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ARTICLE INFO ABSTRACT

Keywords: Exosomes (Exos) secreted by adipose-derived stem cells (ADSCs) have shown potential in alleviating osteoar-
Osteoarthritis thritis (OA). Previous studies indicated that infrapatellar fat pad (IPFP) derived stem cells (IPFSCs) may be more
Mesenchymal stem cells suitable for the treatment of OA than subcutaneous adipose tissue (ScAT) derived stem cells (ScASCs). However,
E;z:g;‘;; it remains unclear which type of Exos offers superior therapeutic benefit for OA. This study first compared the
Microfluidics differences between Exos derived from IPFP stem cells (Exos™”"") and ScAT stem cells (Exos*AT) in OA treatment.
Hydrogel Results suggested that Exos™™" significantly inhibit the degradation of cartilage extracellular matrix (ECM) than

Exos5°AT, following this, the differences in microRNA (miRNA) expression between the two types of Exos using
small RNA sequencing were performed. Subsequently, miR-99 b-3p was chosen and over-expressed in ExosScAT
(Exos5AT=99>=3p) 'both in vivo and in vitro experiments demonstrated its efficacy in inhibiting the expression of
ADAMTS4, promoting the repair of the ECM in OA. Finally, microfluidic technology was performed to fabricate a
hyaluronan-based hydrogel microparticles (HMPs) for encapsulating Exos (HMPs@exos), the injectability, sus-
tained release of Exos and long-term therapeutic effect on OA were validated. In summary, these results suggest
miR-99 b-3p regulates the degradation of cartilage ECM by targeting ADAMTS4, the upregulation of miR-99 b-3p
in Exos>°AT would enable them to exhibit comparable or even superior effectiveness to Exos™'* for OA treatment,
making it a promising approach for OA treatment. Considering the abundant resources of ScAT and the limited
availability of IPFP, ScAT harvested through liposuction could be genetically engineered to yield Exos for OA
treatment. Furthermore, the encapsulation of Exos in HMPs provides an injectable sustained local drug release
system, which could potentially enhance the efficacy of Exos and hold potential as future therapeutic strategies.

1. Introduction

OA is a slowly progressive and degenerative disorder that induces
irreversible pathological changes such as damage to articular cartilage,
remodeling of subchondral bone, inflammation of the synovial mem-
brane, degeneration of ligaments and changes in muscles [1]. Numerous
factors contribute to the development of OA, such as body weight, diet,
age, and history of trauma [2]. The gradual loss of chondrocytes is the
major cause of OA since chondrocytes are critical for the formation and
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maintenance of articular cartilage [3]. OA is characterized by the loss of
ECM and cartilage destruction [4,5] Promoting articular cartilage repair
or regeneration is the key to preventing OA progression. However,
current treatments for OA are inadequate in terms of therapeutic effect.

Recently, mesenchymal stem cells (MSCs) isolated from human ad-
ipose tissue have been identified as an important source of multipotent
adult stem cells, which have been widely used as an engineering stem
cell source for tissue regeneration [6-8]. Adipose tissue is found in many
parts of the human body, and the IPFP and ScAT are common tissues

Received 16 June 2023; Received in revised form 19 August 2023; Accepted 21 September 2023

Available online 28 September 2023

2590-0064/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:gui1997@126.com
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2023.100813
https://doi.org/10.1016/j.mtbio.2023.100813
https://doi.org/10.1016/j.mtbio.2023.100813
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2023.100813&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Yin et al.

types for stem cell extraction. ADSCs have several advantages over other
MSCs. Intra-articular injection of ADSCs improves the function and re-
duces pain and cartilage defects of the knee joint [9]. In addition, ADSCs
can be more easily cultured and obtained in vastly greater quantities by
less aggressive methods than other MSCs [10].

Histologically, ScAT is mainly regarded as an endocrine and meta-
bolic pool and has a mesodermal origin that is similar to bone and
cartilage [11]. Moreover, it secretes a number of bioactive substances
that exhibit anti-inflammatory and immunomodulatory characteristics
[12]. IPFP is a mass of fibrous adipose tissue, mainly composed of
synovium and subsynovial adipose tissue [13]. IPFP has more blood
vessels and nerves and is more similar to visceral fat than ScAT [14].
IPFP-derived stem cells (IPFSCs) exhibit unique properties in terms of
proliferation capacity and multilineage differentiation potential [15].
Some studies suggest that the therapeutic effect of IPFSCs on OA is better
than that of subcutaneous adipose-derived stem cells (ScASCs). Mochi-
zuki et al. showed that IPFSCs have higher chondrogenic potential than
ScASCs [13].

However, the transplantation of MSCs also has risks that may cause
immune rejection and potential tumorigenicity [16]. An increasing
amount of evidence supports that the mechanisms underlying the
therapeutic effects are likely paracrine mechanisms of MSCs, particu-
larly Exos secretion [17]. Since the first report, MSC Exos have repli-
cated many of the wide-ranging therapeutic effects of MSCs in numerous
animal models of injuries and diseases. However, it is unknown which
kind of ADSCs-exos is more effective in the treatment of OA [16,18].

Exos are membranous vesicles with diameters ranging from 30 to
150 nm that move into the ECM after the integration of intracellular
polyvesicles and cell membranes [19]. These vesicles can be secreted by
many kinds of cells and have been reported to promote chondrocyte
regeneration, inhibit apoptosis, and improve ECM balance, thus
affecting the fate of cells or tissues [20-23]. Moreover, Exos contain
many functional miRNAs, and miRNAs have the ability to modulate the
expression of multiple genes implicated in various kinds of physiological
functions and disease processes, such as OA. Previous studies have
demonstrated that miRNAs play a key role in mediating the effects of the
main risk factors for OA through the control of target genes and are
critical in the pathological process of OA [23-26].

Clinically, the IPFP is often routinely removed and disposed of as
surgical waste during arthroscopy or open knee surgery, and most of it
comes from elderly patients (who usually also have chronic diseases)
with knee arthroplasty [27,28]. Therefore, it has higher expression of
inflammatory genes, releases more inflammatory factors, and contains
more immune cells than ScAT [15,29]. ScAT can be easily obtained from
patients in large volumes with minimal inflammation by liposuction
[30]. Therefore, it is particularly important to explore the difference in
the expression of miRNAs between the two ADSC-derived Exos types
(Exos5°AT and Exos™™?). By regulating the expression of key miRNAs, the
effect of Exos>°AT in OA treatment may be better than that of Exos™*". In
future clinical work, abundant resources of ScAT will allow large
quantities of stem cell culture and Exos to be produced to obtain enough
high-quality Exos to facilitate their use as effective biological agents for
OA treatment.

