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Abstract

Background: The limited intrinsic repair capacity of articular cartilage impairs tissue regeneration in osteoarthritis (OA). Platelet-rich
plasma (PRP) fibrin gels offer a viable autologous scaffold for cartilage repair but often promote fibrous tissue rather than native hya-
line structures. Mesenchymal stromal cell-derived extracellular vesicles (MSC-EVs) can overcome this limitation by actively promoting
hyaline cartilage formation and suppressing matrix degradation. This study describes and validates a protocol for embedding adipose-
derivedMSC (ASC)-EVs into PRP gels (PRP-EVs) and evaluates the protective efficacy in human pathologic chondrocytes and synovio-
cytes. Methods: ASC-EVs were isolated via ultracentrifugation, characterized and their microRNA cargo profiled (quantitative reverse-
transcription polymerase chain reaction, qRT-PCR). EVs (10 × 109 particles/mL) were loaded into PRP activated with CaCl2 to form
a fibrin hydrogel. EV incorporation efficiency, 4-week release kinetics, cellular uptake (two-dimensional [2D] and three-dimensional
[3D] microfluidic models) and penetration into OA cartilage explants using coherent anti-Stokes Raman scattering/two-photon excited
fluorescence CARS/TPEF microscopy were assessed. To evaluate the biological effects of the PRP-EV gel secretome, we analyzed gene
expression (qRT-PCR), collagen I/II/X deposition (immunofluorescence), metalloproteinase activity and nitric oxide release (ELISA) in
interleukin-1β-stimulated 3D chondrocyte pellets, alongside gene expression in OA patient-derived synoviocytes (qRT-PCR). Results:
The protocol demonstrated high EV encapsulation efficiency (60% ± 8 of the input) in PRP gels and steady kinetics yielding a 20%
cumulative release over 4 weeks. Released EVs maintained functional integrity, showing matching 2D/3D uptake in target cells and
penetrating to depths exceeding 200 μm within 48 hoursinto OA patients’ cartilage explants. In 3D chondrocyte pellets, PRP-EVs sig-
nificantly downregulated catabolic genes (MMP1, MMP3, MMP13), reducing cumulative matrix metalloproteinase (MMP) enzymatic
activity, and blunted nitric oxide production and CCL5 expression. PRP-EVs counteracted PRP-induced fibrosis, significantly increasing
the collagen II/I ratio and suppressing hypertrophic collagen X deposition. In synoviocytes, PRP-EVs significantly downregulated key
inflammatory, chemotactic, and pain-signaling genes (CCL2, CXCL8, CXCL10, IL-6, COX2, NGF). Conclusions: This study demon-
strates that embedding ASC-EVs within a PRP fibrin hydrogel creates a bioactive delivery system. In vitro, the secretome released from
this composite material successfully counteracts pathological processes in osteoarthritis patient-derived chondrocytes and synoviocytes,
reducing matrix degradation and inflammation while promoting a hyaline-like cartilage phenotype.
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1. Introduction
Articular cartilage is a highly specialized, avascular

and aneural tissue with a severely limited intrinsic capacity
for self-repair [1]. Consequently, focal cartilage lesions,
whether resulting from acute trauma or chronic mechani-
cal stress, frequently trigger a progressive cascade of tissue
degradation, including synovial inflammation [2], invari-
ably culminating in the onset of early osteoarthritis (OA)
[3]. OA represents a leading cause of global disability,

characterized by chronic pain, joint stiffness and a profound
impairment in quality of life [4]. Current clinical interven-
tions for cartilage defects have yielded varied results, with
the existing body of high-level evidence still limited [5].
Therefore, there is an urgent clinical need for innovative
therapeutic strategies capable of halting the osteoarthritic
cascade and promoting functional, long-term cartilage re-
generation.
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Over the past decade, mesenchymal stromal cell
(MSC)-based therapies have emerged as a promising fron-
tier in musculoskeletal regenerative medicine. MSCs' ther-
apeutic efficacy is predominantly mediated via paracrine
signaling [6], including the secretion of extracellular vesi-
cles (EVs) [7]. Adipose-derived MSCs (ASCs) represent a
particularly attractive cell source for musculoskeletal dis-
eases due to their abundant availability, ease of isolation
from surgical waste tissue and robust immunomodulatory
profile [8]. ASC-derived EVs (ASC-EVs) serve as nano-
sized shuttles packed with bioactive cargo, and extensive
molecular profiling has revealed that the ASC-EVs are
highly enriched with protective miRNAs that collectively
exert a potent anti-catabolic and anti-inflammatory activity
on diseased chondrocytes, synoviocytes and macrophages
[9,10,11], effectively shifting the joint microenvironment
toward homeostasis. Consistently, ASC-EVs showed
promising anti-inflammatory and chondroprotective effects
in OA animal models [12,13], with the ability to enhance
hyaline cartilage regeneration [14] and Collagen II deposi-
tion [15].

Despite their therapeutic potential, the clinical trans-
lation of free EV suspensions is severely hindered by major
delivery challenges. Intra-articular injections of liquid EV
formulations suffer from rapid clearance via synovial fluid
drainage andmechanical wash-out during joint motion, pre-
venting the cargo from achieving sustained therapeutic con-
centrations at the lesion site [16]. To overcome this limita-
tion, biomaterial-based scaffolding has been proposed to lo-
calize and prolong EV retention [17]. With respect to non-
functionalized structural scaffolds (hydrogels or polymer-
based), platelet-rich plasma (PRP)-derived fibrin gels rep-
resent a clinically attractive vehicle due to their completely
autologous nature, biocompatibility and inherent richness
in growth factors [18,19]. However, in cartilage repair,
while PRP can effectively stimulate tissue growth, its ap-
plication at the lesion site often promotes the formation of
fibrous tissue rather than native hyaline structures in both
animals [20] and humans [21].

To address these limitations, our group recently de-
veloped a high-efficiency protocol to embed ASC-EVs in
PRP-gels [22], with the aim of combining the prolifera-
tive ability of PRP factors and the hyaline-stimulation of
ASC-EVs. Notably, in a comparative study, this formula-
tion resulted more effective than the combination of ASCs
and PRP-gels in preserving chondrocyte viability and re-
ducing the inflammatory response [23]. The aim of this
study was to confirm the robustness of the ASC-EVs incor-
poration protocol into PRP-gels, and to evaluate the protec-
tive features of the combined product in a three-dimensional
(3D) model of OA chondrocytes, at both inflammatory and
matrix quality levels, with a supplementary focus on patho-
logic synoviocytes. Our findings will thus establish a ro-
bust, clinically scalable pre-clinical framework for the tar-
geted treatment of articular cartilage degeneration.

2. Materials and Methods
2.1 Adipose Tissue Collection, ASC Isolation and
Expansion

Waste adipose tissue was obtained from the abdomen
of 5 donors (mean 43 years old ± 15; 3 females and 2
males) undergoing aesthetic procedures. All samples were
collected at IRCCS Ospedale Galeazzi - Sant’Ambrogio
(Équipe Universitaria di Ortopedia Rigenerativa e Ri-
costruttiva and Re.Ga.In. Departments) between Octo-
ber 2024 and November 2025 (prospective study “Gel di
fibrina caricato con vescicole extracellulari per il tratta-
mento delle lesioni cartilaginee delle articolazioni”, ap-
proved by Comitato Etico Territoriale Lombardia 1 on date
22/05/2024, registered under number CET 186-2024). As
previously described [22], the adipose tissue was digested
with GMP-grade type I collagenase (Collagenase NB 6
GMP Grade - For Stem Cell Isolation; Nordmark Pharma
GmbH, Uetersen, Germany) at 37 °C for 30 min. The re-
sulting digest was filtered through a 100-μm cell strainer
and centrifuged for 5 min at 1000 ×g at RT. The released
cells were suspended in GMP-manufactured alphaMEM
(10-022-CV; Corning, New York, NY, USA) supplemented
with GMP-grade 10% FBS (Australia origin, gamma ir-
radiated; Thermo Fisher Scientific, Waltham, MA, USA)
and seeded at a density of 5 × 103 cells/cm2 at 37 °C (5
% CO2, 95% humidity). Adipose-derived mesenchymal
stromal cells (ASCs) were selected based on plastic adher-
ence and utilized at passage 1 or 2 for subsequent analyses.
All generated cells were tested and confirmed to be free of
mycoplasma contamination (AssayGenie, Dublin, Ireland).
All media and reagents were GMP-compliant, including
trypsin (CTS™ TrypLE™ Select Enzyme, Thermo Fisher
Scientific), PBS (CTS™ DPBS, Thermo Fisher Scientific)
and freezing solution (CTS™ Synth-a-Freeze™ Medium,
Thermo Fisher Scientific).

