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ABSTRACT ARTICLE HISTORY
Tendon injuries significantly impact quality of life, prompting the exploration of innovative solutions Received 5 March 2024
beyond conventional surgery. Extracellular Vesicles (EVs) have emerged as a promising strategy to Revised 14 November
enhance tendon regeneration. In this study, human Tendon Stem/Progenitor Cells (TSPCs) were isolated 2024

from surgical biopsies and cultured in a Growth-Differentiation Factor-5-supplemented medium to §3§§pted 24 February
promote tenogenic differentiation under static and dynamic conditions using a custom-made perfusion

bioreactor. Once at 80% confluence, cells were transitioned to a serum-free medium for conditioned KEYWORDS

media collection. Ultracentrifugation revealed the presence of vesicles with a 10° particles/mL Extracellular vesicles;
concentration and sub-200nm diameter size. Dynamic culture yielded a 3-fold increase in EV protein tendon stem/progenitor
content compared to static culture, as confirmed by Western-blot analysis. Differences in surface marker cells; tendon tissue
expression were also shown by flow cytometric analysis. Data suggest that we efficiently developed a  engineering; bioreactors
protocol for extracting EVs from human TSPCs, particularly under dynamic conditions. This approach

enhances EV protein content, offering potential therapeutic benefits for tendon regeneration. However,

further research is needed to fully understand the role of EVs in tendon regeneration.

GRAPHICAL ABSTRACT

Introduction and includes inflammation, proliferation, and remodelling.

Tendon injuries are common, often occur during sports and Unfortunately, tendons have limited vascular supply and are

recreational activities, and significantly impact patients’ daily ~subjected to a variety of high compressive and tensile loads,
lives [1,2]. The tendon healing process is often incomplete making their inherent ability to self-repair and regenerate
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after injury relatively limited [3]. Early and intense inflamma-
tory responses frequently result in the formation of adhesions
and scars [4], which, in turn, can compromise tendon strength
and increase the risk of re-injury [5]. Therefore, it is crucial to
modulate anti-inflammatory strategies and the prevention of
scar formation in treating tendon injuries [6].

There has been a recent growing interest in the study of
tendon stem cells (TSPCs), a progenitor cell population resid-
ing in tendon tissue [7]. TSPCs possess stem cell-like proper-
ties, including self-renewal capabilities, multi-differentiation
potential, and the ability to form cell colonies [8]. Growing
studies have shown their applications in tissue engineering,
as in vitro models to study tenogenic regenerative events
[9-13], in combination with specific growth factors, such as
growth differentiation factor-5 (GDF-5), which plays a role in
tendon repair and maintenance [14]. GDF-5 induces teno-
genic differentiation in different types of stem cells, such as
adipose-derived [15,16], umbilical cord-derived [17], and
bone marrow-derived mesenchymal stem/stromal cells
(MSCs) [18].

Furthermore, the cell's immediate microenvironment, or
niche, is crucial to promote adequate function of stem cells.
In this respect, Extracellular Vesicles (EVs) have been reported
as micro- and nano-scale membrane vesicles actively released
by cells, both in healthy states and during pathological con-
ditions [19]. Initially considered cellular debris [20], EVs play a
pivotal role as messengers for intercellular communication
and are valuable biomarkers for diagnosing and predicting
diseases [21] since they can carry genetic information [22-25]
and play a crucial role in both inflammation [25-27] and tis-
sue repair. Adopting EVs and/or their constituents, such as
proteins and lipids, in new therapeutic formulations to
address tendon disorders may offer the advantage of reduced
likelihood of immune responses, lower cytotoxicity side
effects, and mitigation of post-implantation risk [25,28].
Recent reports have highlighted the potential of EVs derived
from different cell types in regenerative medicine for tendi-
nopathy. Bone marrow mesenchymal stem cells (MSCs) have
been shown to promote proliferation, migration and fibrotic
activity of TSPCs [29,30], as well as promote angiogenesis
and inhibit inflammation in damaged tissues [31,32].
Adipose-derived stem cells (ASCs) derived EVs have been
reported to attenuate inflammatory response and promote
intrinsic healing [16,33,34]. However, the involvement of EVs
derived from TSPCs in tendon regenerative processes is an
ongoing investigation. Previous studies have isolated and
characterised TSPCs-derived EVs from rats [6,8,35], but no
reports, to the best of our knowledge, have done it on human
TSPCs-derived EVs.

