chondrocytes in maintaining their
anabolic phenotype while rapidly proliferating, enabling sig-
nificant deposition of chondrocyte-specific ECM proteins,
including collagens and aggrecans (Fig. 4(k) and Fig. S10, ESIT).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Chondrocyte-mimicking microcarriers enhance chondrocyte recruitment and proliferation while maintaining the anabolic phenotype. (a)
Schematic illustrating the migration of host cells induced by chExo released from chExo/chM microcarriers and the subsequent intracellular uptake
of chExo by recruited and adhered cells. (b) and (c) CLSM images demonstrating intracellular uptake of chExo by chondrocytes. chExo are labeled with
DiO dye (green), and lysosomes are stained with LysoTracker™ Red DND-99 (red). Image taken at 12 h after (b) treating chondrocytes with either free
chExo or chExo released from chExo/chM microcarriers (scale bar, 20 pm), or (c) culturing chondrocytes on chExo/chM microcarriers for 12 h (scale bar,
20 um). The boundaries of the microcarriers were indicated with a dotted line. (d) Transwell migration assay results following treatment with released
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fractions from chM microcarriers or chExo/chM microcarriers for 12 h (left) and corresponding quantification (n = 3 replicates per condition). (e) CLSM
images showing chondrocyte adhesion and proliferation on microcarriers at day 1 and 20. F-actin (green) and nuclei (blue). Scale bar, 100 pum. (f) The
number of chondrocytes adhered to microcarriers on day 1 (n = 13 microcarriers per group). (g) Proliferation profiles of chondrocytes on microcarriers
over 20 days. (h) Heatmap depicting the fold changes in gene expressions related to chondrocyte migrations in chondrocytes cultured on microcarriers
for 5 days (n = 3 replicates per group). (i) Cell infiltration analysis based on cross-sectional CLSM images of microcarriers after 20 days of chondrocyte
culture. F-actin (green) and nuclei (blue). Scale bar, 100 pm. The cross-sectional areas of microcarriers are divided into center, middle, and outer regions
at a ratio of 5:3.5:1.5, and F-actin intensity in each region is quantified (n = 18-20 fields from 10 microcarriers). (j) Bulk RNA-sequencing analysis
showing expression levels of genes associated with anabolic and catabolic phenotypes of chondrocytes in the chM microcarrier and chExo/chM
microcarrier group versus bare microcarrier group. (k) Representative optical images of Masson's trichrome (MT) and safranin-O (Saf-O) staining after 20
days of chondrocyte culture on microcarriers (left), with quantification of the number of microcarriers per cluster (n = 5-13 fields per group) and Saf-O-
stained area (n = 3 fields per group) (right). Scale bar: 200 pm (main) and 50 pm (inset). Data represent mean + s.d. of n. *p < 0.05, **p < 0.01, ***p <
0.001, and ****p < 0.0001; one-way ANOVA followed by Tukey's post hoc tests for (d), (f), (k); two-way ANOVA followed by Tukey's post hoc tests for (g).

3.5 Chondrocyte-mimicking microcarriers not only increase
cell adhesion and ECM synthesis but also modulate metabolic
activity in chondrocytes

To examine how chM and chExo influence chondrocyte
behavior, we analyzed changes in the transcriptomic levels of
chondrocytes using bulk RNA sequencing (Fig. 5 and Fig. S11,
ESIt). Hierarchical clustering of global gene expression profiles
revealed that chondrocytes cultured on chExo/chM microcar-
riers clustered closely with those on chM microcarriers, distinct
from the gene profiles of chondrocytes on bare microcarriers
(Fig. 5(a)). In chExo/chM microcarriers, 687 differentially
expressed genes (DEGs, 1.5-fold change) were identified com-
pared to bare microcarriers, with 413 up-regulated and 274
down-regulated. When normalized to chM microcarriers, 139
DEGs were detected, consisting of 63 up-regulated and 76
down-regulated genes (Fig. 5(b) and (c)).

Gene ontology (GO) analysis confirmed that the DEGs in
chondrocytes cultured on chExo/chM microcarriers, compared
to bare microcarriers, were significantly enriched in processes
related to ECM remodeling (collagen fibril organization, ECM
organization, and ECM structural constituent), cell migration,
and protein binding (heparin, integrin, and collagen binding)
(Fig. 5(d)). A network visualization of enriched GO terms,
particularly those involving biological processes, revealed that
up-regulated genes were linked to cellular component organi-
zation (including ECM organization), response to stimulus,
developmental process (including skeletal system develop-
ment), metabolic process (including collagen synthesis), cell
adhesion, and TGF-} receptor signaling (Fig. 5(e)). The chord
plot demonstrated that specific genes, such as Col1a1, Colla2,
and Tnn, were mainly involved in ECM-receptor interaction,
focal adhesion, and PI3K-Akt signaling pathways (Fig. 5(f)).
Additionally, genes, such as Tgfb3, Id3, Inhba, Fmod, and Dcn,
were linked to TGF-f signaling pathways. These results indicate
that the chondrocyte-mimicking microcarriers enhance cell
adhesion and migration and stimulate ECM synthesis in chon-
drocytes, potentially through the activation of TGF-f and PI3K-
Akt signaling pathways.