2.2 Cartilage Collection, Chondrocyte Isolation and
Expansion

Waste articular cartilage was harvested from 5
osteoarthritis patients (Kellgren-Lawrence grade III–IV;
mean age 67 years ± 9; 1 female and 4 males) undergo-
ing arthroplasty. All samples were collected at IRCCS
Ospedale Galeazzi - Sant’Ambrogio (Équipe Universitaria
di Ortopedia Rigenerativa e Ricostruttiva and Re.Ga.In.
Departments) between October 2024 and November 2025
(prospective study “Gel di fibrina caricato con vescicole
extracellulari per il trattamento delle lesioni cartilaginee
delle articolazioni”, approved by Comitato Etico Territori-
ale Lombardia 1 on 22/05/2024, registered under number
CET 186-2024). As previously described [22], cartilage
samples were digested with 0.15% w/v type II collagenase
(Worthington Biochemical Co.) at 37 °C for 22 h. After
digestion, samples were filtered through a cell strainer (100
μm) and centrifuged at 376 ×g for 5 min. Chondrocytes
were selected by plastic adherence, cultured in Chondrocyte
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medium (ScienCell Research Laboratories, Carlsbad, CA,
United States) at 37 °C (5 % CO2, 95% humidity) and used
at passage 1. The maintenance of the OA phenotype was
induced in chondrocytes by supplementation with 1 ng/mL
Interleukin-1β. All generated cell lines were tested and con-
firmed to be free of mycoplasma contamination (AssayGe-
nie).

2.3 Synovial Membrane Collection, Synoviocyte Isolation
and Expansion

Waste synovial membrane was harvested from 4
osteoarthritis patients (Kellgren-Lawrence grade III–IV;
mean age 66 years ± 9; 2 females and 2 males) under-
going arthroplasty. All samples were collected at IRCCS
Ospedale Galeazzi - Sant’Ambrogio (Équipe Universitaria
di Ortopedia Rigenerativa e Ricostruttiva and Re.Ga.In.
Departments) between October 2024 and November 2025
(prospective study “Gel di fibrina caricato con vescicole
extracellulari per il trattamento delle lesioni cartilaginee
delle articolazioni”, approved by Comitato Etico Territori-
ale Lombardia 1 on 22/05/2024, registered under number
CET 186-2024). Synovial membranes were minced into
small pieces and enzymatically digested at 37 °C for 3 h
with 0.25% w/v type I collagenase (Worthington Biochem-
ical Co.). After digestion, samples were filtered through a
cell strainer (100 μm) and centrifuged at 376 ×g for 5 min.
Synoviocytes were selected by plastic adherence, cultured
in Synoviocyte medium (ScienCell Research Laboratories)
at 37 °C (5 % CO2, 95% humidity) and used at passage 1.
The maintenance of the OA phenotype was induced in syn-
oviocytes by supplementation with 1 ng/mL Interleukin-1β.
All generated cell lines were tested and confirmed to be free
of mycoplasma contamination (AssayGenie).

2.4 PRP Collection

PRP was obtained using the clinical-grade Endoret®
system (Lot number: BF03108.A; BTI, Vitoria, Álava,
Spain), following the manufacturer’s instructions, from pa-
tients (mean age 55 years ± 1 year; 6 females and 16 males)
undergoing regenerative orthopedic procedures. Briefly,
whole blood was collected into vacuum tubes containing
an anticoagulant additive and immediately inverted 4 to 6
times to ensure stabilization. The tubes were centrifuged
horizontally at room temperature within 1 hour of collec-
tion using a pre-programmed centrifuge to achieve repro-
ducible separation. Finally, the complete volume of the up-
per growth factor-rich plasma fraction was recovered via
vacuum-assisted aspiration with a Plasma Transfer Device
in the kit, while carefully avoiding any contact with the
leukocyte buffy coat and the erythrocyte layers to ensure
a leukocyte-free formulation. All samples were collected
at IRCCS Ospedale Galeazzi - Sant’Ambrogio (Équipe
Universitaria di Ortopedia Rigenerativa e Ricostruttiva
and Re.Ga.In. Departments) between October 2024 and
November 2025 (prospective study “Gel di fibrina cari-

cato con vescicole extracellulari per il trattamento delle le-
sioni cartilaginee delle articolazioni”, approved by Comi-
tato Etico Territoriale Lombardia 1 on 22/05/2024, regis-
tered under number CET 186-2024). Complete blood and
PRP cell counts were performed using a Sysmex XN-2000
hematocytometer (Sysmex, Kobe, Japan).

2.5 Flow Cytometry Characterization of Chondrocytes,
Synoviocytes and ASCs

Staining of cells was performed at 4 °C for 30 min
in the dark with the fluorochrome-conjugated antibodies:
(i) chondrocytes, anti-CD73-phycoerythrin (PE) (REA804,
Miltenyi Biotec, Bergisch Gladbach, Germany; 1:50 dilu-
tion), CD44-PE (130-110-293, Miltenyi Biotec; 1:10 di-
lution) and CD45-PE-Vio770 (REA747, Miltenyi Biotec;
1:50 dilution); (ii) synoviocytes, anti-CD45-fluorescein
isothiocyanate (FITC) (REA747, Miltenyi Biotec; 1:50 di-
lution), CD14-PC5 (301863, Biolegend, San Diego, CA,
USA; 1:20 dilution) and CD73-allophycocyanin (APC)-
A700 (344041, Biolegend, 1:20); anti- (iii) ASCs, anti-
CD90-FITC (REA897, Miltenyi Biotec; 1:50 dilution),
CD73-PE (REA804, Miltenyi Biotec; 1:50 dilution),
CD105-PerCP-Cy5.5 (43A3, BioLegend; 1:20 dilution)
and CD45-PE-Vio770 (REA747, Miltenyi Biotec; 1:50
dilution). After a washing step, at least 30,000 events
per sample were tested with a CytoFLEX flow cytometer
(Beckman Coulter, Fullerton, CA, USA).

2.6 ASC Secretome Production and EVs Isolation

Upon reaching 90% confluence, ASCs were washed
three times with GMP-grade PBS and 12 mL of FBS-free
GMP-grade alphaMEM was added to each T175 flask. Af-
ter 48 h of incubation, the conditioned medium (secretome)
was collected and subjected to serial centrifugations at 376
×g, 1000 ×g, 2000 ×g and twice at 4000 ×g (each run at 4 °C
for 15 min) to get rid of debris and dead cells. For EVs iso-
lation, cell culture supernatants were centrifuged at 4 °C for
3 h at 100,000 ×g using a 70Ti fixed-angle rotor (Beckman
Coulter). The resulting EV-containing pellets were washed
with GMP-grade PBS and suspended in GMP-grade PBS.
After quantification with a NanoSight NS300 system (cap-
turing five 60 s videos) (NanoSight Ltd., Amesbury, UK),
the particle amount was determined using NTA software
v3.4 (NanoSight Ltd.) and EV final concentrationwas set to
10 × 1010 particles/mLwith GMP-grade PBS. Aliquots con-
taining 10 × 109 EVs were then stored at –80 °C. Starting
ASCs were detached, counted and evaluated for viability
using a NucleoCounter NC-3000 (ChemoMetec, Allerod,
Denmark).

2.7 Characterization of EVs

Flow Cytometry: EVs were stained with the MAC-
SPlex EV Kit IO human (Miltenyi Biotec) according to the
manufacturer’s protocol. Marker analysis was performed
using a CytoFLEX flow cytometer (Beckman Coulter).
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Nanoparticle Tracking Analysis (NTA): EVs were an-
alyzed using the NanoSight NS300 system (capturing five
60 s videos) (NanoSight Ltd.), after dilution with PBS to
have reads between 20 and 120 particles per frame. Parti-
cle concentration and size distribution profiles were deter-
mined using NTA software v3.4 (NanoSight Ltd.).

Transmission electron microscopy (TEM): EVs were
suspended in PBS and a 5 μL droplet was deposited onto
formvar/carbon-coated grids for 10 min at room temper-
ature. Excess liquid was blotted away with filter paper.
Negative staining was performed by applying a 2% aque-
ous uranyl acetate solution for 10 min, and the excess was
removed using filter paper. Grids were air-dried at room
temperature and subsequently examined using a TALOS
L120C transmission electron microscope (Thermo Fisher
Scientific) operated at 120 kV.

Purity: EVs were analyzed with a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific) with
the Protein A280 protocol. The concentration was related
to NTA data to obtain the number of EVs/µg protein value.