Moreover, previous reports have shown that the dynamic
culture, through bioreactor systems, offers superior conditions
for the production of extracellular vesicles (EVs) [36-41]. Data
indicated that dynamic environments, characterised by con-
tinuous agitation or perfusion, result in higher EV yields com-
pared to static cultures. The dynamic conditions facilitate
more efficient distribution of nutrients and oxygen through-
out the culture, leading to improved cell viability and produc-
tivity [42]. Furthermore, dynamic culture systems help alleviate
challenges such as sedimentation and cell clumping, which

can hinder EV production in static cultures. Overall, these
findings emphasise the importance of dynamic culture tech-
niques in optimising the efficiency and scalability of EV bio-
processing within bioreactor settings [38].

In the present study, we have successfully extracted and
characterised human TSPCs and demonstrated the efficiency
of GDF-5-supplemented media in promoting a tenogenic
activity in TSPCs. Moreover, we investigated the isolation and
characterisation of their EVs in two different culture condi-
tions, which, to the best of our knowledge, has not been
done before. For EV isolation, we selected ultracentrifugation
due to its ability to provide a balance between yield and
purity, which is essential for reliable EV analysis. Compared to
alternative methods like size-exclusion chromatography (SEC)
and precipitation, ultracentrifugation is particularly effective
for processing larger volumes of conditioned media, as
required in dynamic culture systems. While SEC can yield
highly pure EV fractions, it may offer a lower yield, and pre-
cipitation methods, though efficient and user-friendly, often
result in the co-isolation of non-vesicular proteins, potentially
affecting EV purity. Thus, ultracentrifugation was chosen as a
practical method for achieving consistent and high-purity EV
preparations suitable for downstream analyses [43].
Additionally, we showed that dynamic culture in perfusion
appeared to be more effective for EV production and collec-
tion. The presence of EVs was confirmed through morpholog-
ical analysis (SEM, TEM and Nanosight), as well as related
protein content assays. A more comprehensive understanding
of the mechanisms by which EVs promote tendon repair is
crucial for advancing EVs as a novel therapeutic approach for
addressing new drug delivery formulation for tendon
disorders.

Materials and methods
Isolation and culture of human TSPCs

TSPCs were isolated from biopsies of healthy human semiten-
dinosus tendons following an already published protocol
under previously granted Ethical Approval [9]. A total of three
healthy semitendinosus samples were acquired from male
donors aged 25, 51, and 70, following informed consent. In
detail, samples of tendons were obtained from non-suitable
tissue sections typically discarded during the procurement of
semitendinosus autologous transplants for anterior cruciate
ligament reconstruction. The presence of comorbidities or any
previous or concurrent anterior cruciate ligament disease
were considered exclusion criteria. The isolation of TSPCs was
performed as follows: the tendon samples were initially rinsed
thrice with sterile phosphate-buffered saline (PBS) (LONZA®,
BE17-516F) containing 1% Penicillin-Streptomycin  (P-S)
(Corning) and 1% Amphotericin B (Ampho B) (Corning).
Following the washing process, the tissue was sectioned into
small fragments, ensuring the removal of any visible muscle
or fat, and placed into pre-scratched Petri dishes. 3ml of
0.25% trypsin—2.21 mM EDTA in 1X solution (Corning, 25051)
was added to each dish and then incubated at 37°C for
30min. Subsequently, the enzymatic action was neutralised
using 12ml of a-MEM (Corning, 15012CV) supplemented with



1% Glutagro™, 1% P-S, 1% Ampho B, and 10% Foetal Bovine
Serum (FBS). Culture media was changed weekly until the
migration of TSPCs from the tendon pieces to the culture
plate happened. When TSPCs reached 50% confluence the tis-
sue pieces were discarded, and fresh media was added. When
TSPCs reached 80% confluence, they were detached using
trypsin-EDTA and centrifuged at 1400rpm for 10min. TSPCs
were cultured for 120days, and at different passages (P3 and
P16), cells were collected for qRT-PCR and flow cytometric
analysis.