Gene set enrichment analysis (GSEA) identified that gene
sets related to collagen trimer formation and cell adhesion
molecules were significantly enriched in chondrocytes cultured
on chExo/chM microcarriers compared to those on chM micro-
carriers (Fig. 5(g)). GO analysis further indicated that many of
the enriched gene sets in chExo/chM microcarriers overlapped

6168 | Mater. Horiz., 2025, 12, 6155-6182

with those in chM microcarriers. However, chExo/chM microcar-
riers exhibited more pronounced changes in fold change and
p-values, indicating a more substantial alteration in gene expres-
sions attributed to the additional exosomes delivered through the
chM microcarriers (Fig. 5(h)). Notably, gene sets related to meta-
bolic pathways were uniquely enriched in chExo/chM microcar-
riers compared to chM microcarriers (Fig. 5(i)), including genes
involved in lipid metabolism (such as B4gaint1, Ptdss2, Lpcatl,
Lta4h, Pcca, and Tkfc) and fructose and mannose metabolism
(including Tkfc, Pflm, and Akr1b8). These results suggest that
incorporating chExo into chM-coated microcarriers modulates the
metabolic activity of chondrocytes, potentially contributing to the
restoration of chondrocyte homeostasis at defect sites.

3.6 Chondrocyte membrane-coated microcarriers induce
robust ECM synthesis via integrin-mediated
mechanotransduction

Interestingly, chM microcarriers were found to impact the
global gene expression profiles of chondrocytes, even in the
absence of soluble factors like chExo. When chondrocytes were
cultured on chM microcarriers, they exhibited increased expres-
sion of key anabolic genes while reducing the expression of
catabolic genes (Fig. 4(j) and Fig. S9 and S11, ESIf). This
suggests that chM microcarriers maintained a more anabolic
phenotype in chondrocytes than bare microcarriers. Addition-
ally, GSEA revealed that gene sets related to ECM structural
constituents and proteoglycans were significantly enriched in
chondrocytes cultured on chM microcarriers versus bare micro-
carriers (Fig. S11c, ESIt), resulting in substantial ECM accumu-
lation on chM microcarriers after 20 days of culture (Fig. 4(k)
and Fig. S10, ESIT). GO term analysis also demonstrated that
up-regulated genes were enriched in molecular functions such
as actin filament binding, GTPase activator activity, and integ-
rin binding (Fig. 6(a)). Additionally, genes associated with
biological processes like cell proliferation, migration, and
response to mechanical stimulus were highly up-regulated in
chM microcarriers (Fig. 6(b)). KEGG pathway analysis indicated
that up-regulated genes in chM microcarriers were involved in
cytoskeleton remodeling, including adherent junction, Hippo
signaling pathway, focal adhesion, Rap1 signaling, and actin
cytoskeleton regulation (Fig. 6(c)). These findings suggest that
mechanotransduction signaling in chondrocytes is activated
upon chM treatment.

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Chondrocyte-mimicking microcarriers enhance cell adhesion and ECM synthesis and modulate metabolic activity in chondrocytes. Bulk RNA
sequencing analysis was performed to assess the impact of chondrocyte-mimicking microcarriers on transcriptomic changes in chondrocytes cultured
on bare, chM, or chExo/chM microcarriers for 5 days (n = 3 replicates per group). (a) Heatmap and hierarchical clustering of differentially expressed genes
(DEGs, 2-fold change, p < 0.05) across the three microcarrier groups. (b) Venn diagram showing the number of up-regulated (red) or down-regulated
(blue) genes in the chExo/chM microcarrier group compared to the bare (green circle) or chM microcarrier (yellow circle) groups. (c) Volcano plot
depicting DEGs up-regulated (red) or down-regulated (blue) in the chExo/chM microcarrier group relative to the bare microcarrier group (cut off: 2-fold
change, p = 0.05). (d) Bubble plot showing enriched gene ontology terms for DEGs in the chExo/chM microcarrier group compared to the bare
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microcarrier group. BP, biological process; CC, cellular component; MF, molecular function. (e) Network visualization of BP terms associated with up-
regulated DEGs in the chExo/chM microcarrier group compared to the bare microcarrier group. Node size represents the number of markers associated
with each term, and node color indicates the p-value. (f) Chord diagram illustrating enriched KEGG pathways and their corresponding core genes in the
chExo/chM microcarrier group compared to the bare microcarrier group. (g) Gene set enrichment analysis of gene sets enriched in the chExo/chM
microcarrier group relative to the chM microcarrier group. FDR, false discovery rates; NES, normalized enrichment score. (h) Gene ontology analysis of
DEGs enriched in both chM and chExo/chM microcarrier groups. (i) KEGG pathway analysis highlighting DEGs related to lipid metabolism uniquely
enriched in the chExo/chM microcarrier group compared to the chM microcarrier group.

Indeed, chM microcarriers facilitated greater cell adhesion and
spreading than bare microcarriers (Fig. 6(d) and (e)). Chondro-
cytes cultured on chM microcarriers formed more pronounced
focal adhesions, subsequently promoting actin development
(Fig. 6(f)-(h) and Fig. S12, ESIt). This can be attributed to
cartilage-specific ECM proteins associated with the chondrocyte
membranes, such as aggrecan and type II collagen (Fig. 2(c)),
which likely improved the adhesion of chondrocytes to chM
microcarriers through integrins. Consequently, the nuclear loca-
lization of MRTF-A increased in chondrocytes cultured on chM
microcarriers, driven by F-actin polymerization that dissociates G-
actin from MRTF-A (Fig. 6(i)).>*>° Given that nuclear shuttling of
mechanotransducers like MRTF-A and YAP is known to be
mediated by actin cytoskeletons during the integrin-mediated
mechanotransduction,’®”” we also assessed the nuclear localiza-
tion of YAP. We observed that a more prominent nuclear localiza-
tion of YAP in chondrocytes cultured on chM microcarriers
compared to bare microcarriers (Fig. 6(j)). Furthermore, the
expression of YAP target genes, including Cyr61, Ctgf, and Areg,
was significantly up-regulated in chM microcarriers compared to
bare ones, again indicating enhanced YAP nuclear activity
(Fig. 6(k)). Given the crucial role of YAP in chondrocyte
maturation,”®*® inhibiting YAP activity with verteporfin (VP) treat-
ment led to a significant reduction in the expression of both YAP
target genes and chondrocyte maturation markers (Fig. 6(k) and
Fig. $13, ESIY).