2.8 Quantification of EV-derived miRNAs

EVs pooled into a single batch were disrupted in
TRIzol reagent, and total RNA was extracted using the
miRNeasy and RNeasy CleanUp kits (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions. Briefly,
samples were homogenized, incubated at room temperature
and mixed with chloroform before being shaken vigorously
and allowed to settle. Phase separation was achieved by
centrifugation, after which the upper aqueous phase was
carefully transferred to a new tube and the volume adjusted
with RNase-free water. Buffer RLT was added to the solu-
tion, mixed thoroughly and then ethanol was added. The re-
sulting mixture was loaded onto a spin column, centrifuged
and the flow-through was discarded, with this step repeated
for any remaining volume. The column was washed, fol-
lowed by centrifugation and removal of the flow-through.
Ethanol was then applied to the column, which was cen-
trifuged again before discarding the collection tube and
placing the column into a new one. To ensure complete dry-
ing of the membrane, the column was centrifuged with its
cap open. Finally, the spin column was transferred to a new
collection tube, and RNA elution was performed by adding
RNase-free water directly onto the center of the membrane
followed by a final centrifugation step. To monitor techni-
cal variability during isolation and subsequent downstream
reactions, 6 pg of a synthetic non-human miRNA spike-
in (Arabidopsis thaliana ath-miR-159a) was added to each
sample, allowing for potential normalization of panels A
and B on the OpenArray® platform (Thermo Fisher Scien-
tific). Standard reverse transcription and pre-amplification
protocols were performed using independent A and B kits
to generate the corresponding cDNAs. Real-time RT-PCR
analysis was executed using the QuantStudio™ 12K Flex
OpenArray® platform (QS12KFlex). Expression data for

EV-derived miRNAs from panels A and B, which col-
lectively cover 754 well-characterized human miRNA se-
quences according to the miRBase database v21 (Sanger),
were processed using the Gene Expression Suite Software
v1.3 (Thermo Fisher Scientific). The first quartile of Ct val-
ues was determined. The percentage of the genetic message
contributed by each individual miRNA was calculated us-
ing the following workflow: calculation of the ΔCt values
between the most abundant miRNA and all other targets;
calculation of the 2−ΔCt value for each miRNA; summation
of the 2−ΔCt values; calculation of the individual percent-
age for each miRNA using the formula: (2−ΔCt of a given
miRNA / summation of the 2−ΔCt of all miRNAs) × 100.
Network and Function analyses were performed with the
miRNet platform (https://www.mirnet.ca/miRNet/home.xh
tml) under default settings and miRTarBase V9.0 targets
[24].

2.9 Preparation of Fluorescent EVs

Pooled secretomes were incubated with 10 μM
of 5(6)-carboxyfluorescein diacetate succinimidyl ester
(CFDA-SE, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at
37 °C in the dark. Fluorescent EVs were subsequently puri-
fied utilizing the ultracentrifugation protocol previously de-
scribed. The obtained EV pellets were aliquoted into vials
at a concentration of 10 × 109 particles and stored at –80 °C
until use.

2.10 Platelet Gel Preparation and EV Incorporation

Prior to activation, PRP samples were divided into two
1-mL aliquots and supplemented as follows: either with an
ASC-derived EV suspension (10 × 109 EVs per mL of PRP,
fluorescent or unstained depending on the assay) or with
an equivalent volume of EV-free vehicle control. The PRP
samples were then activated by adding final 22.8mMCaCl2
and incubated for 2 h at 37 °C to induce clot formation. Fol-
lowing gelation, the resulting fibrin clots and the overlying
supernatant fluids were collected separately and either used
immediately or stored at –80 °C for further analysis.

2.11 Quantification of EV Incorporation Efficiency and
Release Kinetics

Platelet gels were carefully separated from the clot-
ting solution and weighed to determine their wet mass. To
evaluate release kinetics, a volume of PBS or serum-free
medium equivalent to twice the wet mass of the gel in mil-
ligrams was added to each vehicle or EV-loaded gel (e.g.,
200 µL of buffer for a 100 mg gel). At 24 hours, the super-
natant was harvested completely and immediately replaced
with an identical volume of fresh buffer. This sampling pro-
cedure was systematically repeated at 48 hours, and at 1, 2,
3 and 4 weeks. Collected supernatants were either analyzed
immediately by flow cytometry or stored at –80 °C for sub-
sequent analysis.

For quantitative assessment, the collected fractions
were analyzed using a CytoFLEX flow cytometer (Beck-
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man Coulter, Brea, CA, USA). Analyzed samples included
the initial PRP prior to clotting (either with or without
CFSE-labeled EVs), the post-gelation supernatants, and the
release fractions harvested after incubation with the buffer.
Fluorescent nanobeads in the FITC range with diameters of
100, 160, 200, 240, 300, 500 and 900 nm (Biocytex, Mar-
seille, France) were employed as internal size standards.
Fluorescent EVs were detected and gated in the FITC chan-
nel, utilizing EV-free PRP as a negative background con-
trol. A minimum of 30,000 events was acquired for each
sample. The absolute number of EV events was calculated
using the following conversion formula: Total EV Events =
Events/s (FITC) × Acquisition Rate (s/µL) × Dilution Fac-
tor × Total Volume (µL). Comparative analysis across sam-
ples was performed to determine the percentage of released
EVs relative to the baseline input (10 × 109 EVs).

2.12 Uptake of Platelet Gel-Released EVs by OA
Chondrocytes in a 2D Model

Passage 1 OA chondrocytes were seeded at a den-
sity of 10,000 cells/cm2. After 24 hours, four experimen-
tal conditions were applied: (i) control treatment with IL-
1β (1 ng/mL); (ii) purified fluorescent EVs (25,000 parti-
cles/cell); (iii) 48-hour supernatant harvested from fluores-
cent EV-loaded gels; and (iv) 48-hour supernatant harvested
from EV-free vehicle gels. The absolute number of EVs
in each experimental condition was quantified via flow cy-
tometry (FITC events/volume). All culture conditions were
supplemented with 10% ultracentrifuged FBS to ensure de-
pletion of endogenous bovine EVs. After 48 hours of incu-
bation, chondrocytes were harvested and analyzed for FITC
fluorescence intensity using a CytoFLEX flow cytometer
(Beckman Coulter, Brea, CA, USA), acquiring a minimum
of 30,000 events per sample. Data were expressed as mean
fluorescence intensity (MFI).

2.13 EVs Uptake by OA Chondrocytes in a Microfluidic
Model

Passage 1 OA chondrocytes were cultured within mi-
crofluidic chips. Prior to seeding, chondrocytes were la-
beled with CellTracker™ Deep Red Dye (Thermo Fisher
Scientific, Waltham, MA, USA), subsequently suspended
in human thrombin (4 UI/mL in 40 mM CaCl2), and mixed
at a 1:1 ratio with human fibrinogen (20 mg/mL). This mix-
ture was immediately injected into the designated gel chan-
nels of the chip and allowed to polymerize at room tem-
perature for 7 minutes. Fluorescent purified or gel-released
EVs (25,000 particles/cell) were then introduced into the
central fluidic channel. After 48 hours, the chips were fixed
with 2% paraformaldehyde (PFA) and imaged using a Le-
ica SP8 confocal microscope (Leica Microsystems, Wet-
zlar, Germany), capturing 150 µm z-stacks at 1 µm inter-
vals. Cell-EV interactions and colocalization were quan-
tified using ImageJ software v1.48 (NIH, Bethesda, MD,
USA) equipped with a custom macro script.

2.14 EVs Penetration Into OA Cartilage

OA cartilage explants measuring approximately 0.5
× 0.5 cm (thickness 0.5–1 mm) were placed into 12-well
plates. A section of platelet gel (either vehicle control or
fluorescent EV-loaded) was positioned directly on top of
each cartilage piece. Medium was carefully added to sub-
merge the system without causing the gel to float. Fol-
lowing a 48-h incubation period, the tissue samples were
harvested and examined via Coherent Anti-Stokes Raman
Scattering (CARS) microscopy to visualize the extracel-
lular matrix and two-photon excited fluorescence (TPEF)
microscopy to track the fluorescent EVs as previously de-
scribed [22]. Briefly, for image acquisition, the CARS sig-
nal was targeted at the CH2 stretching mode (2848 cm–1).
The optical setup comprised anNd:YVO4 laser emitting 10-
ps pulses centered at 1064 nm (Picotrain, HighQLaser, Aus-
tria) to provide the Stokes field, and the signal output of
an Optical Parametric Oscillator (Levante Emerald OPO,
APE, Germany), tuned to approximately 817 nm with a
pulse width of 6 ps, to serve as the pump field. The laser
repetition rate was maintained at 76 MHz. The collinearly
aligned beams were directed into an upright microscope
(BX51WI, Olympus, Tokyo, Japan) through a laser scan-
ning unit (FluoView FV300, Olympus). The same 817-nm
OPO signal output served as the excitation source for TPEF
imaging. The total average excitation power at the sam-
ple plane was adjusted to approximately 40 mW. Excitation
beams were focused onto the living samples using a water
immersion objective (LUMPLFLN 40XW, NA = 0.8, W.D.
= 3.3 mm, Olympus), which was cleaned and sterilized with
a 70% ethanol/water (v/v) solution prior to each experi-
ment. A condenser lens (UPLSAPO 10X, NA = 0.4, Olym-
pus) was positioned to collect the forward CARS signal at
approximately 663 nm, which was subsequently optically
filtered and detected using a photomultiplier tube (PMT;
R3896, Hamamatsu, Japan). Concurrently, the TPEF signal
was acquired in a back-scattering (epi-detection) geometry.
The depth of EV penetration, alongside the average occu-
pied area and volume, was quantified using a custom-made
ImageJ plugin designed to process 3D image stacks.