Multipotent differentiation

Multipotent differentiation (adipogenic, chondrogenic and
osteogenic) was performed as previously reported [44]. The
experiment was performed on early passage (P3) and late
passage (P16) TSPCs; cells were seeded at 5000 cells/cm? and
cultured for 28days in differentiation induction medium. The
adipogenic medium comprised high glucose DMEM (Corning)
supplemented with L-glutamine and enriched with 0.1uM
dexamethasone (Sigma Aldrich, D2915), 0.5mM 3-Isobutyl-1-
methylxanthine (Sigma Aldrich, 15879), 10mg/ml human insu-
lin solution (Sigma Aldrich, 19278), 100uM indomethacin
(Sigma Aldrich, 17378), 10% FBS, 1% non-essential amino
acids (NEAA), 1% Penicillin-Streptomycin (P-S), and 1%
Amphotericin B (Ampho B). The chondrogenic media con-
sisted of high glucose DMEM with L-glutamine supplemented
with 1% v/v Insulin-Transferrin-Selenium (GibcoTM, 41400045),
0.1uM dexamethasone, 50uM ascorbic acid, 40ug/mil
L-proline, 1% sodium pyruvate (GibcoTM, 11360070), 10 ng/ml
Recombinant human TGF-B3 (Peprotech, 100-36E), 1% v/v
FBS, 1% NEAA, 1% P-S, and 1% Ampho B. The osteogenic
medium comprised high glucose DMEM with L-glutamine
supplemented with 50uM ascorbic acid (Sigma Aldrich,
A4544), 10uM B-glycerophosphate (Sigma Aldrich, G9422),
0.1uM dexamethasone, 10% FBS, 1% NEAA, 1% P-S, and 1%
Ampho B. The control medium consisted of high glucose
DMEM with L-glutamine supplemented with 10% FBS, 1%
NEAA, 1% P-S, and 1% Ampho B.

Cells were seeded on day —1 in the control culture medium
to allow cells to adhere and have the same starting point for
all the conditions. After 24h, at day 0, the control medium
was replaced with differentiation media. Media changes
occurred twice a week, and at each time point (day 0, 7, 14,
21 and 28), some cells were fixed with 4% paraformaldehyde
and stored at 4°C with PBS. Histological staining procedures
involved using 3mg/ml Oil Red O (Sigma Aldrich, 00625-100G)
in 99% isopropanol for adipogenesis, 1% Alcian blue 8GX
(Sigma Aldrich, A3157-10G) in 0.1 M aqueous HCI for chondro-
genesis, and 2% alizarin red S sodium salt (Alfa Aesar, 42040)
in distilled water (dH20) for osteogenesis. Images were cap-
tured using a Leica DMIL LED microscope and acquired with
a Leica DFC425 C Camera.

Flow cytometry analysis

TSPCs, both early (P3) and late passage (P16), were detached
and 50,000 cells were taken for staining performed as
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follows. After successive washes in 1x PBS, cells were briefly
incubated at room temperature (RT) for 20 min with the fol-
lowing directly conjugated mouse-anti-human antibodies:
CD34-PE (A07776), CD90-FITC (IM1839U), CD105-PE (A07414),
CD45-PC7 (IM3548), Anti-HLA-DR-FITC  (IM0463U), and
CD14-PC7 (A22331) (all from Beckman Coulter), along with
CD73-APC (Miltenyi Biotech, 130-095-183). Following the
antibody incubation, samples underwent two washes with
1x PBS and were then resuspended in the same buffer for
acquisition. The acquisition was performed using a BD
FACSVerse™ flow cytometer (Becton Dickinson) equipped
with two lasers (blue: 488 nm and red: 628 nm). A minimum
of 30,000 events were recorded. Post-acquisition compensa-
tion and analysis were conducted using Kaluza software
(v.2.1, Beckman Coulter). Flow cytometry events were ini-
tially gated by plotting forward scatter (FSC) versus side
scatter (SSC), followed by the exclusion of double cells
(FSC-A vs. FSC-H), before determining CD surface marker
expression.

Growth rate analysis

To determine if the growth rate was affected by the ageing
process, cells underwent a 120-day culture period. Population
doublings (PDs) were computed utilising the formula
PD=log,, (N/NO)/log,,(2), where ‘N’ represented the count of
harvested cells at the passage, and ‘NO’ denoted the initial
cell count. These values were then utilised to derive the
cumulative population doublings (CPDs) over time using the
formula CPD, = PD, + PD, + PD,, (where ‘n" corresponds to
the time point, equivalent to the days in culture). Subsequently,
these CPD values were employed to construct a growth
curve, with the X-axis representing the time points and the
Y-axis depicting CPD values. The same type of analysis has
been previously reported [44].