Additionally, Exos have a short half-life in vivo, and injected Exos are
easily cleared by the body’s immune system, resulting in a short reten-
tion time and low bioavailability at the target site, which limits their
therapeutic potential in the clinic. Hydrogels can be used as effective
drug loading materials to control drug release in situ. Various kinds of
hydrogels have been used to protect Exos and enhance the therapeutic
effects of Exos [7,21,31]. Among these hydrogel materials, poly
(ethylene glycol) (PEG) has been extensively used for the fabrication of
biocompatible hydrogels for tissue engineering and cartilage repair [32,
33]. Hyaluronic acid (HA) is one of the most versatile and fascinating
macromolecules in the natural world and is one of the most widely used
medical treatments for OA [34]. It can be modified with various func-
tional moieties to form functional hydrogels.
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However, due to the heterogeneous shape and large size of conven-
tional hydrogels, high and uneven injection forces, which may cause
damage to healthy tissue and discomfort to patients, are inevitable
during the injection process [35]. Additionally, the fabrication process
of traditional hydrogel materials often involves the use of toxic reagents
(such as small molecular monomers, crosslinking agents, etc.) or harsh
synthesis conditions (radiation, high temperature, etc.), posing potential
hazards to the stability of Exos. In light of these challenges, the Michael
addition method for hydrogel material fabrication presents an ideal
choice, as it offers advantages over conventional hydrogels, including
mild reaction conditions and absence of by-products. Inspired by this,
we, along with other researchers, developed an injectable hybrid
hydrogel through the Michael addition reaction of hyperbranched poly
(ethylene glycol) diacrylate (HB-PEGDA) and thiolated hyaluronic acid
(SH-HA). This hydrogel exhibits versatile properties, good biocompati-
bility, and ease of application [36]. Furthermore, by utilizing a micro-
fluidic device, we fabricated HMPs with enhanced structural stability,
uniform size, and excellent injectability [37]. In the knee joint, when
hyaluronidase or HyO, presence, the HA-based HMPs act as effective
sustained-release carriers, gradually degrading and releasing their
contents.

In this study, we demonstrated the great importance of exosomal
miRNAs in targeting cartilage and promoting ECM synthesis in OA.
Moreover, we demonstrated the importance of the sustained release and
prolonged effect of Exos for the treatment of OA. As shown in Scheme 1
and Scheme 2, we first studied whether ADSC-exos derived from IPFP
are more suitable for ameliorating OA than ADSC-exos derived from
ScAT in vitro and in a DMM model. Then, we investigated the regulatory
mechanism by which the two kinds of ADSC-exo inhibit chondrocyte
degeneration in OA. Through small RNA sequencing and bioinformatic
analysis, we found that miR-99 b-3p may alleviate the development of
OA by suppressing the expression of ADAMTS4 and reducing the loss of
ECM. Exos>AT=9%=3P (ypregulation of miR-99 b-3p in Exos*AT) exhibit
superior effectiveness to Exos''F for OA treatment. Finally, to address
the short half-life of Exos, we prepared HMPs via the Michael addition
reaction between SH-HA and HB-PEGDA in a droplet-based microfluidic
device for encapsulating Exos and Exos>AT-9%—3P The HMPs@Exos
sustained the release of Exos for local and long-term therapeutic effects
in the knee joint. In the murine OA model, the injectable
HMPs@Exos>AT~9%-3P effectively alleviated OA progression by pro-
moting ECM synthesis. Taken together, these results indicate that
injectable HMPs containing Exos>¢AT-990-3p that progressively target
the ECM can be used for long-term therapy in OA and have great po-
tential for application in future clinical work.

2. Materials and methods
2.1. Isolation of mouse ADSCs

8-week-old C57/B6J mice were sacrificed by cervical dislocation
under isofurane anaesthesia. Adipose tissue was harvested from the
inguinal areas and infrapatellar fat pad used in all experiments. Mouse
ADSCs (mADSCs) were isolated from each adipose tissue sample. Briefly,
adipose tissue was washed with phosphate-buffered saline (PBS) (pH
7.4) and cut into 0.5-1.0 mm small fragments. The tissues were then
transferred into 15-mL tubes. Type I collagenase (1.0 mg/mL was then
added to the tube at an identical volume. The mixture was immediately
agitated using a water bass shaker (150 rpm) at 37 °C for 30 min. The
digested tissue was filtered through a 40-pm cell strainer and centri-
fuged at 200xg for 5 min. The supernatant was aspirated and the cell
pellet was resuspended in erythrocyte lysis buffer (168 mM NH4Cl, 10
mM KHCOS3, and 0.1 mM EDTA4Na; 10 mL) at 4 °C for 10 min. After
erythrocyte lysis, 5 mL of medium was added, and the tube was
centrifuged at 200xg for 5 min. The cell pellet was resuspended in
medium and filtered through sterilized 100- and 40-pm cell strainers
(Corning Inc., NY, USA). The mADSCs were cultured and used in the
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Scheme 1. Schematic illustration (Created with BioRender.com). (A) the process of isolating ADSCs from ScAT and IPFP. (B, C) the process of extracting Exos by
using ultracentrifugation. (D) Small RNA sequencing was performed, and both in vitro and in vivo experiments were conducted. ScAT: subcutaneous fat; IPFP:
infrapatellar fat pad.
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Scheme 2. Schematic illustration (Created with BioRender.com). Fabrication of HMPs and HMPs@Exos by microfluidics. Following intra-articular injection in a
murine DMM model, the HMPs-Exos progressively degrade in the inflammatory environment, leading to gradually release of Exos. Exos are subsequently endocy-
tosed by chondrocytes. ADAMTS4 expression is inhibited by over-expression of miR-99a-3b, promoting the repair of osteoarthritis. miR-99a-3p: microRNA-99 b-3p;
ADAMTS4: ADAM Metallopeptidase with Thrombospondin Type 1 Motif 4; ACAN: aggrecan; COMP: cartilage Oligomeric Matrix Protein.
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third passage.
2.2. Identification of ADSCs

For detecting the classical biomarkers of ADSCs, we performed flow
cytometric analysis by the following fluorescein isothiocyanate- (FITC-)
conjugated or phycoerythrin-(PE-) conjugated antibodies: CD29, CD44,
CD90, CD105, CD73, CD34, and CD45 (Becton Dickinson, San Jose, CA,
USA). The FITC-IgG and PE-IgG isotypic immunoglobulins were detec-
ted as isotype controls. After incubation, cells were washed twice and
finally suspended in FACS buffer for flow cytometry analysis (BD Bio-
sciences, USA).

The multipotent differentiation potential of ADSCs to differentiate to
osteoblasts, adipocytes, and chondroblasts was evaluated. After sub-
culturing to the third generation, the culture medium was replaced with
osteogenic, adipogenic, or chondrogenic differentiation complete me-
dium (Cyagen Biosciences, China). After the induction of the differen-
tiation cultures for 14 days, the accumulation of calcium, intracellular
lipids, and mucopolysaccharides was estimated by the alizarin red
staining, oil red O staining, and Alcian blue staining (Sigma-Aldrich,
USA), respectively.

2.3. Isolation of mouse-chondrocyte

To extract chondrocytes, 3-week-old C57/B6J mice were sacrificed
for collection of cartilage from knees. First, cartilage was into small
pieces after washing with PBS. Second, the samples were digested in
0.25% trypsin-EDTA (Gibco, USA) solution for 5 min, and DMEM-F12
(Gibco, USA) containing 0.2% collagenase type II (Sigma-Aldrich,
USA) for 6 h at 37 °C, successively. The released chondrocytes were
seeded in T25 cell culture flasks. Cells were passaged at a ratio of 1:3 at
80% confluence. The culture medium was refreshed every 3 days.
Chondrocytes were induced with IL-1p (10 ng/mL) for 24 h after
transfection for subsequent experiments.