To verify whether chondrocyte maturation depends on actin
formation, we treated cells on chM microcarriers with specific
inhibitors: the integrin activation inhibitor MK-0429, the Rho/
ROCK inhibitor Y-27632, and the Racl inhibitor NSC-23766.
Inhibitor concentrations were carefully selected to avoid cyto-
toxicity in subsequent experiments (Fig. S14, ESIt). While all
inhibitors significantly decreased the cell spreading area, Rho/
ROCK inhibition by Y-27632 notably disrupted nuclear YAP
localization compared to integrin or Racl inhibition, suggest-
ing that Rho/ROCK might regulate actin-mediated mechano-
transduction via YAP in chondrocytes cultured on chM
microcarriers (Fig. 6(1) and Fig. S15, ESIt). Consequently, this
YAP inhibition substantially decreased the production of
cartilage-specific ECM (Fig. 6(m) and Fig. S13c, ESIt). Together,
these findings suggest that chM microcarriers preserve the
anabolic phenotype of chondrocytes through integrin-
mediated mechanotransduction, resulting in robust cartilage-
specific ECM synthesis.

When compared to bare microcarriers, chondrocytes cul-
tured on chM microcarriers exhibited significantly increased
expressions of genes related to cell migration (Fig. 6(b)). Nota-
bly, the cellular infiltration of adhered cells in chM
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microcarriers was comparable to that in chExo/chM microcarriers
(Fig. 4(i)). These findings indicate that chondrocyte-derived mem-
branes on microcarriers enhance cellular contractility and mobi-
lity by promoting the formation of more focal adhesions and actin
structures. While chondrocyte-derived exosomes released from
the microcarriers induce robust chondrocyte recruitment over
long distances, the chondrocyte membranes on the microcarriers
subsequently expedite cell adhesion, infiltration, proliferation,
and maturation in synergy with the exosomes.

3.7 chExo/chM improves cartilage repair in a rat
osteochondral defect model

We assessed the efficacy of cartilage repair using chondrocyte-
mimicking microcarriers in a rat osteochondral defect model.
Critical defects, 1.6 mm in diameter, were created in the
trochlear groove of rats and filled with microcarriers (approxi-
mately 50 particles per defect) (Fig. 7(a)). After 18 weeks of
implantation, visual examination revealed that defects treated
with chExo/chM microcarriers were fully filled with neo-tissue,
seamlessly integrated with surrounding tissues (Fig. 7(b)). In
contrast, defects treated with a single administration of free
chExo or left untreated displayed rough surfaces, indicating
incomplete recovery. Safranin-O staining showed a larger posi-
tively stained area in the chExo/chM microcarrier group com-
pared to the other groups (Fig. 7(c) and (d)). Furthermore, the
chExo/chM microcarrier group exhibited a more extensive area
of positive type II collagen staining compared to the other
groups (Fig. S16, ESIT). Masson’s trichrome staining demon-
strated the most well-reconstructed cartilage ECM in the chExo/
chM group (Fig. S16, ESIT). Notably, host cells not only covered
the defects but also infiltrated the implanted microcarriers
(Fig. 7(e)). In the chExo/chM microcarrier group, these infil-
trated cells displayed the characteristic spherical morphology
of chondrocytes within lacunae, resembling hyaline cartilage.
We conducted histological grading to assess the quality of
cartilage repair, following the criteria outlined in Table S4
(ESIt). The International Cartilage Repair Society (ICRS) macro-
scopic scoring evaluated various aspects, including the degree
of defect repair, edge integration, surface roughness, defect
filling, and macroscopic appearance.*® The chExo/chM micro-
carrier group showed significantly higher ICRS macroscopic
scores than the free chExo and untreated groups (Fig. 7(f)).
Moreover, the histological grading scores of the chExo/chM
microcarrier group were 1.3- and 2-fold higher than those of the
free chExo and untreated groups, respectively. In comparison to
the free chExo group, the chExo/chM microcarrier group exhib-
ited statistically significant differences in surface regularity
(p = 0.0388), integration (p = 0.0278), macroscopic appearance