Morphological analysis

Images of TSPCs were captured at different passages (P3 and
P16) with a Leica DMIL LED microscope (Leica DFC425 C
Camera) and were subjected to analysis for aspect ratio. The
analysis was performed to show possible changes in human
TSPC phenotype over time, and this approach has already
been validated in previous studies [17,44]. The Image) anal-
ysis software [45] was utilised, employing its manual tool to
delineate the perimeter of cells. Subsequently, the aspect
ratio was computed by dividing the major axis length
(length) of the cell area by the minor axis length (width).
Thirty individual cells were randomly chosen across three
image fields for analysis.

RNA extraction and gene expression by RT-qPCR

RNA extraction was performed with the RNeasy Micro kit
(Qiagen, 74004) according to the manufacturer’s instructions.
The concentration of the extracted RNA was quantified using
a Nanophotometer NP80 (Implen™). Then, the iScript™ cDNA
synthesis kit (Bio-Rad, 1708891) was used to reverse-transcribe
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1ug of total RNA for each sample through a Thermal Cycler
2720 instrument (Applied Biosystems). RT-qPCR was under-
taken using the SsoAdvanced™ Universal SYBR® Green
Supermix (Bio-Rad, 1725271) and the validated primers for
SCX-A, DCN, TNC, COL1A1, COL3A1 (Bio-Rad), and TNMD
(Sigma), according to MIQE guidelines [46]. It was performed
on a LightCycler® 480 Instrument (Roche). Triplicate experi-
ments were performed for each condition studied, and data
were normalised to GAPDH expression (Bio-Rad). Fold changes
were determined using the 2722%t method and presented as
relative levels over Early passage = 1 and TO=1.

Immunofluorescence assay

Cells underwent fixation with 4% paraformaldehyde for 30min
at room temperature (RT), followed by permeabilisation using
0.1% Triton X-100 for 10min. Subsequently, cells were treated
with a blocking buffer consisting of 1% bovine serum albumin
(BSA) and 0.1% Tween 20 for 1h. For staining of type | collagen
and TNMD, cells were incubated overnight at 4°C with mouse
monoclonal anti-type | primary antibody (1:100; Sigma Aldrich,
MAB3391) and rabbit polyclonal anti-TNMD primary antibody
(1:100; Abcam, ab203676), respectively. After primary antibody
incubation, cells were treated for 1h at RT with Alexa Fluor™
594 goat-anti-mouse IgG (1:500; Thermo Fisher Scientific,
A-11005) and Alexa Fluor™ 488 goat-anti-rabbit 1gG (1:500;
Thermo Fisher Scientific, A-11008) antibodies. Cell nuclei were
stained with 4',6-diamidino-2-phenylindole (DAPI) solution
(1:1000; Sigma Aldrich, D9542) for 5min at RT. Imaging was
conducted at 20x magnification with consistent settings for
light, exposure time, and gain using a fluorescence microscope
(Eclipse Ti Nikon Corporation).

GDF-5 treatment

To evaluate the effect of GDF-5 supplemented media on
TSPCs, P3 cells were seeded at 5000 cells/cm? and cultured
for 28days in the tenogenic medium. The medium con-
sisted of high glucose DMEM with L-glutamine supple-
mented with 50uM ascorbic acid (Sigma Aldrich, A4544),
100ng/ml recombinant human GDF-5 (Peprotech, 120-01),
10% FBS, 1% NEAA, 1% P-S and 1% Ampho B. Control
media was previously described for multipotent differentia-
tion. Cells were seeded on day —1 in the control culture
medium. After 24h, at day 0, control media were replaced
with differentiation media, where appropriate, for day 7, 14,
21 and 28-time points. Media were changed twice a week,
and at each time point, cells were fixed with 4% parafor-
maldehyde and stored at 4°C with PBS. Cells cultured in
tenogenic media and their controls were also collected for
gRT-PCR and immunofluorescence (IF) assays. After 28 days,
0.1% Sirius red (Sigma-Aldrich, 365548) in picric acid was
used for histological staining.