2.4. Exos extraction and identification

The Exos derived from ADSCs were isolated as previously described.
In brief, culture media supplemented with Exos-depleted FBS (SBI, USA)
were used for cultivating ADSCs. Subsequently, conditioned superna-
tants from ADSCs cultures were collected and centrifuged such to
remove dead cells or debris. The collected medium was subjected to
ultracentrifugation at 110,000 g for 2 h at 4 °C after filtration with a
0.22-mm filter. The Exos-containing pellet was washed and resuspended
with PBS and stored at —80 °C prior to further analysis. The total protein
contents of the Exos were evaluated.

Analysis of particle size and intensity was conducted with nano-
particle trafficking analysis (NTA) system (NanoSight NS300). After
isolation, the Exos were diluted infiltered PBS before administration.
Samples were administered and recorded under controlled flow by the
NanoSight syringe pump. Automatic settings were performed to mea-
sure the minimum particle size and track length. The measuring con-
ditions were temperature 23.75 + 0.5 °C, 25 frames per second, and
measuring time 60s. The detection threshold was uniform in the
different groups.

For morphologic observation with transmission electron microscopy
(TEM), Exos pellets were seeded on formvar carbon-coated 200-mesh
copper electron microscopy grids, placed at room temperature for 5
min, and then were stained with aqueous uranyl acetate. The grids were
washed with PBS and continued to semidry at room temperature prior to
detection under TEM (Hitachi, H7500 TEM, Tokyo, Japan).

The CD63, CD9, TSG101 and Calnexin biomarkers were measured
with western blotting analysis. Exos were collected and resolved by
SDS/PAGE and then transferred to PVDF membranes (Millipore, Bill-
erica, MA, USA). The membranes were blocked by 5% nonfat milk in
TBST buffer and incubated overnight using rabbit anti-CD63 (1:300,
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Proteintech, China), CD9 (1:1000, Proteintech, China), TSG101 (1:2000,
Proteintech, China), Calnexin (1:5000, Proteintech, China) separately,
then washed with TBST, and incubated continuously using HRP linked
goat anti-rabbit IgG (1:5000, keen, China), and the protein intensity was
determined with the automatic imager (General Electric, Fairfield, CT,
USA).

2.5. Exos label and track

To determine whether ADSCs-exos can be taken up by chondrocytes,
Exos were labelled with PKH26 (Sigma-Aldrich, USA) following the
protocol recommended by the manufacturer. Which allow us to fluo-
rescently label isolated Exos to track cellular interaction and uptake.
Exos were co-cultured with chondrocytes then fixed with 4% para-
formaldehyde. The nuclei were stained with Hoechst 33,342 (Beyotime,
China). The cytoskeleton was stained by Actin-Tracker Green (Beyotime,
China). The uptake of Exos was observed using a confocal laser scanning
microscope (Zeiss LSM710, Germany).

2.6. Determination of cell viability

Cell viability was quantitatively evaluated by Cell Counting Kit-8
(Beyotime, China). In brief, chondrocytes (1 x 104 were planted in
96-well microculture plates incubated overnight. Then, the viability
assay was conducted, and absorbance was assessed using a microplate
reader at a wavelength of 450 nm according to the manufacturer’s in-
structions with some modification. Three independent experiments were
performed, and cell viability of different groups was evaluated as a
percentage of the control.

2.7. Migration assay

Migration in conditioned chondrocytes was detected using a Trans-
well system. Briefly, 5 x 10* chondrocytes were placed in a 24-well
transwell plate with 8 pm pore size inserts (Corning, NY, USA). Then,
500 pL of DMEM containing 0.5% FBS and 1% PBS with 5 pg Exos was
added to the lower chamber before culturing for 16 h. The cells in the
upper chamber (2 x 10° cells) were then placed in 4% para-
formaldehyde for 20 min and mixed with 0.5% hematoxylin and eosin
for 10 min. The percentage of cell migration in each well was deter-
mined in a blinded manner.

2.8. Cell apoptosis analysis

Chondrocytes were plated in 6-well plates at a concentration of 2 x
10°/well and were treated with or without ADSC-Exo (5 pg). Cell
apoptosis was analyzed by using an Annexin V assay kit (Keen, China)
and then measured by a Beamcyte-1026® flow cytometer (BDA Inc.,
China).

2.9. Exosomal small RNA sequence assay

The small RNA sequence for hADSCs>*AT Exos and hADSCs'*™F Exos
were performed by OE Biotech Company (Shanghai, China). Three
samples were processed for each type of Exos. The fragmentation mix-
tures were hybridized to an Agilent-Human microRNA array 21.0 (8 x
60 K, Design ID:070,156). For microarray analysis, the Affymetrix
(Santa Clara, CA, USA) miRNA 4.0 platform was employed. The sample
labeling, microarray hybridization and washing were performed based
on the manufacturer’s instructions (Agilent Technologies Inc., Santa
Clara, California, USA). Differentially expressed miRNAs were identified
using a fold change cut off value of >1.5 set for both up- and down-
regulated genes.
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2.10. Luciferase reporter assay

Luciferase vectors including the 3-UTR of ADAMTS4 containing the
ADAMTS4-miR-99 b-3p response elements and the mutant were ob-
tained from GenePharma. Either miR-99 b-3p mimic and negative
control was then transfected into the human embryonic kidney (HEK)
293 cells in the presence of either the wild-type or the mutant reporter
plasmid. Luciferase activity was determined with the Dual-Luciferase
reporter system (Vazyme, China), and Renilla luciferase activity was
set as internal control.

2.11. miRNA expression and transfection, miRNA abundant exos
isolation

MiR-99 b-3p-mimic, miR-mimic-NC, were constructed by RiboBio
(Guangzhou, China). The ADSCs and chondrocytes were transfected
with mimics at a density of 4 x 10° each well in six-well plates using
Lipofectamine 2000 reagent (Invitrogen, USA).

The Exos derived from miR-99 b-3p-mimic transfected ADSCs were
isolated as previously described.

2.12. Plasmid transfection assay

The pcDNA3.1 vector and pcDNA3.1 vector for ADAMTS4 over-
expression commercially were prepared by General Biosystems (Gene-
Pharma, China). These plasmids were transfected into chondrocytes
with the Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

2.13. Hydrogel rheological characterization and in vitro degradation test

Rheological properties of the samples were assessed using a stress-
controlled rheometer (HAAKE RheoStress 1, Thermo Scientific, USA)
fitted with an 8 mm diameter flat plate (2 mm gap) at 25 °C. Prior to
rheological testing, the granular hydrogel prepared by centrifuging HMP
dispersion at 10* rpm for 15 min were carefully pipetted into the plate
gap. Dynamic oscillatory strain amplitude sweep measurement was
conducted by varying % strain from 0.1 to 1000% at a frequency of 1 Hz,
and oscillatory frequency sweeps were conducted ranging from 0.1 to
100 rad/s at 1% strain amplitude.