2.15 Gene Expression Evaluation in OA Chondrocytes

Passage 1 OA chondrocytes were seeded in ultra-low
attachment 96-well plates at a concentration of 250,000
cells, in a final volume of 200 µL. After seeding, cells
were centrifuged at 300 ×g for 2 minutes to form pellets.
After 48 hours, cells were treated with either purified EVs
or 48-h gel supernatants (without or with EVs). When
present, EVs were administered at a concentration of
25,000 particles/cell. Treatment was performed for 14
days, with medium changes every 2 days. At the end
of treatment, for gene expression evaluation, cells were
lysed and total RNA was extracted using the miRNeasy
Kit (Qiagen) as per paragraph 2.8. The isolated RNA was
reverse-transcribed using the iScript cDNA Synthesis Kit
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(Bio-Rad, Hercules, CA, USA) and subjected to RT-qPCR
analysis using iTaq Universal SYBR Green Supermix
(Bio-Rad) on a CFX Opus 96 Real-Time PCR System
(Bio-Rad). RPLP0 (F: TGTGGGCTCCAAGCAGAT-
GCA, R: GCAGCAGTTTCTCCAGAGCTGGG) was
utilized as the reference housekeeping gene. Tested genes
were: MMP1 (F: ACAACTGCCAAATGGGCTTG,
R: AACAGCCCAGTACTTATTCCCTT), MMP3
(F: CGTGCTTTGTCCTTTGATGCTG, R: GCGC-
CAAAAGTGCCTGTCTT), MMP13 (F: GTGCAGCT-
GTTCACTTTGAGG; R: ATCATATCTCCAGACCTG-
GTTTC) and CCL5 (F: GGTACCATGAAGGTCTCCGC,
R: GGTGTCCGAGGAATATGGGG).

2.16 Collagen Deposition Evaluation in OA Chondrocytes

Chondrocytes were treated as per section 2.15. At
the end of treatment, the specimens were first rinsed with
PBS and then fixed in 10% neutral buffered formalin for 2
hours at room temperature. Following fixation, the samples
underwent three sequential washes in PBS for 15 minutes
each. For cryoprotection, the specimens were incubated in
a 30% sucrose solution in water overnight at 4 °C. The fol-
lowing day, a graded infiltration was performed at room
temperature using mixtures of 30% sucrose and Optimal
Cutting Temperature (OCT) compound. Specifically, the
samples were incubated for 30 minutes in a 2:1 ratio mix-
ture (4 mL of 30 % sucrose and 2 mL of OCT), followed
by 30 minutes in a 1:1 ratio mixture (3 mL of 30 % su-
crose and 3 mL of OCT), and a final 30-minute incubation
in a 1:2 ratio mixture (2 mL of 30 % sucrose and 4 mL of
OCT). Finally, the sample pellets were cryosectioned at 8
µm. Cryosections were co-stained with antibodies against
Collagen II (ab307674) and Collagen I (ab6308), or Col-
lagen X (ab260040) (all 1:200, Abcam, Cambridge, UK),
followed by species-appropriate AlexaFluor 488/594 sec-
ondary antibodies (1:1000, Thermo Fisher Scientific) and
DAPI mounting medium. Images were acquired sequen-
tially on a Leica TCS-SP8 confocal microscope (60×) (Le-
ica Camera AG,Wetzlar, Germany). Five sections per sam-
ple were analyzed; for each section, three to five fields were
imaged. The Col II/Col I integrated density ratio was quan-
tified using ImageJ as an index of cartilage matrix integrity,
alongside absolute integrated densities of Collagen X.

2.17 Released Matrix Metalloproteinase (MMP) Activity
in OA Chondrocytes

Chondrocytes were treated as per section 2.15. At the
end of treatment, supernatants over 2 weeks of treatment
were collected at each medium change and stored at –20
°C. MMP activity was assessed using the SensoLyte 520
Generic MMP Assay Kit (AnaSpec, Fremont, CA, USA)
following the manufacturer’s instructions. To trigger pro-
MMP activation, samples were incubated with 1 mM 4-
aminophenylmercuric acetate (APMA) at 37 °C for 3 hours.
Fluorescence intensity (excitation λ = 490 nm, emission

λ = 520 nm) was measured using a Wallac Victor II mi-
croplate reader (PerkinElmer, Waltham, MA, USA). Back-
ground fluorescence (assay buffer) was subtracted from all
sample readings. The cumulative MMP activity across the
2 weeks of treatment was finally calculated.

2.18 Released Nitric Oxide (NO) Evaluation in OA
Chondrocytes

Chondrocytes were treated as per section 2.15. At
the end of treatment, supernatants over 2 weeks of treat-
ment were collected at each medium change and stored at
–20 °C. Total nitrite and nitrate levels were measured us-
ing the Griess Reagent Kit (ab272517, Abcam). Nitrates
were enzymatically reduced to nitrites prior to colorimet-
ric detection via the Griess reaction. Absorbance at 540
nm was measured with a Wallac Victor II microplate reader
(PerkinElmer).

2.19 Biological Activity of EV-Loaded Gels on OA
Synoviocytes

Passage 1 OA synoviocytes were seeded at a density
of 20,000 cells/cm2. After 24 h, cells were treated with
either purified EVs or 48-h PRP gel supernatants (without
or with EVs). When present, EVs were administered at a
concentration of 25,000 particles/cell. Following a 48-h
incubation, cells were lysed and total RNA was extracted
using the miRNeasy Kit (Qiagen) as per paragraph 2.8.
The isolated RNA was reverse-transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad) and subjected to
RT-qPCR analysis using iTaq Universal SYBR Green
Supermix (Bio-Rad) on a CFX Opus 96 Real-Time PCR
System (Bio-Rad). TBP (F: GCCACGCCAGCTTCG-
GAGAG, R: CCGCAGCAAACCGCTTGGGA) was
utilized as the reference housekeeping gene. Tested
genes were: CCL2 (F: GCAATCAATGCCCCAGT-
CAC, R: CTTGAAGATCACAGCCTTCTTTGG), CCL5
(F: GGTACCATGAAGGTCTCCGC, R: GGTGTC-
CGAGGAATATGGGG), CXCL8 (F: ACCGGAAG-
GAACCATCTCAC, R: GGCAAAACTGCACCTTCA-
CAC), CXCL9 (F: AGTGCAAGGAACCCCAGTAG, R:
AGGGCTTGGGGCAAATTGTT), CXCL10 (F: AAGTG-
GCATTCAAGGAGTACC, R: ACGTGGACAAAATTG-
GCTTGC), IL6 (F: ATCTGGATTCAATGAGGA-
GACTTG, R: TTGTACTCATCTGCACAGCTC),
CD44 (F: CTGGCGCAGATCGATTTGAATA, R:
TCCGTCCGAGAGATGCTGTA), HAS1 (F: TGC-
TACCAAGTACACCTCCAG, R: GTTGTACAGC-
CACTCACGGA), HAS2 (F: TTGGGGGAGATGTCCA-
GATTTTT, R: AATGCACTGAACACACCCAA), HAS3
(F: GACTACATCCAGGTGTGCGA, R: ATCCTC-
CTCCAGGACTCGAA), ICAM1 (F: TTCGTGTCCTG-
TATGGCCC, R: CACATTGGAGTCTGCTGGGA), IL10
(F: AAGACCCAGACATCAAGGCG, R: CAGGGAA-
GAAATCGATGACAGC), TGF (F: TCCTGGCGAT-
ACCTCAGCAA, R: CTCAATTTCCCCTCCACGGC),
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IDO (F: GCTAAAGGCGCTGTTGGAAA, R: TTGC-
CTTTCCAGCCAGACAAA), COX2 (F: CAAATTGCTG-
GCAGGGTTGC, R: AGGGCTTCAGCATAAAGCGT)
and NGF (F: GGAGCGCAGCGAGTTTTGG, R: AGT-
GTGGCCAGGATAGAAAGC).

2.20 Hierarchical Clustering and Principal Component
Analysis

Hierarchical clustering and principal component anal-
ysis were obtained with the ClustVis package v2.0 https://bi
it.cs.ut.ee/clustvis/ [25]. For chondrocyte gene expression,
MMPs activity and NO release analysis through a heatmap
with hierarchical clustering was generated: gene expression
abundance ratios were calculated from –ΔCt data (2–ΔCt)
and the IL-1β condition was set as 1; MMPs and NO val-
ues were input as ratios with respect to the IL-1β condition
set as 1. Input values were ln(x+1)-transformed. Unit vari-
ance scaling was applied to rows. Both rows and columns
were clustered using correlation distance and average link-
age. For synoviocytes gene expression analysis: abundance
ratios were calculated from –ΔCt data (2–ΔCt) and the IL-1β
condition was set as 1. For PCA, no scaling was applied to
rows; SVD with imputation was used to calculate principal
components. For the heatmap with hierarchical clustering,
no scaling was applied to rows. Both rows and columns
were clustered using correlation distance and average link-
age.