TSPCs static and dynamic culture

For static conditions, TSPCs were seeded into 2T-175cm?
flasks with 30ml of GDF-5-supplemented media in each. For
dynamic stimulation, a customised perfusion device operating

within a standard cell culture incubator was used. The appa-
ratus was composed of 2T-175cm?, each featuring holes
allowing the insertion of 2 needles (20G, BD Microlance™,
301300) connected with silicon tubes (Tygon®) providing per-
fusion via peristaltic pumps at a constant flow rate of 1ml/
min (Figure 3a). The dynamic culture conditions had already
been optimised in previous studies [42,47,48] to ensure effec-
tive metabolite and oxygen transfer without imposing signif-
icant shear stress on the cells. This flow rate was selected to
maintain high cell viability and stable primary cell culture, as
higher flow rates in preliminary trials resulted in cell detach-
ment and apoptosis. In both culture conditions, TSPCs were
seeded at a density of 5000 cells/cm? in GDF-5 supplemented
media. The medium was continuously recirculated within the
flasks under dynamic culture and replaced twice a week. In
both culture conditions, culture duration was the same (usu-
ally one week), until they reached 80% confluence. Both set-
ups were maintained under identical environmental conditions
(e.g. temperature, medium replacement schedule, same cul-
ture duration), ensuring a fair comparison between static and
dynamic conditions.

Finite element modelling (FEM) analysis

Finite Element Modelling (FEM) was implemented using
COMSOL Multiphysics Software to assess medium velocity
distribution within the culture plate. Laminar flow was
modelled for dynamic conditions, where the plate was
obtained using a rectangular geometry (length = 137 mm,
width = 116 mm, and height = 11Tmm) and inlet/outlet
using a cylindrical geometry (diameter = 0.6mm and
height = 40mm). At steady-state conditions, the medium
velocity distribution was simulated considering a flow rate
of 1 ml/min (i.e. an inner velocity of 0.06 m/s). A sensitivity
study of the mesh addressed the most computationally
efficient solution.

TSPCs starvation and conditioned media collection

When TSPCs reached 80% confluence, they were washed for
two minutes in PBS and then switched to a serum-free stan-
dard basal culture media for 24 h to facilitate the collection of
EVs. After 24h, 30ml of conditioned media were collected
from each T-175 flask, filtered using 0.22um syringe filters,
and then frozen at —20°C. After collecting the media, cells
were washed with PBS, enzymatically detached using trypsin-
EDTA and frozen at —80°C. Some samples were used for
Western blot analysis.

EVs isolation

EV isolation was performed using the ultracentrifugation
method, following a protocol reported elsewhere [49,50].
Conditioned media was thawed and transferred to centrifuge
tubes (Beckman Coulter, Open-Top Thick wall ultra-Clear Tube,
355631), then spun down using a swinging bucket rotor
SW31.1 Ti (Beckman Coulter, 369651). Centrifugation condi-
tions were set as 100000G for 90min, using the Optima™
XE-100 ultracentrifuge (Beckman Coulter, A94516). The



resulting supernatant was discarded and, the EV pellets from
static and dynamic cultures were resuspended in 1ml of dis-
tilled water (dH,0) to perform further analysis.

Protein concentration

The total protein concentration of the EV pellets was anal-
ysed using Pierce™ Bradford Plus Protein Assay Reagent
(Thermo Scientific™, 23238) according to the manufacturer’s
instructions.

Nanoparticle tracking analysis (NTA)

The size and concentration of nanoparticles in the EV pellets
were assessed using the Nanosight NS300 nanoparticle char-
acterisation system (Nanosight Ltd), equipped with fast video
capture and particle-tracking software. Samples were not
diluted and were injected into the laser chamber at a con-
stant rate, controlled by a syringe pump. Three recordings
were performed for each sample. Nanoparticle Tracking
Analyse (NTA) software was used to measure the size,
expressed as mean=SD size distribution, and the concentra-
tion of nanoparticles. The batch process included in the soft-
ware was used to integrate the three technical measurements
of each sample.