For in vitro degradation analysis, each sample were put into PBS (pH
= 7.4), PBS contained hyaluronidase (200U/ml) and PBS contained
H20; (5 mM) respectively, at 37 °C and then placed in the shaker at 60
rpm. The supernatant was removed, and the solution was replenished at
2-day intervals. At predetermined time points, the residual weight of the
sample was measured and compared with its initial weight. Each group
was repeated for three parallel tests to ensure data validity. The
degradation rate (%) of the HMPs was calculated based on the following
equation.

2.14. Exos encapsulation efficiency and release test

The amount of remaining Exos in the solution was detected by BCA
protein assay. The following formulas were used for calculating the Exos
encapsulation efficacy (EE).

The release of Exos from HMP-exos was further carried out. Each
sample was immersed in PBS (pH = 7.4), PBS contained hyaluronidase
(200U/ml) (Aladdin, China) and PBS contained H5O, (5 mM) (Aladdin,
China) respectively, at 37 °C and then placed in the shaker at 60 rpm. At
each determined time point (2-day intervals), supernatant was collected
and fresh solution was added. Then, the released profile was calculated
as released percentage across time. The Exos release percentage (%) was
calculated by the following equation.

2.15. Cell cytotoxicity and compatibility

Chondrocytes were seeded in a 96-well plate at a density of 1 x 10*
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cells/well and cultured overnight, HMPs, HMPs@Ex0s5AT,
HMPs@Ex0s°AT-99-3P were added to each well. After 24 h, cell
viability was conducted using the Cell Counting Kit-8 (CCK-8, Beyotime,
China) assay.

In addition, the cyto-compatibility was assessed by Calcein AM/PI
staining assay. Chondrocytes at passage three were seeded in 24-well
plates at a density of 5 x 10* cells/well and cultured overnight prior
to the addition of 1-5 mg/mL. After 1, 2, and 3 days, the viability of the
cells was analyzed using the Calcein/PI Cell Viability/Cytotoxicity Assay
Kit (Beyotime, China).

2.16. Immunofluorescent staining

For cell immunofluorescence, chondrocytes were incubated in
complete culture medium with various Exos for an additional 3 h. The
cells were then washed in phosphate-buffered saline (PBS) and fixed
with 4% paraformaldehyde for 15 min. The fixed cells were per-
meabilised with 0.1% Triton X-100 for 5 min and washed with PBS three
times. Then, the cells were treated with primary ADAMTS4, ACAN,
COMP antibodies (Abcam, Cambridge, UK) overnight at 4 °C in PBS
supplemented with 1% bovine serum albumin.

2.17. Quantitative real-time polymerase chain reaction (RT-gPCR)

After harvesting the chondrocytes and separating the total RNA by
TRIzol Reagent (Invitrogen, USA), and reverse transcribed into com-
plementary DNA according to the manufacturer’s protocol of the reverse
transcription kit (R312, Vazyme, China). qPCR was carried out
following the instructions provided by the Taq Pro Universal SYBR qPCR
Master Mix (Q712, Vazyme, China) using a real-time fluorescence
quantitative PCR appliance (QuantStudio®5, ThemoFisher Scientific,
USA). Otherwise, the expression of miRNAs was quantified by miRNA
Universal SYBR qPCR Master Mix (Vazyme, China) and miRNA 1st
Strand cDNA Synthesis Kit (Vazyme, China) was applied for the single
stranded cDNA synthesis. GAPDH and U6 were taken as internal refer-
ence genes. All the primers for RNAs are listed in Supplementary
Table 1.

2.18. Western blot analysis

The proteins were harvested and lysed in RIPA buffer. Equal amounts
of protein extracts (30 pg) were loaded per lane and resolved by SDS/
PAGE. Subsequently, polypeptides were separated and transferred to
PVDF membranes. The membranes were blocked and then treated
overnight with rabbit anti-Col2al (1:1000, Abcam, UK), rabbit anti-
MMP13 (1:1000, Cell Signaling Technology), rabbit anti-ACAN (1:1000,
Abcam, UK), rabbit anti-COMP (1:1000, Abcam, UK), rabbit anti-
ADAMTS4 (1:1000, Abcam, UK), and mouse anti-GAPDH (1:1000,
Beyotime, China) antibodies, respectively. After being washed with
TBST three times, the membranes were incubated using the corre-
sponding HRP-conjugated secondary antibodies (1:1000, Beyotime,
China) with blocking solution at room temperature for 2 h. Finally, the
expression levels of protein were measured by enhanced chem-
iluminescence kit (Millipore, USA). The protein bands were normalized
by GAPDH and quantified as the ratio of the optical density.

2.19. Induction of OA

All animal experiments were in accordance to the Animal Research
Committee regulations of Nanjing first hospital, Nanjing medical uni-
versity. OA was induced in 8-week-old male C57BL/6 mice by surgical
destabilization of the medial meniscus (DMM) of the right knee. Spe-
cifically, the DMM surgery was performed by surgical sectioning of the
medial meniscotibial ligament and the sham operation was performed
by incision of the cutaneous and muscular planes at baseline.
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2.20. Intra-articular injection

In the animal section 1 in Fig. 2, all mice underwent DMM surgery or
sham surgery were randomly divided into three groups: (1) PBS group
(control); (2) Exos5AT group; (3) Exos''FP group; (4) ExosSAT-NC group;
(5) ExosSAT-99b-3p group. The mice were given intra-articular in-
jections of 10 pl PBS or 10 pl Exos (5 pg) twice a week for 4 weeks with a
30-gauge needle and a micro syringe (Hamilton). Afterward the mice
were sacrificed, and cartilage tissue was dissected for histological
assessment (H&E, Safranin O/fast green and toluidine blue staining) and
immunofluorescent staining (ADAMTS4, ACAN, COMP, Col2al).

In the animal section 2 in Fig. 6, all mice underwent DMM surgery
were randomly divided into five groups: (1) PBS group (Control); (2)
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ExosScAT-99b-3p group; (3) HMPs group (4) HMPs@Exo0s>AT group; (5)
HMPs@Ex0s>AT~%%"=3P group. The mice were injected with 20 pl PBS,
20 pl Exo@3°AT~9%=3P (20ug), 30 pl HMPs, 30 ul HMPs@Exos (con-
taining 20 pg Exos), 30 pl HMPs@Exos>AT~9%=3P (containing 20 pg
Exos) at the first day. After 4 and 8 weeks, the mice were sacrificed, and
cartilage tissue was dissected for histological assessment (H&E, Safranin
O/fast green and toluidine blue staining) and immunofluorescent
staining (ADAMTS4, ACAN, COMP, Col2al).