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Chondrocyte membrane-coated microcarriers induce robust ECM synthesis via integrin-mediated mechanotransduction, potentially through
the Rho/ROCK-actin-YAP axis. To elucidate the impact of chM microcarriers on the global gene expression profiles in chondrocytes, independent of
soluble factors like chExo, we analyzed up-regulated DEGs (>1.5-fold change, p < 0.05) in the chM microcarrier group relative to the bare microcarrier
group. (a) and (b) Gene ontology analysis for molecular function (a) or biological process (b), and (c) KEGG pathway analysis of up-regulated DEGs in the
chM microcarrier group compared to the bare microcarrier group. (d)-(j) Morphological and molecular analysis of chondrocytes attached to
microcarriers after 1 day of culture. (d) Representative SEM images of chondrocytes attached on microcarriers. Cells are pseudo-colored with green.
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Scale bars: 100 pm (main images) and 20 pm (insets, yellow boxes). (e) Cell spreading area (um? per cell) of chondrocytes on microcarriers (n = 50 cells
per group). (f) Inverted fluorescence images of chondrocytes stained for paxillin (PXN, white). Scale bar, 20 pm. (g) Representative co-staining images of
chondrocytes for F-actin (left, green), MRTF-A (middle, red), and nuclei (right, blue). Scale bar, 20 um. The nuclear area was outlined with dotted lines. (h)
Fluorescent intensity (F.l.) of F-actin per cell (n = 60 cells per group). A.U.: arbitrary unit. (i) Nuclear-to-cytoplasmic (N/C) ratio of MRTF-A measured
based on fluorescence intensity (n = 32-33 cells per group). (j) Immunostaining for YAP (red) in chondrocytes cultured on microcarriers with or without
ROCK inhibitor Y-27632 (Y) treatment (left; scar bar, 20 um), and corresponding quantification of the YAP intensity ratio in the nucleus and cytoplasm
(right) (n = 57-74 cells per group). The nuclear area was outlined with dotted lines. (k) Heatmap showing the expression levels of YAP target genes (upper
panel) and chondrocyte maturation-specific genes (lower panel) after 5 days of culture on microcarriers, with or without YAP inhibitor verteporfin (VP)
treatment (n = 9 replicates per group). (1) Quantification of cell spreading areas after 1 day of culture with or without Y-27632 treatment (n = 29-50 cells
per group). (M) Safranin-O (Saf-O, red) staining after 20 days of culture following VP treatment (left; scale bar, 200 pm), and corresponding quantification
of Saf-O-positive stained areas normalized to total microcarrier areas per field (n = 7 fields per group). Data represent mean + s.d. of n. *p < 0.05, **p <

0.01, ***p < 0.001, and ****p < 0.0001; Student's t-test for (e), (h), and (i); one-way ANOVA followed by Tukey's post hoc tests for (j), (i), and (m).

(p = 0.0082), and overall repair assessment (p = 0.0069). These
findings suggest that the current scaffold-mediated exosome
delivery system can achieve more effective cartilage repair by
prolonging the therapeutic effects of exosomes beyond those
with traditional bolus exosome treatment.

Regarding average histological scores, all microcarrier
groups exhibited accelerated repair compared to the non-
microcarrier-treated groups. Also, the chExo/chM microcarrier
group showed statistically significant improvement in cell
morphology compared to the bare microcarrier group (p =
0.0084). This result suggests that highly porous microcarriers
are suitable as a scaffold material for cartilage repair. Moreover,
the microcarriers appear to increase host cell recruitment
through chExo release, which, coupled with their physical
bridging effect, facilitates the engagement of cells from adja-
cent intact cartilage to the defect site, as demonstrated by the
increased microcarrier clustering observed in vitro (Fig. 4(k)).

While cartilage regeneration was largely influenced by the
composition of the microcarriers, all three types, bare, chM, and
chExo/chM microcarriers, significantly enhanced bone regenera-
tion compared to the untreated group and the free chExo
treatment (Fig. S17, ESIt). Additionally, the free chExo treatment
group showed no significant improvement in bone regeneration
compared to the untreated group. This suggests that the greater
bone regeneration observed in the microcarrier groups is due to
the intrinsic bone regeneration capacity of the PCL material and
the porous structure of the microcarriers.”*®>°" These findings
indicate that the chondrocyte-mimicking microcarriers are par-
ticularly effective for cartilage repair. Although articular cartilage
was not fully restored by week 18, the chondrocyte-mimicking
microcarriers accelerated cartilage repair in osteochondral
defects more effectively than either the chM microcarrier or
exosome-only treatment, as evidenced by the regeneration of
hyaline cartilage-like tissue and its successful integration with
surrounding normal cartilage.

4. Discussion

The treatment of cartilage defects remains a significant clinical
challenge worldwide, driven by the increasing prevalence of
trauma, degenerative diseases, and aging populations.®>™®*
While autologous cartilage transplantation is a common
approach for restoring functionality and appearance, it is

6172 | Mater. Horiz., 2025, 12, 6155-6182

hindered by limitations such as restricted availability and
complications at the donor site.®®"*® Although stem cell thera-
pies have been explored as an alternative, these too carry
risks such as cartilage fibrosis and potential tumorigenicity.
Therefore, here we propose a cell-free approach that employs
biomimetic scaffolds incorporating natural chondrocyte-
derived bioactive components — specifically exosomes and cell
membranes. Compared to cell-based methods, our approach is
not only less immunogenic and tumorigenic but also offers off-
the-shelf platforms that are cost-effective, stable, and reprodu-
cible - features that directly benefit clinical practice. Unlike
cell-based products, these ready-to-use materials can be
handled easily by surgeons without specialized cell-processing
expertise, making them highly practical for routine clinical
application.

In addition, our streamlined production process - where
exosomes and membranes are harvested from the same chon-
drocyte culture — achieves high yield and reproducibility, mak-
ing large-scale production feasible. Thus, our biomimetic
cartilage scaffolds represent a promising alternative, poised
to overcome the limitations of autografts and meet the growing
demand for effective cartilage repair.®®”*

Chondrocytes, the primary cells responsible for cartilage
regeneration, are essential for synthesizing extracellular matrix
(ECM). In this study, we propose chondrocyte-mimicking
scaffolds designed to stimulate host chondrocyte migration,
proliferation, and maturation by replicating the chondrogenic
niche. The scaffold comprises three key components: porous
microcarriers, chondrocyte-derived exosomes, and chondrocyte-
derived cell membranes (Fig. 8). The porous microcarriers
provide structural support at the injury site and promote cell
adhesion. The chondrocyte-derived exosomes help restore carti-
lage homeostasis by delivering chondrogenic microRNAs (miR-
NAs) and regulating metabolic processes. Meanwhile, the
chondrocyte-derived membranes mimic the physicochemical
properties of chondrocytes, promoting anabolic responses
through mechanotransduction. Together, these components
synergistically enhance cartilage repair.