EV morphology

The morphology of EVs was investigated using a Field
Emission-Scanning Electron Microscope (FE-SEM model LEO
1525, Carl Zeiss SMT AG, Oberkochen, Germany). To prepare
the samples, several droplets were placed onto an aluminium
stub using double-sided adhesive carbon tape and subse-
quently dried using a critical point drier (model K850, Quorum
Technologies Ltd, East Sussex, United Kingdom). A thin layer
of gold film (with a thickness of 250 angstroms) was then
applied to the samples using a sputter coater (model 108A;
Agar Scientific, Stansted, UK). To capture TEM micrographs,
10l of each vesicle suspension was applied onto a formvar/
carbon 200 mesh copper grid (Ted Pella, USA Cat. No.
01800-F) and allowed to air dry for several hours. The result-
ing images were acquired using a transmission electron
microscope (TEM) in bright-field mode, specifically the FEI
TECNAI G2 200kV S-TWIN microscope equipped with a 4K
camera (electron source with LaB6 emitter; FEI Company,
Dawson Creek Drive, Hillsboro, OR, USA). Bright-field (BF) TEM
images were captured at 120kV using a spot size of 3 and an
integration time of 1s.

Western blot

Starved TSPCs, cultured in both static and dynamic condi-
tions, were thawed in fresh media, spun down for 15min at
1400rpm, resuspended in Tml PBS and then lysed in RIPA
buffer ((1:4) (NaCl 150mM, 1% Triton X-100pH 8.0, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0), supple-
mented with protease inhibitors cocktail and phosphatase
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inhibitors (Merck)) for 45min on ice, shaking the samples
every 10min. Cell lysates were then centrifuged for 20 min at
15,000 g, and the supernatants were transferred to a new
1.5m tube. Protein content was determined by BCA assay
(Thermo Scientific™, 23225), and 25ug of total protein was
loaded per lane. EV pellet proteins were determined by
Bradford assay, and the total amount was resuspended in
100 ul of distilled water and then equally split between all
the lanes. Then, protein extracts were separated by SDS-
PAGE gels and transferred onto nitrocellulose membranes.
Nitrocellulose blots were blocked with 10% non-fat dry milk
in TBS-T buffer (20mM Tris-HCI, pH 7.4, 500mM NaCl and
0.1% Tween-20) and incubated in TBS-T buffer containing 5%
BSA overnight at 4°C with the following primary antibodies

(all diluted 1:1000): anti-Calnexin (ab133615), anti-CD9
(ab263019), anti-CD63 (ab134045), anti-CD81 (ab109201),
anti-Hsp70 (ab181606), anti-TSG101 (ab125011), provided

from Abcam and anti-a-tubulin (T5168) supplied by Sigma
Aldrich. Immunoreactivity was detected by sequential incu-
bation with appropriate HRP-conjugated secondary antibod-
ies (Biorad, 1706515) for 1Th at RT and Pierce™ ECL Western
blotting substrate (Thermo Scientific, 32106) on a radiogra-
phy film. Densitometry of bands was performed with ImageJ
software (version 1.53c). The area under the curves, each rel-
ative to a band, was determined, and the local background
was subtracted from the calculated values.

Multiplex surface marker analysis

The flow cytometric analysis involved the use of the MACSPlex
Exosome Kit designed for human samples (Miltenyi Biotec,
130-122-209), which detects 37 exosomal surface epitopes,
along with two isotype controls. The analysis was performed
following the manufacturer’s instructions. Briefly, EV-containing
samples were mixed with MACSPlex buffer (MPB) to reach a
final volume of 120uL. These mixtures were loaded into 1.5ml
tubes, along with 15uL of MACSPlex Exosome Capture Beads.
The tubes were incubated overnight at RT on an orbital shaker
(450rpm), protected from light. After the incubation, 500uL of
MPB was added to each tube, followed by centrifugation at RT
at 3000x g for 5min. The supernatant was carefully removed,
and 5uL of MACSPlex Exosome Detection Reagent CD9, CD63,
and CD81 were added to each tube. Samples were incubated
for 1h at RT in an orbital shaker (450 rpm). After the incubation,
the tubes underwent another washing step, involving the addi-
tion of 500uL of MPB to each tube, followed by a 15-minute
incubation at RT in an orbital shaker (450rpm). The EV-containing
samples were centrifuged again, and the supernatant was dis-
carded, leaving about 200uL in each tube. Flow cytometric
analysis was carried out using a BD FACSVerse™ flow cytometer
(Becton Dickinson) by acquiring 5,000 events, followed by data
analysis with Kaluza software (v.2.1, Beckman Coulter).