2.21 Statistical Analysis

Statistical analysis was performed using GraphPad
Prism software, v8.0.2 (GraphPad Software, San Diego,
CA, USA). To ensure technical reproducibility and confirm
that the current two-dimensional (2D) and 3D microfluidic
incorporation profiles were equivalent to our previously
published baseline protocol [22], separate a priori equiv-
alence power analyses were performed during the study de-
sign phase. Calculations were based on historical mean and
standard deviation benchmarks for both experimental se-
tups of the previous publication. Utilizing a TwoOne-Sided
Tests framework with an equivalence bound (delta) set at ±
20% of the baseline means, the statistical power analysis
independently determined that a sample size of n = 3 inde-
pendent runs per assay was sufficient to achieve a statisti-
cal power >80 % at a significance level of alpha = 0.05 to
successfully reject the hypothesis of inequivalence. Conse-
quently, an n = 3 sample size was adopted for subsequent
microfluidic validation experiments. For the multi-group
comparative assays involving four experimental conditions
in pathologic chondrocytes and synoviocytes, the sample
size was determined through an a priori power analysis for
a One-Way Analysis of Variance (ANOVA). Assuming a
large anticipated therapeutic effect size (Cohen’s f = 1.15),
the power analysis indicated that a minimum of n = 3 in-
dependent biological replicates per group was required to
ensure a statistical power >80 % with a significance level

of alpha = 0.05. Accordingly, all comparative experiments
were executed with a sample size of n ≥ 3. Data distri-
bution normality was assessed using the Shapiro-Wilk nor-
mality test (alpha = 0.01). For comparisons involving more
than two conditions, a one-way repeated measures ANOVA
was performed, followed by Tukey’s post-hoc test for mul-
tiple comparisons. In the event of non-normal distributions,
the non-parametric Friedman test was employed alongside
Dunn’s post-hoc test. For fold-change and ratio data analy-
ses, a one-sample t-test was conducted, establishing the null
hypothesis value at 1. For all statistical tests, the threshold
for significance was set at p ≤ 0.05. Values are expressed
as mean ± standard deviation (SD).

3. Results
3.1 Phenotypic Characterization of ASCs and EVs

ASCs were strongly positive for the mesenchymal
markers CD73 (100% ± 0) and CD90 (98% ± 1), weakly
positive for CD105 (14% ± 6) (n = 5) and negative for the
hematopoietic marker CD45 (2% ± 1) (Fig. 1A).

After starvation, cell viability was 92% ± 3. NTA of
the EVs revealed a consistent profile across donors, with a
mean size of 182 nm ± 26, a mode of 117 nm ± 12 and a D50
of 150 nm ± 23 (Fig. 1B). The particles were fully positive
(100%) for the classical EV markers CD63 and CD81, with
CD9 expressed at lower levels (42% ± 9) (Fig. 1C). Re-
garding mesenchymal markers, the EVs exhibited the pres-
ence of CD29 (26% ± 4), CD44 (17% ± 4), CD49e (19% ±
4) and CD105 (20% ± 3) (Fig. 1C). Transmission electron
microscopy confirmed the presence of EVs in the prepara-
tions, displaying their characteristic cup-shaped morphol-
ogy (Fig. 1D). Finally, EV purity was 5.7 × 109 ± 0.3
EVs/μg protein.

3.2 miRNAs Associated With EVs
Three hundred and sixty-four miRNAs were detected

in EVs (Supplementary Table 1). Network analysis on
the whole dataset identified 11 hub miRNAs with more
than 50 interactions, with hsa-miR-16-5p having 132 in-
teractors, hsa-miR-29b-3p 113, hsa-miR-26a-5p 107 and
hsa-miR-24-3p 100. A deeper miRNA Function anal-
ysis with a focus on joints homeostasis identified play-
ers involved in Chondrogenic differentiation (hsa-miR-29a-
3p, hsa-miR-29a-5p, hsa-miR-30a-3p, hsa-miR-30a-5p and
hsa-miR-140-3p; p = 0.00188) and 16 in Immune Re-
sponse (hsa-miR-15a-3p, hsa-miR-16-5p, hsa-miR-18a-3p,
hsa-miR-19b-3p, hsa-miR-29b-3p, hsa-miR-30a-3p, hsa-
miR-30a-5p, hsa-miR-92a-3p, hsa-miR-100-3p, hsa-miR-
100-5p, hsa-miR-101-3p, hsa-miR-103a-3p, hsa-miR-107,
hsa-miR-192a-5p, hsa-miR-500a-5p and hsa-miR-532-5p;
p = 0.0169). Supporting this notion, 3 transcription factors
emerged as regulated, STAT5 which is involved in OA pro-
gression (hsa-miR-25a-3p, hsa-miR-17-3p, hsa-miR-17-
5p, hsa-miR-18a-3p, hsa-miR-19a-3p and hsa-miR-20a-5p;
p = 0.00243), AP-1 which is involved in matrix turnover
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Fig. 1. Phenotype of ASCs and EVs. (A) Immunophenotype of ASCs showing positivity for the lineage markers CD73 and CD90
and negativity for the marker CD45, which is typical of blood cells. Although CD105 is weakly positive, it is present on the entire cell
population as demonstrated by the shift of the entire peak relative to the unstained control. The profile of one representative donor is
shown. (B) Size distribution profile for the EVs released by the 5 ASCs under analysis. (C) Immunophenotype of EVs. The particles
were positive for the typical EV markers CD9, CD63 and CD81, as well as for the ASC markers CD29, CD44, CD49e and CD105. (D)
Transmission electron microscopy of EVs. Images from one representative donor are shown, scale bar = 200 nm. White arrows indicate
EVs over the background. ASCs, adipose-derived MSCs; EVs, extracellular vesicles.

and MMPs transcription (hsa-miR-21a-5p, hsa-miR-29a-
3p, hsa-miR-29a-5p and hsa-miR-29b-3p; p = 0.00782) and
NFKB1 which the master regulator of inflammatory re-
sponse in chondrocytes (hsa-miR-let-7a-5p, hsa-miR-16-
5p, hsa-miR-17-3p, hsa-miR-17-5p, hsa-miR-21-5p, hsa-
miR-29a-3p, hsa-miR-29a-5p, hsa-miR-29b-3p, hsa-miR-
199a-3p and hsa-miR-199b-5p; p = 0.0389).

To get a sharper picture of EV-miRNAs' function, con-
sidering the average presence of a single highly abundant
miRNA molecule in EVs from mesenchymal stromal cells,
approximately 100 EVs would be required to effectively
transfer the genetic message to target cells [26,27]. There-
fore, only highly abundant miRNAs accounting for at least
1% of the total identified genetic message were further ex-
amined (Supplementary Table 1). Table 1 lists the 20 ana-
lyzed miRNAs, which together account for 81% of the total
genetic message.

To obtain a broader overview of the role of the EV-
shuttled miRNAs, their known functions in cartilage home-
ostasis [28] were analyzed (Table 2). Regarding cartilage,
most of the abundant miRNAs possess a protective func-
tion. The primary miRNAs involved were found to be

miR-24-3p (16.5%), miR-222-3p (4.8%) and miR-193b-3p
(4.2%), with a total cumulative weight for this category
equal to 27%. This value drops drastically for the 3 iden-
tified miRNAs with a destructive function, which account
for only 7.2%, representing a nearly 4-fold decrease. Ad-
ditionally, 3 miRNAs with dual functions were identified,
carrying a weight of 18.2%.