Porous microcarriers were selected as the backbone scaffold
material due to their numerous advantages in cartilage repair.
These modular scaffolds can effectively fill defects of varying
sizes and shapes.”®?%”? Previous studies have shown that the
porous structure not only accelerates nutrient and oxygen
transport but also serves as an excellent reservoir for both cells

This journal is © The Royal Society of Chemistry 2025
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and drugs.”*’* For instance, Li et al. demonstrated that increas-
ing the pore size of microcarriers significantly improved the
thermal stability, storage stability, and reusability of drugs.”” In

another study, Wei et al. reported that highly open porous
microcarriers, with pore sizes ranging from 10 to 60 pm and
interconnected passages averaging 8.8 um, led to significantly
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Fig. 7 chExo/chM microcarriers enhance cartilage repair in a rat osteochondral defect model. (a) Schematic overview of the in vivo treatment with
chondrocyte-mimicking microcarriers in a rat osteochondral defect model. In vivo evaluations were conducted 18 weeks post-implantation. The
regenerative capacity of microcarriers (Bare, chM, or chExo/chM microcarriers) was compared to healthy cartilage (Intact), untreated cartilage defects
(Untreated), and a free chExo treatment group (single administration on day 1). (b) Gross appearance of defects post-treatment. Scale bar, 1 cm. (c)
Representative Saf-O-staining images, with black arrowheads indicating the margin of the original defects. Scale bar, 500 um. (d) Quantitative analysis of
positively stained areas for Saf-O (upper) and type Il collagen (Col Il, bottom) (n = 4-5 defects per group). UT: untreated, MC: bare microcarriers, chM-
MC; chM-coated microcarriers, chExo/chM-MC; chExo and chM-decorated microcarriers, chExo; free chExo. (e) High-magnification images of Saf-O,
MT, and COL Il staining in defects treated with chExo/chM microcarriers. Scale bar, 100 pm (Saf-O and MT) and 50 um (COL II). Superficial: superficial
regions of regenerated tissues, Inside; interior of defects where microcarriers are located. The regions where microcarriers are located were marked with
dashed lines. (f) International Cartilage Repair Society (ICRS) microscopic (upper) and histological (lower) scores. Data represent mean =+ s.d. of n. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; one-way ANOVA followed by Tukey's post hoc tests for (d); Kruskal—Wallis test followed by Dunn's
multiple comparisons test for (f).
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higher cell adhesion and proliferation compared to less porous
microcarriers.** In our study, we also demonstrated that the
large surface area and interconnected porous networks of the
microcarriers support long-term cell proliferation while enhan-
cing control over exosome loading and sustained release.
Additionally, the cell membrane coating on the microcarriers
acts as a drug reservoir,*>*® improving exosome delivery effi-
cacy further compared to traditional bolus delivery systems.
This approach addresses current limitations in exosome deliv-
ery, such as low stability and retention within the body."®'” The
cell membrane layer also allows localized exosome loading on
the scaffold surface, reducing the dosage and administration
frequency needed for effective cartilage repair. Together, our
scaffold-mediated exosome delivery system significantly
enhances exosome delivery efficiency, thereby promoting carti-
lage regeneration.

Notably, the microcarriers serve as a physical bridge in
cartilage defects, accelerating host cell migration by filling
voids.”® Normally, chondrocytes do not migrate readily due to
the surrounding dense, proteoglycan-rich pericellular matrix.””
Recent studies have demonstrated that enhancing host chon-
drocyte migration from intact regions to the remote injury site
can accelerate cartilage repair.”® For instance, clinical use of
collagenase at poorly integrated boundaries between cartilage
graft and host cartilage has been shown to facilitate chondro-
cyte migration and cartilage fusion.”””®%° Additionally, over-
expression of matrix remodeling gene Mmp14 has been found
to accelerate articular chondrocyte migration and enhance
cartilage repair.®’ In our approach, we enhanced host chon-
drocyte migration and infiltration by coating the microcarriers
with homologous chondrocyte cell membranes, which
improved cell affinity to the scaffold surface. This resulted in
significantly enhanced host cell infiltration, with up-regulated
migration-related genes, such as Pdgfrb, Mmp14, and Prg4
(Fig. 4(h)), which are also markers of cartilage stem/progenitor
cells.®?® Our findings suggest that the physical bridging
provided by the scaffolds stimulates chondrocytes to adopt a
highly mobile, proliferative phenotype resembling cartilage
stem/progenitor cells, thereby facilitating cartilage repair.

In addition, the pores in the microcarriers mimic the lacunae
structure of native cartilage, which is beneficial for cartilage
repair.’***® This lacunar structure has been shown to facilitate
chondrocyte-driven remodeling of the ECM, promoting the
regeneration of hyaline cartilage microtissue. Also, it prevents
a metabolic shift from anaerobic to aerobic conditions due to
geometric constraints.>® In our study, we observed that chon-
drocytes initially attached to the surface and pores of the
microcarriers, gradually infiltrating and filling the intercon-
nected pores over time (Fig. 4(i)). Actively proliferating chondro-
cytes on the microcarriers formed large clusters that expanded
between the microcarriers, recreating a lacunae-like structure
along with substantial deposition of cartilage ECM (Fig. 4(k)).
Notably, in vivo results showed that chondrocytes migrated and
infiltrated into microcarriers within the defects, forming a
lacunae structure (Fig. 7(e)), indicating successful regeneration
of hyaline cartilage supported by the porous microcarriers.
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Our most notable finding was that coating the porous
microcarriers with chondrocyte-derived cell membranes signifi-
cantly enhanced chondrocyte adhesion and proliferation com-
pared to non-coated microcarriers. Cell membrane cloaking is
one of the most effective biomimetic strategies as it retains the
unique characteristics of parental cells, enabling specific cell-
cell communication.?>®® For instance, cancer cell membrane-
coated nanoparticles have demonstrated enhanced targeting
efficiency toward homologous cancer cells due to their inherent
affinity.” Similarly, nanofibers coated with pancreatic beta-cell
membranes have been shown to promote beta-cell proliferation
and function.®® In our previous studies, we also observed that
even suspension cells, such as leukemia stem cells (LSCs) and T
cells, exhibited high reactivity to cell membrane-coated
scaffolds.’>*® For example, LSCs displayed a strong affinity
for bone marrow-derived mesenchymal stem cell (BMSC)
membrane-coated scaffolds, likely due to VLA-4/VCAM-1
interaction.®® Likewise, T cells formed clusters on dendritic
cell membrane-coated scaffolds, potentially initiated by MHC I-
antigen interactions that triggered T cell receptor clustering,
leading to successful T cell activation and expansion.*®