2.21. Statistical analysis

All data were expressed as mean =+ standard deviation. One-way
analysis of variance (ANOVA) followed by Tukey multiple-comparison
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posthoc test was conducted to evaluate significant differences between under an optical microscope, and the image in Fig. 1a shows that the two
groups. Statistical significance was considered at x p < 0.05. kinds of ADSCs displayed typical MSC morphology with a spindle-like
shape. Moreover, flow cytometry analysis showed that more than 95%

3. Results of these cells expressed classical MSC markers, including CD73, CD90,
and CD105, while no cells expressed haematopoietic markers, such as

3.1. Isolation and identification of hADSCsSAT and hADSCsT™® CD34, CD45, and HLA-DR (Fig. 1b), indicating a high enrichment of
ADSCs. Next, we used an in vitro differentiation assay to further inves-

We obtained human IPFP tissues and ScAT tissues from OA donors tigate whether these cells have the potential to differentiate into adi-
with total knee arthroplasty and isolated MSCs according to the methods pocytes, osteocytes, and chondrocytes. Osteogenic potential was
described in previous study. Then, the isolated ADSCs were observed confirmed by the staining of calcium mineral deposits with Alizarin Red
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(Fig. 1a), while adipogenic potential was evaluated by the observation of
small cytoplasmic lipid droplets stained with Oil Red O (Fig. 1la).
Chondrogenic potential was confirmed by staining with sulfated gly-
cosaminoglycans using Alcian Blue (Fig. 1a).

3.2. Isolation and identification of exos derived from hADSCs5AT and
hADSCs™"™"

Transmission electron microscopy (TEM), nanoparticle tracking
analysis (NTA) and western blotting were used to characterize the Exos
secreted from ADSCs. TEM clearly revealed that Exos exhibited a cup-
shaped or round morphology with a diameter of 50-150 nm (Fig. 1c).
NTA showed that most of these vesicles ranged from 30 to 150 nm in size
(Fig. 1c). Western blotting analyses indicated that Exo>AT and Exo'"'"
expressed exosomal markers such as CD9, CD63, and TSG101 (Fig. 1d).

3.3. Uptake of ADSC-exos by chondrocytes

The laser confocal microscopy image showed the accumulation of
Exos in chondrocytes. The nuclei of chondrocytes were stained with
DAPI (blue), actin of chondrocytes was stained with phalloidin-FITC
(green), and the Exos were labelled with PKH26 (red). The Exos were
observed in the perinuclear region of the chondrocytes (Fig. 1e), con-
firming the successful internalization of ADSC-Exos by chondrocytes.
Moreover, there was no difference between Exos’AT and Exos®™
internalized by chondrocytes according to the fluorescence intensity.

3.4. ADSC-exos promote proliferation, migration, and anabolism and
inhibit apoptosis and catabolism in osteoarthritic chondrocytes

To investigate whether ADSC-exos alleviate OA by targeting chon-
drocytes, we harvested Ex0s°AT and Exos™™P; we added different Exos at
concentrations of 50 pg/mL and 100 pg/mL to IL-1p (10 ng/mL)-treated
chondrocytes cultures for 7 days. The results from CCK-8 assays showed
that the proliferation of chondrocytes was stimulated by Exos in a dose-
dependent manner (Fig. 2a); however, there was no significant differ-
ence between Exos®AT and Exos'P** at the same concentration (Fig. 2a).
Transwell assays and Annexin V-FITC/PI staining were performed to
evaluate migration capacity and apoptosis in IL-1p (10 ng/mL)-treated
chondrocytes. The results showed that Exos promoted chondrocyte
migration and inhibited chondrocyte apoptosis; however, no significant
difference between Exos>AT and Exos™** was observed (Fig. 2b ~ e).
Furthermore, we measured the protein levels of anabolism-related genes
(collagen II and aggrecan) and catabolism-related genes (MMP13 and
ADAMTS4), which are highly related to OA pathological processes. IL-1$
treatment significantly decreased collagen II and aggrecan expression,
while it increased the protein levels of MMP13 and ADAMTS4. The
coculture of Exos with chondrocytes reversed the effect of IL-1p on
aggrecan and ADAMTSA4. Interestingly, the expression of aggrecan in the
Exo™™? group was higher than that in the Exo>AT group, while Col2al
and MMP13 levels were similar in the two groups (Fig. 2f and g).

3.5. MiR-99 b-3p is upregulated in Exo™ and plays a critical role in
maintaining anabolism in articular chondrocytes

To further investigate the mechanism by which Exos affect chon-
drocytes, we isolated RNA from Exos™™" and Exos>AT> performed small
RNA sequencing of the miRNAs derived from the Exos and compared
them between the two groups (Fig. S1a). According to the sequencing
results, we identified the 10 miRNAs that had the most obvious upre-
gulation and further verified them in the Exo fractions by RT-qPCR.
These results showed that miR-99 b-3p was the most upregulated
miRNA in Exos™™ (Fig. S1b).

Materials Today Bio 23 (2023) 100813
3.6. MiR-99 b-3p regulates ADAMTS4 by directly targeting the 3-UTR

To identify the target gene for miR-99 b-3p, the potential regulatory
relationship between mRNA and miRNAs was predicted using the Tar-
getScan, miRWalk, miRTarBase, and miRPathDB databases. Because the
changes in chondrocytes mainly occur in aggrecan, one of the compo-
nents of the ECM, we searched the gene set related to ECM expression in
the GO database (G0O:0031,012). Then, we calculated Venn diagrams
(Fig. S1c) to identify the overlap between different genes and miRNA
data in the database, and we predicted that ADAMTS4 was a potential
target of miR-99 b-3p. As shown in Fig. S1d, miR-99 b-3p has one po-
tential complementary sequence with ADAMTS4. A luciferase reporter
assay was used to confirm the direct target of miR-99 b-3p, as shown in
Fig. Sle. The luciferase activity of ADAMTS4-WT was suppressed when
the cells were cotransfected with the miR-99 b-3p mimic, while this
effect was not observed for ADAMTS4-MUT, suggesting that ADAMTS4
is a direct target of miR-99 b-3p.

The expression of miR-99 b-3p was markedly reduced in OA cartilage
compared to normal cartilage (Fig. 3a). However, higher protein levels
of ADAMTS4 were observed in OA cartilage than in normal cartilage
(Fig. 3b and c) Moreover, in IL-1p induced chondrocytes, miR-99 b-3p
expression was decreased (Fig. 3d), and ADAMTS4 protein levels were
increased (Fig. 3e ~ f).

Histological staining of cartilage in OA patients and normal patients
showed that the cartilage surface of OA patients was severely worn, and
safranin O/fast green staining indicated a great loss of glycosamino-
glycan in OA cartilage (Fig. 3h). Through immunohistochemical stain-
ing, we found that the expression of ADAMTS4 in OA cartilage was
significantly higher than that in normal cartilage, while the expression
of ACAN and COMP was significantly lower in OA samples (Fig. 3i).