3.3 EVs Are Efficiently Incorporated Into Platelet Gels
and Are Released Over Time

The amount of EVs incorporated into the platelet gels
was 60% ± 8 (n = 6) of those initially added (10 × 109 EVs)
to 1 mL of PRP prior to clot formation. Based on the wet
weight of the gel, 64 × 106 ± 27 EVs were incorporated
per mg. EV release was monitored for a period of up to 4
weeks. The quantity and kinetics of EV release per mg of
clot are shown in Fig. 2A,B, presenting both time-interval
and cumulative data. Within the first 24 hours, 5% ± 2 (n
= 6) of the incorporated EVs were released from the clot,
followed by an additional 1% ± 0 on day 2. Between days
3 and 7, another 2% ± 4 of the incorporated particles were
released. Over the subsequent three weeks, a steady release
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Table 1. ASC-EV miRNAs with genetic weight ≥1%.
miRNA % genetic weight miRNA % genetic weight

hsa-miR-24-3p 16.5 hsa-miR-30c-5p 2.5
hsa-miR-125b-5p 11.7 hsa-miR-720 2.4
hsa-miR-520e-3p 8.2 hsa-miR-30b-5p 1.9
hsa-miR-221-3p 4.9 hsa-miR-92a-3p 1.6
hsa-miR-222-3p 4.8 hsa-miR-145-5p 1.5
hsa-miR-618 4.5 hsa-miR-191-5p 1.5
hsa-miR-21-5p 4.3 hsa-miR-99b-5p 1.3
hsa-miR-193b-3p 4.2 hsa-miR-20a-5p 1.1
hsa-miR-100-5p 3.0 hsa-miR-31-5p 1.1
hsa-miR-99a-5p 3.0 hsa-miR-19b-3p 1.0

Table 2. ASC-EV miRNAs (≥1% genetic weight) involved in cartilage homeostasis regulation.
Cartilage

Protective Destructive Double role

miRNA % genetic weight miRNA % genetic weight miRNA % genetic weight

hsa-miR-24-3p 16.5 hsa-miR-21-5p 4.3 hsa-miR-125b-5p 11.7
hsa-miR-222-3p 4.8 hsa-miR-30b-5p 1.9 hsa-miR-221-3p 4.9
hsa-miR-193b-3p 4.2 hsa-miR-19b-3p 1.0 hsa-miR-145-5p 1.5
hsa-miR-92a-3p 1.6
Total 27.0 7.2 18.2

Fig. 2. Release of EVs after incorporation into PRP gels. (A) Daily EV release per mg of clot (PRP gel) over a 28-day period. (B)
Cumulative EV release per mg of clot (PRP gel) over a 28-day period. Data are presented as mean ± SD (n = 6).

was observed (3% ± 4 in the second week, 5% ± 5 in the
third week, and 4% ± 4 in the fourth week). Overall, 20 %
of the incorporated EVs were released during the 4-week
analysis period.

3.4 Released EVs Interact With Chondrocytes and Are
Internalized by Cartilage Explants

The regenerative and interaction properties of the EVs
released from the platelet gel after 2 days were evaluated
and compared against freshly purified EVs (which had not
undergone gel embedding). These comparative analyses
were performed using primary OA chondrocytes (positive
for lineagemarkers CD73/CD44 and negative for leukocyte
contamination, Supplementary Fig. 1) in both 2D mono-
layers and 3D microfluidic models, as well as on native
OA cartilage explants. Regarding the 2D EV–chondrocyte

interaction, flow cytometry analysis revealed no statisti-
cally significant differences in MFI in the FITC channel
between chondrocytes treated with purified EVs and those
treated with gel-released EVs (Fig. 3A). Crucially, incu-
bation with the supernatant harvested from unloaded vehi-
cle platelet gels did not alter the background fluorescence
of the chondrocytes, ruling out any confounding autofluo-
rescence from the gel matrix. To validate these interaction
dynamics in a more biomimetic context, an equivalent dose
of either purified or gel-released EVs was administered to
OA chondrocytes cultured within a 3D microfluidic plat-
form designed to mimic the native cartilage extracellular
matrix (ECM) architecture (Fig. 3B). Consistent with the
2D monolayer observations, quantitative analysis of the to-
tal intracellular EV fluorescence confirmed that both vesi-
cle formulations interacted similarly with the cells. Indeed,
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no significant differences in MFI were observed between
the two experimental conditions (arbitrary MFI of chon-
drocytes with purified EVs vs. chondrocytes with EVs re-
leased from loaded platelet gel: 17 ± 1 vs. 17 ± 3, respec-
tively; n = 3, p = 0.96). These results demonstrate that
the embedding and subsequent release process does not im-
pair the functional capability of EVs to interact with target
cells in 3D, while also suggesting their capacity to actively
migrate through the surrounding matrix. Finally, to con-
firm this tissue-penetrating potential under more physiolog-
ical conditions, multimodal microscopy was performed on
OA cartilage explants. Following 48 hours of direct con-
tact with the EV-loaded platelet gels, a robust and positive
EV-associated signal was clearly detectable within the deep
layers of the cartilage tissue, penetrating up to a depth ex-
ceeding 200 µm (Fig. 3C).

3.5 Effect of PRP and EVs on Chondrocytes From OA
Patients

The effect of either purified EVs alone or the secre-
tome released from PRP clots, either unloaded or loaded
with EVs (PRP-EVs), was evaluated on 3D chondrocyte
pellets from OA patients, with a specific focus on the ex-
tracellular matrix. After 2 weeks of treatment, gene ex-
pression analysis revealed that PRP-EVs induced a signif-
icant downregulation of all evaluated matrix metallopro-
teinases involved in cartilage degradation (MMP1, MMP3
and MMP13) (Fig. 4A). Notably, MMP13 expression
was also downregulated by PRP alone (Fig. 4A). A sim-
ilar direction toward a stronger reduction by PRP-EVs
was observed for CCL5, which encodes an inflammatory
chemokine that drives the release of catabolic enzymes, in-
cluding MMPs (Fig. 4A). Given these effects on matrix re-
modeling genes, the cumulative activity of released MMPs
was evaluated at the end of the 2-week treatment period
(Fig. 4B). Consistently, a significant reduction in enzy-
matic activity was observed exclusively in the PRP-EVs
group. Furthermore, cumulative levels of released nitric
oxide (NO), a key driver of cartilage degradation that in-
hibits ECM synthesis and activates matrix-degrading en-
zymes, were monitored over the 2-week period (Fig. 4C).
PRP-EVs treatment significantly reduced NO production
compared to all other experimental conditions, while PRP
alone reducedNO release relative to the untreated patholog-
ical cells. Taken together, these data clearly demonstrated
the profound impact of PRP-EVs on OA chondrocytes, as
this treatment profile clustered furthest from the patholog-
ical control cells, followed by PRP alone, and lastly by
pure EVs, which exerted the weakest effect (Fig. 4D). No-
tably, the cumulativeMMP activity mirrored the expression
profiles of MMP1 and MMP3, with these three parameters
grouping under the same second-level node. Hierarchical
clustering also showed a close relationship between CCL5
expression and NO production, observed in other cell types,
which coupled under the same primary node. Finally, be-

cause fibrosis is a key phenotypic hallmark associated with
cartilage damage and OA progression, the protein levels of
Collagen types I, II and X were evaluated. PRP-EV treat-
ment significantly increased the levels of “healthy” Col-
lagen type II (Fig. 4E, Supplementary Fig. 2), leading
to a significant elevation of the Collagen II to Collagen I
ratio (Fig. 4E). Additionally, EVs showed a reduction in
Collagen X expression, although this effect did not reach
statistical significance compared to untreated control cells
(p = 0.14). Also, when compared to the PRP-alone group,
PRP-EVs combined treatment displayed a downward trend
(p ≤ 0.10), whereas PRP alone slightly increased Collagen
X levels relative to pathological controls (Fig. 4F, Supple-
mentary Fig. 2).

3.6 Effect of PRP and EVs on Synoviocytes From OA
Patients

The effect of either purified EVs alone or the secre-
tome released from PRP clots, either unloaded or loaded
with EVs (PRP-EVs), was evaluated on synoviocytes from
OA patients (positive for lineage marker CD73 and neg-
ative for monocyte and leukocyte markers, Supplemen-
tary Fig. 1). The evaluated genes encompassed sev-
eral functional categories: inflammation and chemotaxis
(CCL2, CCL5, CXCL8, CXCL9, CXCL10 and IL6), ex-
tracellular matrix homeostasis and cell adhesion (CD44,
HAS1, HAS2, HAS3 and ICAM1), immunomodulation and
resolution (IL10, TGFB and IDO), and pain signaling and
inflammatory mediation (COX2 and NGF). Principal com-
ponent analysis (PCA) demonstrated a distinct separation
from the pathological control cells for all treatment groups.
Among these, pure EVs exerted the weakest effect, whereas
PRP-EVs proved to be the most effective, a behavior fur-
ther confirmed by heatmap analysis with hierarchical clus-
tering (Fig. 5A). Out of all evaluated genes, six displayed
statistically significant reduction, namely CCL2, CXCL8,
CXCL10, IL6, COX2 and NGF (Fig. 5B). Notably, PRP-
EVs treatment was the most effective in modulating the ex-
pression of all six genes, while the other conditions often
showed downregulation albeit no statistical difference was
reached.