While our previous studies focused on the interactions
between cell membrane surface molecules and target cells,
the current study further demonstrated that ECM components
associated with the cell membranes also play a crucial role in
enhancing cell adhesion. We confirmed that chondrocyte-
derived cell membranes contain significant amounts of
cartilage-specific ECM components, such as aggrecan and type
II collagen (Fig. 2(c)). Coating the microcarriers with these
membranes reduced surface stiffness and increased hydrophi-
licity, leading to significantly enhanced chondrocyte and MSC
attachment compared to bare microcarriers (Fig. 4(e), (f) and
Fig. S7a, ESIt). Notably, there was no difference in initial cell
adhesion between chondrocyte membrane-coated microcar-
riers (chM microcarriers) and those loaded with exosomes
(chExo/chM microcarriers), indicating that the cell membrane
coating, rather than exosome delivery, played the primary role
in promoting cell adhesion.

Interestingly, even without exosomes, chondrocytes cultured
on cell membrane-coated microcarriers exhibited a significant
up-regulation of genes related to anabolic chondrogenic phe-
notype and cartilage-specific ECM synthesis. Genes associated
with cytoskeleton rearrangement and ECM remodeling were
also enriched in this group, suggesting that this effect is driven
by the activation of mechanotransduction signaling. This acti-
vation is likely triggered by cartilage-derived ECM molecules
present on the cell membrane-coated scaffolds. The cell mem-
branes provide cartilage-specific physical cues, such as stiffness
and the type and density of adhesion moieties, which lead to
pronounced morphological changes that enhance chondrocyte
functions and maturations through integrin-mediated
mechanotransduction.

Mechanotransduction is the process by which cells convert
mechanical stimuli, such as substrate stiffness, topography,
and mechanical loading, into biochemical responses. Cells
sense these mechanical cues and respond by altering

This journal is © The Royal Society of Chemistry 2025
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cytoskeletal architecture, forming focal adhesions, and modu-
lating transcription factor activity.®*' As a mechanoadaptive
tissue, articular cartilage relies on chondrocytes, its predomi-
nant cell type, to adapt to mechanical forces.”” It is well
established that chondrocytes transduce dynamic physiological
forces to regulate the expression of key matrix molecules,
increasing anabolic activity in response to physiological load-
ing and shifting to catabolic activity under pathological or
injury conditions.>** While the precise molecular mechanisms
by which chondrocytes adapt to their physical microenviron-
ment are still under investigation, recent evidence highlights
the critical role of actin dynamics in controlling the chondro-
cyte phenotype.”® The Rho/ROCK pathway, which promotes
F-actin fiber formation, has been shown to activate YAP, a key
mechanotransducer that responds to mechanical signals,
thereby regulating chondrogenesis in vivo.”> YAP is pivotal in
chondrocyte mechanotransduction, as its expression levels and
nuclear localization directly influence the expression of cano-
nical chondrogenic genes, including Sox9, Col2al1, and Acan,’
as well as matrix remodeling enzymes.”® Furthermore, sub-
strate stiffness is a critical mechanical cue that governs the
chondrocyte phenotype. Chondrocytes cultured on supraphy-
siological substrates, such as tissue culture plastic (~10 GPa),
tend to remodel their actin cytoskeleton into a stress fiber-
dominant cytoarchitecture.””®® High substrate stiffness
(~55 kPa) has been shown to reduce the chondrocyte pheno-
type by increasing stress fiber formation, whereas softer sub-
strates (~5 kPa)®® or 3D culture systems®”°® can rescue this
phenotype by disrupting stress fibers.

Interestingly, in this study, we observed that chondrocytes
with a more spread morphology on the chondrocyte

View Article Online
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membrane-coated microcarriers exhibited more significant
chondrogenic maturation compared to those on non-coated
microcarriers, where cells remained more spherical with limited
spreading. This finding contrasts with previous reports. On the
cell membrane-coated microcarriers, chondrocytes formed
significantly more focal adhesions and actin structures, likely
due to the presence of ECM components associated with the cell
membranes. This increased adhesion promoted chondrocyte
spreading, leading to YAP nuclear localization and activation.
Consequently, chondrogenic gene expression was significantly
elevated on the cell membrane-coated microcarriers compared
to the non-coated microcarriers, where cells showed reduced
spreading, along with decreased focal adhesion formation and
stress fiber development.