3.7. MiR-99 b-3p promotes cartilage-related protein expression by
targeting ADAMTS4 in vitro

Chondrocytes were transfected with miR-99 b-3p mimic and miR-
NC, miR-99 b-3p expression was assessed by RT-qPCR, and we
discovered that the miR-99 b-3p mimic elevated miR-99 b-3p expression
nearly 8 times compared with the NC group (Fig. S2a). ADAMTS4
expression was quantified using western blot analysis (Figs. S2b and c).
The results showed that ADAMTS4 expression was reduced by the miR-
99 b-3p mimic. To further explore the relationship between miR-99 b-3p
and ADAMTS4, in vitro rescue experiments were performed. We trans-
fected the miR-99 b-3p mimic or miR-NC into chondrocytes and then
cotransfected the chondrocytes with a plasmid that overexpresses
ADAMTS4 (pcDNA-ADAMTS4) or with pcDNA-NC. The results showed
that upregulating miR-99 b-3p restored the protein levels of ACAN and
COMP inhibited by pcDNA-ADAMTS4. Together, these results demon-
strated that miR-99 b-3p targets and negatively regulates ADAMTS4
(Fig. S2d-g), while miR-99 b-3p overexpression exhibited a positive ef-
fect on the expression of cartilage-related proteins that were inhibited by
ADAMTS4 (Fig. 52d-g).

3.8. Overexpression of mir-99 b-3p increases anabolism-related protein
expression more potently in Ex0s4T than in Exos™*" in vitro

Next, the effect of ADSC-derived Exos on chondrocytes was investi-
gated. ScASCs were transfected with miR-99 b-3p mimic and miR-NC,
and miR-99 b-3p expression was assessed by RT-qPCR. The results
showed that miR-99 b-3p expression in the IPFSCs group was approxi-
mately 3 times higher than that in the ScASCs group, while the
ScASCs™R~99-3P group was approximately 12 times higher than that in
the ScASCs group (Fig. S3a). Then, we isolated Exos from the corre-
sponding ADSCs and assessed miR-99 b-3p in all groups. Compared with
the Exos*AT and Exos™™" groups, miR-99 b-3p expression increased
more than 11-fold and 4-fold in the Exos>*AT~2%"=3P group, respectively
(Fig. S3b). Chondrocytes were stimulated with IL-1p for 24 h, followed
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by treatment with different kinds of Exos (EXOSSCAT, EXOSIPFP, Exos®
cAT-NC ScAT—99b—3p .

, Exos ) (Fig. S3c). The results showed that the
expression of ADAMTS4 was lower in all Exos treatment groups than in
the control group. The Exos™™" group was lower than the ExosSAT
group, while the Exos’AT~9%=3P group had the lowest expression.
Additionally, the expression of ACAN and COMP was higher in all
treatment groups than in the control group, and the expression in the
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ScAT—99b—3p
IPFP

Exos ScAT

and Exos

group was significantly higher than that in the Exos
groups (Fig. 4a d).
3.9. Overexpression of mir-99 b-3p in Exos>AT
regeneration in murine DMM models

promoted cartilage

We evaluated the effects of intra-articular injected Exos treatments in
mice with OA by histological assessment (Fig. 5a). Four weeks after the
DMM operation, the knee joint specimens of animals were collected for
H&E, Safranin O/Fast Green staining and Toluidine blue staining
(Fig. 5b). In the control group, the cartilage surface was rough and badly
worn, the articular cartilage was thin or even missing, and the sub-
chondral bone was exposed and destroyed. Moreover, significant loss or
thinning of the proteoglycans was observed in the control group. The
cartilage surface in the Exos*T and Exos™™ groups was relatively
smooth compared to that in the control group, which had no exposed
subchondral bone and increased proteoglycan content; the proteoglycan
distribution of the Exos™** group was more uniform and denser. How-
ever, the Exos>°AT-99b-3p group showed the best repair effect, the
cartilage surface was smooth, the cartilage thickness was uniform, there
were no cracks on the surface; the subchondral bone was well recon-
structed, the cells in the repaired tissue were clearly arranged in a ver-
tical column, and the proteoglycan content was significantly higher than
that in the other groups, with a uniform distribution. Histological scores,
OARSI grade, and Mankin’s scores (Fig. 5c—e) in DMM knees were
assessed to quantify the extent of cartilage injury, and the data showed
that Exos>AT=99=3P exhibited a more evident protective influence on
cartilage repair after DMM surgery (Fig. 5¢ ~ e).

The levels of ADAMTS4, ACAN, COMP, and Col2al in the repaired
tissue were verified by immunofluorescence staining. With the increased
expression of miR-99 b-3p in chondrocytes, the expression of ADAMTS4
was decreased, while the expression of ACAN and COMP was increased
(Fig. 5f) In other words, the expression of ADAMTS4 was lowest;
moreover, ACAN and COMP levels were significantly higher in the
Exos5AT=9%=3P group than in the other groups (Fig. 5f). The results
showed that overexpression of miR-99 b-3p in Exos can attenuate OA by
downregulating ADAMTS4 protein in vivo.

3.10. Characterization of HMPs

The synthesis methodology of HB-PEGDA and SH-HA is depicted in
Fig. 6a and b. As shown in Fig. 6d, HMPs and HMPs@Exos were pre-
pared by microfluidic technology, and gelation formed spontaneously
through the thiol-ene Michael addition reaction (Fig. 6¢). The charac-
teristics of the as-obtained products collected at different time points are
shown in Fig. 6e and f. A unimodal weak peak with B (Mw/Mn) < 1.5
was detected after 1 h of reaction, and then the molecular weight of the
polymer steadily increased with time. As the reaction proceeded at 70 °C
over 5 h, the molecular weight of the HB-PEGDA polymer increased
dramatically with time, and a broad P was observed, indicating the
formation of HB-PEGDA polymers with hyperbranched structures
(Fig. 6g). The PBA-HB-PEGDA polymer with a molecular weight of 15
kDa was used for the following HMP synthesis.

Rheological studies revealed that the storage modulus values (G) for
all three formulations were higher than the loss modulus values (G").
Moreover, all the samples showed a linear viscoelastic region at low
strain percentages with G' independent of the applied deformation
(Fig. 6h). These characteristics indicate that the as-obtained granular
hydrogels behaved like viscoelastic gels. Additionally, by controlling the
HB-PEGDA:SH-HA ratio, the mechanical properties of the granular
hydrogels composed of HMPs can be readily tuned with G’ values
varying from 60 to 400 Pa, facilitating the mimicking of mechanical
variability in a range of soft tissues (Fig. 6i).

The obtained HMPs and HMPs@Exos were observed under a bright-
field microscope (Fig. 7a), with the majority of particles being approx-
imately 120 pm in diameter (Fig. 7b) (see Fig. 8).
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As illustrated in Fig. 7c, the HMPs possess excellent injectability and
can fabricate arbitrary 2D patterns with an extrusion-based 3D printer
with a 26-gauge needle.

3.11. Exos loading, distribution, release, and HMPs degradation

After labelling PEGDA with fluorescein O-methacrylate and labelling
Exos with PKH26, HMPs were prepared. Confocal microscopy showed
that the microspheres were uniformly distributed green, and the Exos
were uniformly distributed in red dots (Fig. 7f). The results showed that
PEGDA and Exos were intact and uniformly distributed in the micro-
particles. Hyaluronidase can act on p-N-acetylhexosamine-1,4 glycosidic
bonds, leading to the degradation of microparticles [54-56]. The
encapsulation efficiency of Exos in HMPs was 78.5 + 2.4%.