4. Discussion
OA is a complex, whole-joint pathological condition

characterized not only by progressive cartilage degradation
but also by chronic synovial inflammation and a dysfunc-
tional intra-articular cross-talk. Current therapeutic strate-
gies often fail to provide a simultaneous anti-inflammatory
and regenerative stimulus, highlighting the need for ad-
vanced biomimetic platforms. In this work, the previous
protocol developed by our group for the incorporation of
MSC-derived EVs into platelet-derived fibrin gel was con-
firmed as feasible and reproducible. The release of the PRP-
EVs combination was found to be able to promote chon-
drocyte homeostasis and reduce synoviocyte inflammation,
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Fig. 3. Internalization of EVs into chondrocytes from OA patients. (A) Flow cytometry analysis of primary OA chondrocytes
maintained in an inflammatory, osteoarthritic phenotype using interleukin-1 beta (IL-1β) and treated with purified EVs (EV), PRP gel
release (PRP), or the release fraction from EV-loaded PRP gels (PRP-EV). The graph displays the geometric mean fluorescence intensity
(GeoMean) in the fluorescein isothiocyanate (FITC) channel, reflecting the intracellular fluorescent EV signal across the four conditions.
No statistically significant difference (p > 0.05) was detected between the purified EV and PRP-EV groups. Data are presented as mean
± SD (n = 3; *** p ≤ 0.001, **** p ≤ 0.0001 by one-way Analysis of Variance (ANOVA) followed by Tukey’s post-hoc test). (B) EV
internalization within the three-dimensional (3D) microfluidic model. Fluorescent signal intensity in primary OA chondrocytes cultured
inside 3D microfluidic devices and incubated for 48 hours with equivalent doses of either purified EVs or EVs released from the platelet
gel. The graph illustrates the mean fluorescence intensity across three independent donors. For the inflamed control (IL-1β) and the
gel-release control (IL-1β + PRP), values are not displayed as they were utilized as background thresholds for differential analysis. Data
are expressed as mean ± SD (n = 3; *** p ≤ 0.001 by one-way ANOVA followed by Tukey’s post-hoc test). (C) 3D cartilage tissue
penetration. Representative 3D reconstructions of OA cartilage explants after a 48-hour incubation with either unloaded (vehicle) or
EV-loaded platelet gels. The Coherent Anti-Stokes Raman Scattering (CARS) signal (red) identifies the dense cartilage extracellular
matrix (ECM), whereas the two-photon excited fluorescence (TPEF) signal (blue) indicates the distribution of fluorescently labeled EVs.
Bounding box dimensions in µm are indicated relative to the origin vertex.

potentially contributing to overall joint balance. These re-
sults pave the way for future use of PRP-EVs gels for car-
tilage defects by acting as a multi-target disease-modifying
therapy.

A primary objective of this study was to validate the
technical robustness and standardizability of our protocol
for incorporating ASC-EVs into a platelet-derived fibrin
gel (PRP), directly expanding upon the framework estab-

lished in our previous work [22]. The experimental findings
demonstrated a high degree of technical continuity, con-
firming that embedment efficiency, particle loading den-
sity and longitudinal elution dynamics over a 4-week win-
dow closely aligned with our baseline models. This struc-
tural reliability proves themethod is highly reproducible de-
spite the inherent biological variability of different donors.
Crucially, the process of CaCl2 activation and subsequent
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Fig. 4. Effect of pure EVs or the release of PRP gels without (PRP) or with EVs (PRP-EVs) on OA chondrocytes. (A) Upregulation
or downregulation ofMMP1/3/13 and CCL5 in OA patients’ chondrocyte pellets under IL-1β treatment, to sustain pathologic phenotype,
exposed to EVs, release of PRP gels (PRP) or release of combined PRP gel + EVs (PRP-EVs) for 14 days. Data are reported as –ΔCt with
respect to RPLP0 Ct values for each gene. Mean ± SD, n ≥ 3. § p ≤ 0.1; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Statistical significance
was evaluated using One-Way ANOVA with a Tukey post-hoc test. (B) Cumulative MMP activity in the supernatant of OA patients’
chondrocyte pellets under IL-1β treatment, to sustain pathologic phenotype, exposed to EVs, release of PRP gels (PRP) or release of
combined PRP gel + EVs (PRP-EVs) for 14 days. Data are reported as relative activity with respect to the IL-1β condition set as 1. Mean
± SD, n≥ 3. **** p≤ 0.0001. Statistical significance was evaluated using One-Way ANOVAwith a Tukey post-hoc test. (C) Cumulative
NO release in the supernatant of OA patients’ chondrocyte pellets under IL-1β treatment, to sustain pathologic phenotype, exposed to
EVs, release of PRP gels (PRP) or release of combined PRP gel + EVs (PRP-EVs) for 14 days. Data are reported as relative NO release
with respect to IL-1β condition set as 1. Mean ± SD, n ≥ 3. ** p ≤ 0.01; **** p ≤ 0.0001. Statistical significance was evaluated using
One-Way ANOVA with a Tukey post-hoc test. (D) Heat Map and hierarchical clustering of gene expression, MMP activity (MMPs) and
NO release values. Gene expression abundance ratios were calculated from –ΔCt data (2–ΔCt) and the IL-1β condition was set as 1. Input
values were ln(x+1)-transformed. Unit variance scaling was applied to rows. Both rows and columns were clustered using correlation
distance and average linkage. Red shades for higher abundance/activity values, blue shades for reduced ones. (E) Arbitrary levels of
Collagen I and Collagen II, and Coll II vs Col I ratio, in OA patients’ chondrocyte pellets under IL-1β treatment, to sustain pathologic
phenotype, exposed to EVs, release of PRP gels (PRP) or release of combined PRP gel + EVs (PRP-EVs) for 14 days. Data are reported
as relative protein amount with respect to the IL-1β condition set as 1. Mean ± SD, n ≥ 5. § p ≤ 0.1, * p ≤ 0.05, **** p ≤ 0.0001.
Statistical significance was performed using Kruskal-Wallis with a Dunn post-hoc test for single Col I and Col II evaluations. For Col II
vs Col I ratio evaluation, statistical significance was performed using One-Way ANOVA with a Tukey post-hoc test. (F) Arbitrary levels
of Collagen X in OA patients’ chondrocyte pellets under IL-1β treatment, to sustain pathologic phenotype, exposed to EVs, release of
PRP gels (PRP) or release of combined PRP gel + EVs (PRP-EVs) for 14 days. Data are reported as relative protein amount with respect
to the IL-1β condition set as 1. Mean ± SD, n≥ 5. § p≤ 0.1, ** p≤ 0.01. Statistical significance was evaluated using One-Way ANOVA
with a Tukey post-hoc test.
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Fig. 5. Effect of pure EVs or the release of PRP gels without (PRP) or with EVs (PRP-EVs) on OA synoviocytes. (A) Overall effect
of EVs, release of PRP gels (PRP) or release of combined PRP gel + EVs (PRP-EVs) for 2 days on OA patients’ synoviocytes under
IL-1β treatment, to sustain pathologic phenotype. Gene expression abundance ratios were calculated from –ΔCt data (2–ΔCt) and the IL-1β
condition was set as 1. For PCA, no scaling was applied to rows; SVD with imputation was used to calculate principal components. The
X- and Y-axes show principal component 1 and principal component 2, which explain 87.8% and 9.5% of the total variance, respectively.
For the heatmap with hierarchical clustering, no scaling was applied to rows. Both rows and columns were clustered using correlation
distance and average linkage. (B) Upregulation or downregulation of CCL2, CXCL8, CXCL10, IL6, COX2 and NGF in OA patients’
synoviocytes under IL-1β treatment, to sustain pathologic phenotype, exposed to EVs, release of PRP gels (PRP) or release of combined
PRP gel + EVs (PRP-EVs) for 2 days. Only genes with at least one statistically significant difference between any condition (fold ≥2 or
≤0.5 and p-value ≤ 0.05) are shown. Data are reported as –ΔCt with respect to TBP Ct values for each gene. Mean ± SD, n ≥ 4. * p ≤
0.05; ** p ≤ 0.01; **** p ≤ 0.0001. Statistical significance was evaluated using One-Way ANOVA with a Tukey post-hoc test.

matrix entrapment did not compromise the functional in-
tegrity of the biologics. In both two-dimensional and three-
dimensional microfluidic models, the MFI increase in OA
chondrocytes interacting with gel-released EVs was statis-
tically identical to that of those treated with directly puri-
fied EVs, replicating previous data [22]. This result con-
firms that the scaffolding environment preserves crucial EV

surface receptors and cellular uptake mechanisms. Finally,
multimodal microscopy of human OA cartilage explants
showed that the released particles successfully achieved
deep matrix penetration into degenerated tissue zones, es-
tablishing this framework as a stable and robust delivery
system.
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Together with the ability to be incorporated, released
and transferred, the therapeutic efficacy of ASC-EVs is
heavily dictated by their bioactive miRNA cargo. Our
quantitative molecular profiling revealed that 20 highly
abundant miRNAs accounted for 81% of the total ge-
netic message, showing a profound quantitative asymme-
try favoring tissue preservation over degradation. Within
the cartilage homeostasis category, protective miRNAs
(predominantly miR-24-3p [29,30,31], miR-222-3p [32,33]
and miR-193b-3p [34,35]) outweighed destructive ones by
nearly fourfold (27 % vs 7 %), aligning with established
roles for these sequences in preserving the chondrocyte
phenotype and resisting matrix breakdown. Mechanisti-
cally, miR-24-3p has been shown to repress A Disinte-
grin and Metalloproteinase with Thrombospondin Motifs-5
(ADAMTS-5) and caspase-3 [30], thereby directly blunt-
ing aggrecanase activity and chondrocyte apoptosis, while
miR-222-3p maintains the differentiated state by targeting
histone deacetylase-4 (HDAC4) [33], a known suppressor
of Runx2 and cartilage hypertrophy. Furthermore, miR-
193b-3p directly regulates HDAC3 [34], promoting a chro-
matin state accessible for SRY-Box Transcription Factor 9
(SOX9)-driven collagen type II transcription. This signa-
ture provides a robust mechanistic explanation for the po-
tent anti-catabolic and anti-inflammatory activity exerted
on the joint microenvironment, and mirrors the results pre-
sented in the pilot study with an almost superimposable ar-
ray of pro-chondrogenic factors in ASC-EVs from a differ-
ent set of donors. Regarding miRNAs' role in osteoarthri-
tis synoviocytes homeostasis, data are still poor, although
recent in vivo data showed how EVs from fat pad MSCs
reduced proliferation, inflammation-related molecular pro-
files and secretion of pro-inflammatory molecules in patho-
logic synoviocytes [36], and that this shared potential relies
on the shuttled cargo similarly acting on both cell types.