Importantly, when chondrocytes were cultured on the cell
membrane-coated microcarriers with Rho/ROCK pathway inhi-
bition, YAP nuclear localization was significantly suppressed.
Furthermore, direct inhibition of YAP nuclear localization led
to a marked reduction in chondrogenic gene expression.
Although these findings differ from previous reports, they align
with the consensus that the Rho/ROCK-actin-YAP axis is a
critical signaling pathway in chondrocyte mechanotransduc-
tion. We propose that the exceptionally soft surface of the cell
membrane-coated microcarriers (~0.5 kPa) serves as a rever-
sible mechanical cue. Interestingly, while YAP gene expression
was not significantly up-regulated, gene sets associated with
the Hippo signaling pathway were enriched in the cell
membrane-coated microcarrier group compared to the non-
coated group. This indicates that YAP activity, regulated by its
nuclear localization rather than its expression level, is modu-
lated by integrin-mediated mechanoactivation in our scaffold
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Fig. 8 Mechanistic depiction of chondrocyte-mimetic therapeutic microcarriers orchestrating synergistic chemo-mechanical signaling in cartilage
repair. These microcarriers consist of an interconnected microporous PCL scaffold that combines large, lacunae-forming pores with a high surface area
to support host chondrocyte anchorage, infiltration, and exosome loading. A cloaking layer of chondrocyte-derived membrane preserves cartilage-
specific ECM components such as aggrecan and type Il collagen, recapitulating the native cell-matrix interface. The exosomes themselves are enriched
in chondrogenic miRNAs (miR-143-3p, miR-148a-3p, miR-140-3p, miR-99a-5p, and let-7f-5p) that restore cartilage homeostasis by fine-tuning lipid
metabolism and ECM remodeling. Engagement of integrins with this membrane-coated scaffold triggers the Rho/ROCK-actin-YAP mechanotransduc-
tion cascade in host chondrocytes to upregulate anabolic gene expression, while the delivered miRNAs further modulate metabolic pathways. Together,
these complementary mechanical and biochemical cues recruit, proliferate, and mature chondrocytes at the defect site, ultimately enhancing the

capacity for cartilage regeneration.
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system. These results further suggest that actin-dependent YAP
nuclear localization is a crucial mechanism driving chondro-
cyte proliferation and maturation in our chondrocyte-
mimicking scaffolds.

While YAP is undoubtedly a key mechanotransducer in
chondrogenesis,*®®® its role is highly context-dependent.
Although YAP positively regulates the proliferation of primary
chondrocytes in vitro, its primary function in cartilage develop-
ment appears to control tissue morphogenesis through the
regulation of ECM rather than directly influencing cell prolif-
eration or fate in vivo.”® Our future research will focus on
understanding how substrate stiffness and adhesion affinity
specifically regulate chondrogenesis and how these factors can
be harnessed to modulate the chondrocyte phenotype thera-
peutically. Taken together, our study offers new insights into
the mechanical regulation of the chondrocyte phenotype
induced by biomaterials, which can be leveraged for therapeu-
tic approaches in cartilage repair. Future studies will aim to
identify the optimal combination of physical cues such as pore
size, curvature, and stiffness of porous microcarriers that can
specifically guide cells toward a chondrogenic phenotype.

Our final key component is chondrocyte-derived exosomes.
Recently, exosomes have been recognized as principal agents
mediating the therapeutic efficacy of cell-based regenerative
medicine approaches for cartilage repair.">**'°" Exosomes are
attractive candidates due to their pivotal roles in cellular com-
munication and tissue repair, where they regulate vital processes
such as proliferation, differentiation, and recruitment.'>"'**>
However, identifying the optimal cell sources for isolating exo-
somes with high chondrogenic potential remains an active area
of research. While exosomes derived from MSCs have been
extensively studied, the impact of chondrocyte-derived exosomes
on cartilage regeneration has received comparatively little atten-
tion. Given that chondrocytes, along with MSCs, are critical cell
types in cartilage tissue, and their proximity to the cartilaginous
niche suggests a strong potential for promoting tissue repair.
Moreover, since the primary goal of cartilage repair therapy is to
restore the ECM to its native state, using compositionally
healthy, physiologically relevant exosomes derived from chon-
drocytes is a logical approach. Despite this, limited research has
been conducted on chondrocyte-derived exosomes.

Emerging evidence suggests that chondrocytes can steer the
chondrogenesis of stem cells through paracrine effects, both
in vitro and in vivo."*>'** For instance, chondrocyte-derived
exosomes have been shown to induce chondrogenic differentia-
tion in MSCs by transferring miRNAs, thereby promoting
cartilage regeneration.'®® Additionally, these exosomes posi-
tively regulate chondrocyte proliferation, migration, and differ-
entiation and efficiently induce the polarization of M1 to M2
macrophages, alleviating osteoarthritis (OA) symptoms.'*®
Interestingly, recent studies have demonstrated that
chondrocyte-derived exosomes reduce angiogenesis during car-
tilage regeneration compared to exosomes derived from bone
marrow MSC (BMSC).'** While BMSC-derived exosomes up-
regulate angiogenic factors such as SDF-1 and VEGF, potentially
leading to ectopic cartilage hypertrophy, chondrocyte-derived
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exosomes offer the advantage of limiting vascular invasion —
one of the critical drivers of hypertrophic cartilage differentia-
tion - thus making them more favorable for successful cartilage
regeneration.

Exosome composition varies depending on the cell source.
Among the various cargoes, exosomal miRNAs have been linked
to cartilage development and homeostasis, with dysregulation
of these miRNAs associated with aging and OA."*""'°° Recently,
the roles of specific miRNAs in maintaining cartilage differ-
entiation and homeostasis have gained increasing recognition.
Our results confirmed that, compositionally, 30% of the miR-
NAs in chondrocyte-derived exosomes overlap with those in
MSC-derived exosomes, suggesting that these miRNAs are
evolutionarily conserved.”®''® However, the most abundant
miRNAs in chondrocyte-derived exosomes, distinct from those
in MSC-derived exosomes, were miR-143-3p, followed by miR-
148a-3p, miR-140-3p, miR-99a-5p, and let-7f-5p.