To investigate the degradation of HMPs in vitro, a degradation assay
was carried out. During long incubation times, HMPs in hyaluronidase
and H,05 showed continuous and slow biodegradation within 26 days
and 18 days, respectively. However, the HMPs exhibit long-term sta-
bility in PBS buffer until 30 days (Fig. 7d).

Consistent with degradation experiment, sustained release of exos
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was observed in solutions containing hyaluronidase (24 days) or H2O,
(16 days) (Fig. 7e). However, little release was measured in the PBS
solution, indicating that the HMPs can serve as an effective drug delivery
system for controlled drug release in the microenvironment of
osteoarthritis.

3.12. Biocompatibility of HMPs in chondrocytes, release of exos from
HMPs and exos uptake by chondrocytes

In the no contact coculture system (Fig. S4a), Exos, HMPs, and
HMPs@Exos were added to the upper transwell chambers. The laser
confocal microscope image (Fig. S4b) showed Exos uptake by chon-
drocytes. The amount of Exos taken up by chondrocytes in the Exo group
was higher on day 1, and then the Exos uptake gradually decreased. At
day 7, it was already difficult to detect Exos fluorescence in chon-
drocytes, whereas in the HMPs@Exos group, although the amount of
Exos uptake by chondrocytes was relatively low on day 1, the fluores-
cence gradually increased in the following days, which was related to
the gradual degradation of the hydrogel and the controlled release of
Exos. Calcein AM/PI staining of chondrocytes was visualized under a
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fluorescence microscope; living cells showed green fluorescence, while
dead cells showed red fluorescence. The results showed that chon-
drocytes exhibited good cell viability during 7 days of culture with a
negligible number of dead cells (Fig. S4c). CCK-8 assay was used to
assess the cytotoxicity of the HMPs in chondrocytes, revealing that the
HMPs did not exhibit any significant cytotoxicity when used to treat
chondrocytes, with survival rates remaining >90% (Fig. S5).

Additionally, in the contact coculture system (Fig. 8a), HMPs were
cocultured directly with chondrocytes in petri dishes. The LSM images
(Fig. 8b) showed that chondrocytes grew on the surface of the HMPs,
and the cells of all groups gradually increased over time, while the
number of cells in the groups with HMPs encapsulated with Exos was
obviously higher than that in the HMPs group. All groups showed a
green live cell fluorescence signal with few dead cells. After incubation
for 7 days, DAPI/FITC-phalloidin fluorescence staining indicated that
chondrocytes covered the HMPs surfaces with Exos uptake into cells
(Fig. 8¢).

3.13. Intraarticular retention and in vivo biological safety of HMP
treatment

To determine the intraarticular retention of Exos with or without
encapsulation in HMPs, the fluorescent signals were monitored using the
IVIS system at 1, 3, 7, 14, and 28 days after intraarticular injection. The
signals in both groups decreased over time; however, fluorescence was
found in the HMPs@Exos and HMPs@Exos>*AT~9%"=3P groups on the
28th day, while the signal in the Exos group was undetectable after the
7th day of injection (Fig. S6). These results demonstrated the instability
and poor local retention ability of the Exos, but encapsulation in HMPs
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might improve these shortcomings.

To evaluate the biological safety of the HMPs in vivo, the main or-
gans (heart, liver, spleen, lung, and kidney) were obtained from mice on
day 28 after treatment and stained with hematoxylin and eosin (H&E).
Comparisons with the control group showed no significant tissue dam-
age or any inflammatory lesions in H&E staining of major organs from
the groups (Fig. S7), suggesting that HMPs show good biocompatibility
in vivo.

3.14. Expression of ADAMTS4 and its substrates (ACAN and COMP) in
vitro

Next, the coculture of HMPs and chondrocytes was performed using
Transwell plates to examine the effects of different HMPs groups. IL-1p-
induced chondrocytes were treated with PBS, Exos>AT~9%°=3P HMPs,
HMPs@Ex0s*AT and HMPs@Exos>AT-9°*=3P On the 14th day, the
protein expression of ADAMTS4, ACAN, and COMP was determined by
immunofluorescence staining and western blotting. The expression of
ADAMTS4, ACAN, and COMP in chondrocytes was detected by immu-
nofluorescence  (Fig. S9a). The results showed that the
HMPs@Exo0s*AT-9=3P  group expressed less ADAMTS4, while
ADAMTS4 was significantly increased in the control and HMPs groups.
However, the expression of ACAN and COMP was significantly enhanced
in the HMPs@Ex0s>AT~%%~3P group compared to that in the remaining
groups, indicating that HMPs@Exos>*AT~9%=3P could effectively inhibit
ADAMTS4 expression and promote ECM synthesis in chondrocytes by
releasing miR-99 b-3p. Consistent with the IF results, the WB results
showed that HMPs@Exos>*AT~2%P=3P significantly inhibited ADAMTS4
protein expression and increased ACAN, COMP and collagen II protein
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levels compared with those in the other groups on the 14th day of
coculture (Fig. 9b ~ e).

3.15. In Vivo Therapeutic Effect of OA

To further investigate the protective effect of HMP-encapsulated
Exos on cartilage degeneration, histological and immunofluorescence
evaluations were performed at 4th-week and 8th-week after surgery
(Fig. 10a). The articular cartilage in the control group (PBS) showed
severe surface abrasion, disorganized chondrocytes, and weak toluidine
blue and Safranin O/fast green staining. In comparison, the
Ex0s>AT~9%=3P group and HMPs@Exo0s>AT group had relative integrity
and regular cartilage structure compared with the PBS group, while the
HMPs@Ex0s>AT-99P=3P group showed the best morphological integrity
and reduced erosion of cartilage surface destruction. According to the
results of Safranin O/Fast Green and toluidine blue staining in the
treatment groups, the amount of glycosaminoglycan was highest in the
HMPs@Exos>AT~9%~3P group, followed by the HMPs@Exos>AT and
Exos>AT 923 oroups (Fig. 10b and c). The evaluation of histological
scores, OARSI grade, and Mankin’s scores at 8th week showed that the
HMPs@Ex0s>AT~99P=3P group had the best outcome for maintaining the
cartilage ECM (Fig. 10c ~ e).

Finally, the protein expression levels of ADAMTS4, ACAN, COMP,

12

and Col2al were measured (Fig. 10f). The results showed that ACAN,
COMP, and Col2al protein expression was significantly decreased in the
control group compared to the Exos>AT~%%"=3P HMPs@Ex0s>AT, and
HMPs@Exos>¢AT-99b-3p groups. Compared to that in the control group,
the expression of ADAMTS4 in all the groups was decreased. However,
the expression of ADAMTS4 treated with HMPs@Exos>AT~99=3P yyag
the lowest, and the levels of ACAN, COMP, and Col2al were highest
among all the OA models.