When evaluated in a 3D chondrocyte pellet model, the
combined PRP-EV formulation demonstrated clear supe-
riority over individual treatments, with hierarchical clus-
tering placing the PRP-EV profile furthest from patholog-
ical control cells. This superior performance is driven by
several concurrent mechanisms: PRP-EVs induced a pro-
found downregulation of primary degradative collagenases
(MMP1,MMP3 andMMP13), which was functionally mir-
rored by a significant reduction in cumulative enzymatic
MMP activity. MMP increases are among the key me-
diators involved in cartilage structure degradation in OA
pathology [37], alongside oxidative damage due to NO
release in response to inflammation. NO is part of the
catabolic functional program in chondrocytes which are
the major intra-articular contributors [38]. Of note, PRP-
EVs blunted in a similar way the production of NO and
the expression of the chemokine CCL5, reported in other
cell types to be directly linked with NO release [39]. The
concurrent inhibition of CCL5 and NO points toward an
interruption of the nuclear factor kappaB (NF-κB) signal-

ing cascade, a master regulator of OA catabolism [40] that
is standardly fueled by PRP-derived pro-inflammatory cy-
tokines but here post-transcriptionally quenched by the EV
cargo. Strikingly, while PRP alone is effective in promot-
ing cartilage repair albeit often promoting fibrous tissue for-
mation [20,21], the addition of ASC-EVs shifted the bal-
ance toward native hyaline regeneration, significantly ele-
vating the critical Collagen II to Collagen I ratio. Both pure
EVs and PRP-EVs successfully suppressed Collagen X ex-
pression, a marker of chondrocyte hypertrophy [41], coun-
teracting the hypertrophic induction seen with PRP alone
and proving that the EVs, directing PRP away from fi-
brosis and toward high-quality matrix synthesis, act as a
phenotypic brake as reported in animal models [42]. This
phenotypic steering is likely dependent on the capability
of EV-miRNAs to modulate transforming growth factor-β
(TGF-β)/bone morphogenic protein (BMP) signalling path-
ways [43], effectively balancing the pro-fibrotic signalling
molecules natively present in platelet concentrates.

Eventually, becauseOA is awhole-joint disease where
synovial inflammation cross-talks with cartilage degrada-
tion, a successful disease-modifying therapy must address
the pathologic synovium. In human OA synoviocytes, as
observed in the chondrocyte model, the PRP-EVs combi-
nation exerted the most robust therapeutic impact, signif-
icantly downregulating a panel of six pivotal pathological
genes: CCL2,CXCL8,CXCL10 and IL6 (governing inflam-
mation and chemotaxis), alongside COX2 and NGF (gov-
erning prostaglandin synthesis, joint pain signaling and hy-
peralgesia). If the role of synovitis inflammation [2] and
its therapeutic management is largely described in OA [44],
pain and its dependence on synovium is less described. No-
tably, pivotal EVs treatment in vivo demonstrated pain re-
duction [45,46], suggesting that EVs may alleviate joint
algesia by decreasing NGF and COX2 expression, which
are notorious local triggers for sensory nerve sensitization
within the subchondral bone and synovium [47,48]. This
dual action, silencing chemotactic recruitment via C-C mo-
tif chemokine ligand-2 (CCL-2)/C-X-C motif chemokine
ligands (CXCLs) and resolving nociceptive signalling, en-
hances their comprehensive therapeutic efficacy across the
entire joint ecosystem and potentially improves overall pa-
tient outcomes.

Overall, all three formulations evaluated demon-
strated efficacy in counteracting in vitro chondrocyte and
synoviocyte inflammation. However, pure EVs and the
secretome from unloaded PRP gels alone exhibited less
pronounced downregulatory effects, frequently failing to
achieve statistical significance across all evaluated targets.
Notably, the PRP gel secretome outperformed pure EVs
across the majority of tested parameters, providing a mech-
anistic justification for its widespread use in current clini-
cal practice. Nevertheless, a major drawback of PRP ther-
apy remains its tendency to drive phenotypic shifts toward
lower-quality fibrous tissue, a phenomenon also observed
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in our 3D chondrocyte model. Conversely, while pure EVs
exerted a less potent immediate effect than the PRP secre-
tome, they demonstrated an intrinsic capacity to direct more
biomimetic, hyaline-like cartilage regeneration. This dis-
tinction suggests that rather than serving as a standalone
primary driver of tissue repair, EVs may function more ef-
fectively as an instructive adjuvant. From this perspective,
the superior efficacy of the combined PRP-EV product con-
firms that the bioactive factors released by the platelet gel
work synergistically with EVs, effectively disrupting the
positive feedback loop of synovial inflammation and joint
pain through a more physiologically balanced mechanism.

Limitations

This study has limitations that should be acknowl-
edged. First, the evaluation relied on in vitromodels, which
inherently only partially recapitulate the complex, multi-
tissue physiology of the native joint. To mitigate this limi-
tation and closely mimic the degenerated environment, pri-
mary cells harvested directly from OA patients were uti-
lized and maintained under chronic inflammatory condi-
tions. Nevertheless, we acknowledge that the present in
vitro setup does not allow for the evaluation of the sys-
temic immune response, clearance kinetics or joint-related
functional outcomes, meaning these findings must be in-
terpreted within a strictly preclinical framework. Addi-
tionally, a formal analysis of EV stability and release ki-
netics over a 4-week gel incubation period was not per-
formed. In our setting, the isolation and characterization of
gel-released ASC-EVs (e.g., sorting to separate them from
PRP-EVs) would require high-sensitivity instrumentation
and large volumes of input materials that were unavailable.
Nevertheless, monitoring and maintaining EV stability and
therapeutic effects over extended periods remains a key
challenge. To address these aspects, an in vivo study is cur-
rently ongoing to rigorously validate the regenerative and
protective efficacy of the PRP-EV formulation in a living
cartilage defect model where both the long-term outcomes
and functional effects, mirroring the maintenance of EVs
efficacy over time, will be evaluated. Second, this work
focused primarily on the joint’s stromal elements, specif-
ically evaluating chondrocytes and synoviocytes. Future
investigations will expand upon these findings by testing
the effects of pure EVs, PRP and the combined PRP-EV
secretome on the joint’s immune compartment, with a spe-
cific emphasis on macrophage polarization and activation.
Finally, because our primary focus was on evaluating the
cumulative biological message conveyed by the whole EV-
miRNA cargo, specific knockdown or overexpression ex-
periments of individual candidate miRNAs were not per-
formed. To address this and uncover the exact molecu-
lar mechanisms driving the observed phenotypic shifts, a
comprehensive high-throughput characterization of the EV
cargo, using advanced fingerprinting techniques such as
Next-Generation Sequencing (NGS), will be required in fu-

ture studies. This molecular-level resolution will also be
highly valuable in dissecting potential donor-to-donor vari-
ability in therapeutic efficacy. In the present study, due to
the limited number of donors, such variability was not ex-
plicitly analysed. Instead, priority was given to maximiz-
ing cohort diversity by including both sexes and a broad age
range to capture a wider biological spectrum.

5. Conclusions
Our findings demonstrate that integrating ASC-EVs

into a PRP fibrin matrix establishes a paradigm shift in
whole-joint bio-orchestration, moving beyond simple drug
delivery to actively reprogram the pathological cross-talk
between degenerating cartilage and an inflamed synovium.
By balancing the potent stimuli of platelet growth fac-
tors with the homeostatic, anti-fibrotic “braking” action of
EV-shuttled miRNAs, this platform provides a blueprint
for multi-component, biomaterial-stabilized biologics ca-
pable of dynamically reshaping diseased microenviron-
ments over extended periods. Given its clinically scalable
and potentially autologous nature, this dual-action frame-
work lays an adaptable foundation for point-of-care re-
generative medicine, offering a therapeutic concept that
could be extended beyond osteoarthritis to other complex,
inflammation-driven musculoskeletal disorders.
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