Chondrocytes in the superficial zone of articular cartilage,
which possess stem or progenitor capacity,"'*"'" actively
respond during repair and secrete exosomes enriched with
specific miRNAs, including miR-221, miR-222, miR-143, and
miR-145.""> The expression of miR-140 and miR-143 positively
correlates with a chondrogenic phenotype,'"* while miR-221
and miR-145 negatively regulate chondrogenesis.'**'* Pre-
vious reports have shown that miR-140 knock-out mice exhibit
a mild skeletal phenotype with age-related OA-like changes,
such as ECM loss and cartilage fibrillation. In contrast, trans-
genic mice overexpressing miR-140 in cartilage are resistant to
antigen-induced arthritis.""” Additionally, ADAMTS-5 metallo-
proteinase, a key enzyme in cartilage matrix remodeling, has
been identified as a target gene for miR-140.""> Expression of
miR-140 is reduced in cartilage progenitor/stem cells derived
from OA cartilage, while treatment with miR-140 has been
shown to alleviate OA-like changes in these cells.'*® Similarly,
treatment of chondrocytes with exosomes overexpressing miR-
140 increases secretion of ECM components, such as collagen
and aggrecan, and intra-articular injection of these exosomes
enhances cartilage regeneration in an OA rat model.""”

In the current study, KEGG pathway analysis revealed that
miRNAs in chondrocyte-derived exosomes are likely to induce
chondrocytes into an active state of lipid synthesis and matrix
production, mainly through the glycan and lipid biosynthesis
pathways (Fig. 3(g) and Table S5, ESIT). This finding under-
scores the importance of maintaining cell membrane integrity
and extracellular interactions, both critical for cartilage func-
tion. Glycosphingolipids, essential for cell-to-cell communica-
tion, may help preserve cartilage matrix integrity and respond
to environmental stresses."'® Mucins, heavily glycosylated pro-
teins, contribute to cellular protection and lubrication, indicat-
ing a potential increase in the production of protective ECM
components by chondrocytes.'**12

Subsequently, the chondrocyte-derived exosome treatment
altered the expression of genes related to lipid metabolism and
ECM production in chondrocytes (Fig. 5(i)). For example, the
up-regulation of Lpcat1, involved in phospholipid remodeling,
may reflect an adaptive response to maintain membrane

This journal is © The Royal Society of Chemistry 2025
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homeostasis or address altered metabolic conditions in chon-
drocytes. Similarly, Ppt1 up-regulation, associated with the
degradation of lipid-modified proteins, could indicate
increased protein turnover and degradation.'?? Ptdss2 plays a
role in synthesizing phosphatidylserine, a crucial phospholipid
in membrane composition and signaling, while B4galnti,
involved in glycosphingolipid biosynthesis, enhances glyco-
sphingolipid production, which is important for membrane
structure and cell signaling. Moreover, genes associated with
ECM remodeling were more enriched in the chondrocyte-
derived exosome-loaded microcarrier group compared to the
non-loaded group (Fig. 5(f)-(h)), suggesting that chondrocytes
actively modify their ECM and lipid composition in response to
exosome treatment.

Notably, treatment with chondrocyte-derived exosomes
increased chondrocyte migration, while no similar effect was
observed on MSC migration (Fig. S7, ESIt). Although the
mechanism behind this chondrocyte-specific migration is not
yet fully understood, we believe that exosomes derived from
healthy cartilage chondrocytes may stimulate these cells to
become more active and functional. These exosomes likely
carry signals that help maintain functional zonal differences
and cartilage homeostasis by regulating mechanotransduction
pathways, as the miRNAs in chondrocyte-derived exosomes are
also enriched in weight-bearing regions of cartilage."'*'** In
conjunction with exosomal miRNAs, the surface physical prop-
erties of the chondrocyte membrane-coated microcarriers and
the exosomes can synergistically activate integrin-mediated
mechanotransduction, promoting chondrocyte migration, pro-
liferation, and maturation, ultimately leading to successful
cartilage regeneration.

Although our chondrocyte-mimetic system effectively
recruits and supports host chondrocytes, it may be insufficient
for large or severely degenerative defects such as osteoarthritis
or aged cartilage. To enhance functional integration and long-
term durability, future work could combine this cell-free
approach with additional potent biochemical cues such as
TGF-B3 and engineer zonal or gradient architecture by layering
scaffolds with different stiffnesses or pore structures.

5. Conclusions

We successfully developed chondrocyte-mimicking microcar-
riers by coating porous microcarriers with chondrocyte-derived
membranes and loading them with chondrocyte-secreted exo-
somes. The cell membrane coating replicates the physicochem-
ical properties of native chondrocytes, containing chondrocyte-
specific surface molecules and ECM. This coating enhanced
chondrocyte adhesion and activated anabolic responses
through integrin-mediated mechanotransduction. Addition-
ally, the exosome restored cartilage homeostasis by delivering
chondrogenic miRNAs, regulating lipid metabolism, and extra-
cellular remodeling. Using scaffold-mediated delivery, our sys-
tem achieves a highly localized and sustained release of
exosomes at the implanted sites, in contrast to conventional

This journal is © The Royal Society of Chemistry 2025
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bolus delivery. Collectively, our scaffold system synergizes
chemo-mechanical signaling, significantly promoting cartilage
repair in a rat osteochondral defect model. This study presents
a promising approach to advancing cartilage regenerative
therapies.
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