4. Discussion

Homeostasis of the articular cartilage is maintained via a delicate
balance among a series of processes [38]. An increasing number of
studies have shown that proteinases play an important role in the
development of OA [38,39]. ADAMTS4, termed aggrecanase-1, is an
important cartilage matrix-degrading enzyme that can degrade ECM
components [40,41], which is also considered a marker of cartilage
degeneration in inflammatory joint diseases such as OA [39]. ACAN and
COMP are the main components of cartilage ECM, which provide
cartilage with resistance to compressive stress [40]. Preventing ACAN
loss by inhibiting aggrecanase activity can slow progressive cartilage
erosion, which may delay or even prevent the development of end-stage
OA [40]. Aggrecanase inhibitors have been identified as candidates for
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arthritis therapy in vivo [39,40]. Therefore, miR-99 b-3p may be a tool
that can be used to maintain ECM stability by inhibiting ADAMTS4
expression. However, naked miRNA is susceptible to degradation by
RNase in the extracellular environment [42], Exos was used to deliver
miR-99 b-3p which can be phagocytosed by chondrocytes to regulate
cell function [24,27].

In clinical therapy, ADSCs are superior to other cells because of their
lower immune rejection potential, abundant sources, safety and low cost
[9,10]. Although both IPFP and ScAT belong to adipose tissue, their
corresponding stem cells have been reported to exhibit differences in the
treatment of OA, reasearchers pay more attention to the Exos secreted by
IPFSCs, but the source of IPFP is limited and inflammatory phenotype
may severe, however, the content of ScAT is rich, which is an ideal
source for extracting stem cells and Exos. By using an IL-1f induced in
vitro OA model, we demonstrated that Exos’AT=9°"=3P have signifi-
cantly greater efficacy in alleviating chondrocyte degradation than
Exos”™ and Fxos>AT. The chondroprotective effect of Exos*AT~990-3p
may in part be attributed to the downregulation of ADAMTS4. An in vivo
experiment using a DMM OA model confirmed that IA injection of
ExosAT~9"=3P resulted in significant alleviation of OA progression in
cartilage. Hence, our study may therefore introduce a new cell-free
therapy based on exosomal miR-99 b-3p is considered a safe and effec-
tive alternative to stem cell therapies for OA.

However, when Exos are injected in vivo, they can be washed away
easily due to the lack of a supporting matrix, which is the major
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challenge for using Exos in clinical applications [42,43]. Several studies
have reported the controlled release of Exos from biomaterial systems
[44,45]. Ideally, these systems should be deliverable in a minimally
invasive manner and enhance vesicle retention in situ to facilitate
Exos-induced cartilage formation.

HMPs have a number of unique properties compared to solid gel, that
make them attractive for biomedical applications, and they have been
widely used in biomedical research for cartilage repair, drug delivery
and cell-based therapy [35,46,47]. First, their small size enables injec-
tion through small needles and catheters and inhalation of particles,
which is advantageous for minimally invasive delivery of cells and bi-
ologics [48]. Second, HMPs can encapsulate different molecules or drugs
and gradually release them by controlling their own degradation rate
[47]. Third, properly sized HMPs provide good drug protection by
minimizing clearance by blood vessels or lymphatics [46].

Repeated and regular injections tend to increase the incidence of
adverse events, such as pain, joint bleeding and infection [49]. The
degradation properties of intra-articular injected biomaterials are
important for OA treatment. Good biodegradation activity is a necessary
requirement for intra-articular drug carriers. We investigated the de-
gradability and Exos release kinetics of HMPs@Exos to evaluate their
use as an Exos carrier delivery system for long-term release. Hyaluron-
idase and HoO3 can act on the HMPs, leading to degradation of the HMPs
and simultaneous release of the Exos. Both in vivo and in vitro experi-
ment in this study showed a degradation rate of the HMPs approaching
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nearly 28 days and predicted a slow release of Exos up to 28 days, which
is very beneficial for long-term cartilage repair.

At present, there are several methods to prepare HMPs, including
emulsions, microfluidics, and electrospray methods [50]. The micro-
fluidic technique has obvious advantages in forming HMPs with
controllable particle sizes and monodisperse particle sizes by adjusting
the channel geometry and input flow rate. In this study, we used a
microfluidic technique to prepare HMPs by Michael addition reaction
with a uniform size and diameter of approximately 120 pm, which
allowed the HMPs to smoothly pass through the syringe needle without
resistance during injection. Our animal experiments confirmed that the
HMPs prepared by microfluidic technology have good injectability,
biocompatible, and the encapsulated Exos are well protected, facili-
tating maximal efficacy.
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The current research existed several shortcomings. To begin with,
the sample size of adipose tissue used for sequencing is relatively
inadequate. Due to the fact that the participants are elderly individuals
who may suffer from underlying chronic diseases, a significant level of
heterogeneity may exist, leading to potential deviation in the
sequencing outcomes. Secondly, the sequencing outcomes contain a
substantial number of differentially expressed miRNAs. While miR-99 b-
3p exhibits significant expression variations, it is just one of the different
miRNAs. Other miRNAs might also have an impact on the results of
chondrocytes metabolism. This study did not specifically investigate the
roles of each individual miRNA. Thirdly, there has not been an in-depth
investigation into the specific mechanism of action of miR-99 b-3p and
its potential signaling pathways. Fourthly, the combination of HMPs,
Exos and miRNA results in a complex system, and the reparative effect
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on cartilage might not solely rely on miRNA as a single factor. In future
research, we will further investigate the potential mechanisms involved.

5. Conclusion

In the present investigation, we have documented that Exos®™’
demonstrates a superior efficacy compared to Exos*AT in addressing
certain aspects of osteoarthritis (OA). Our findings from small RNA
sequencing indicate a potential involvement of miR-99 b-3p in
enhancing the ECM integrity. Utilizing various databases, ADAMTS4 has
been identified as a potential target gene for miR-99 b-3p. Over-
expression of miR-99 b-3p in Exos leads to the inhibition of ADAMTS4
expression, which subsequently enhances the expression of ECM com-
ponents and improves the therapeutic efficacy against OA. In clinical
applications, Exos5cAT-99b-3p (upregulation of miR-99 b-3p in Exos>AT)
exhibit superior effectiveness to Exos™"F" for OA treatment, making it a
promising approach for OA treatment. Moreover, considering the
abundant resource of ScAT and the limited availability of IPFP, ScAT
harvested through liposuction could be genetically engineered to yield
Exos for OA treatment.

Furthermore, in order to address the issue of the short in vivo half-
life of Exos, we performed microfluidic technology to fabricate HMPs
capable of encapsulating Exos. The HMPs exhibited favorable charac-
teristics such as extended Exos retention, enhanced biocompatibility,
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and facilitated ECM synthesis in chondrocytes. In murine models of
osteoarthritis (0A), the HMPs@Exos>AT99-3P showed gradually
degradation, sustained release of Exos>AT~9%=3P which exerted long-
term inhibitory effects on ECM degradation while promoting the
repair of damaged cartilage in OA. Collectively, the encapsulation of
Exos in HMPs provides an injectable sustained local drug release system,
which could potentially enhance the efficacy of Exos and hold potential
as future therapeutic strategies.
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