Statistical analysis

Statistical analysis was carried out with GraphPad Prism soft-
ware (version 9.4.1). The data, which was collected from
multiple experiments (n=3), is presented as the mean=SD. To
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assess statistical significance among independent groups, the
Mann-Whitney test and t-test have been applied. Flow cytome-
try data were reported as the percentage of positive cells for
TSPCs characterisation (Figure 1a) or as the median fluorescence
intensity (MFI) of each EV marker for MACS Plex data analysis
(Figure 5c). For the latter, the background was subtracted from
samples using the median MFI values of each marker obtained
from three different controls: PBS alone, MACS Plex buffer alone,
and PBS+MACS Plex buffer. Next, a single median MFI value
from CD9, CD63, and CD81 was calculated for each sample, and

a median value for dynamic and static condition samples was
calculated. These values were used for data normalisation, as
the MFI value of each marker was divided by the normaliser for
dynamic or static conditions. Surface marker concentrations
below the corresponding control antibody included in the kit,
which serves as a measurement threshold, were considered
negative results. MACS Plex results were also visualised by heat-
map with dendrograms using RStudio software (v.2022.07.1;
RStudio, Boston, MA, USA). Differences were regarded as statis-
tically significant when the p-value was less than 0.05.

Figure 1. Testing of stemness properties of TSPCs at an early (P3) and late passage (p16). (A) flow cytometry analysis of the CD90, CD105, CD73, HLA-DR, CD105,
and CD34 surface marker expression of TSPCs. Normalised cell count histograms display marker expression on single cells. (B) The multipotency of TSPCs has been
proved through histological assays by adipogenic, chondrogenic, and osteogenic differentiation. Scale bar = 5um.



Results
TSPCs isolation and characterisation

Human TSPCs were extracted from healthy semitendinosus
tendon tissue samples using an explant method [9], harvested
and characterised by flow cytometry, and their multipotency
potential was tested at an early (P3) and late passage (P16).

Flow cytometry analysis

TSPCs were positive for the typical MSC surface markers
CD90, CD73 and CD105 and negative for HLA-DR, CD14, and
CD34 by flow cytometry. This immunophenotype profile was
largely retained across different passages (from P3 to P16), as
no significant variations were described, except for a decrease
in CD34 from 25% positive cells at early passage to 6.5% at
P16 (Figure 1a).

Multipotent differentiation

TSPCs displayed multipotency potential in early and late pas-
sage cells, staining positively for histological stains: Oil red O
for adipogenesis, Alcian blue for chondrogenesis and Alizarin
red for osteogenesis, following 28days of exposure to differ-
entiation media (Figure 1b). Visual inspection suggested that
low efficiency of differentiation into adipocytes and osteo-
cytes was obtained in later passage cells compared to earlier
passage.
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Morphological and growth rate analysis

TSPCs morphological investigation indicated a 1.1-fold
decrease (p<0.0001) in the aspect ratio measurement,
showing that cells were becoming larger and flatter, as can
be observed from visual inspection in bright-field images
(Figure 2a). The cell growth rate was measured for TSPCs
cultured for 120days and it was shown that that cells dis-
played continuous proliferation over the whole culture
time, achieving 29.6 CPD without entering the growth pla-
teau stage (Figure 2b).

Gene expression

TSPCs gene expression profile was measured across different
passages, and the results showed that all tested tenogenic
genes (SCX-A, DCN, TNC, TNMD and COL3A1) were down-
regulated in late passage compared to the early passage
cells, in most cases also significantly, such as SCX-A (20-fold
decrease, p<0.05), DCN (2-fold decrease, p<0.05), TNC
(3.4-fold decrease, p<0.05) and COL3A1 (1.5-fold decrease,
p<0.05) (Figure 2c). The data suggests that the ageing pro-
cess affected TSPCs tenogenic phenotype.

Evaluation of GDF-5 effect on TSPCs

TSPCs were cultured in GDF-5 supplemented media (100ng/ml)
to evaluate the tenogenic potential of this treatment on TSPCs.
After 14days of culture, TSPCs gained a more elongated

Figure 2. TSPCs morphological, growth and transcriptional characterisation at an early (P3) and late (P16) passage. (A) Morphological analysis by bright field micro-
scope and cell aspect ratio measurement. Scale bar = 5pm. (B) Growth kinetics of TSPCs across 120days of culture. (C) The gene expression profile for tenogenic
markers (SCX-A, DCN, COL1A1, TNMD and COL3A1) presented as relative levels over early passage = 1. Data are shown as mean+SD. * for p<0.05 (N=3).
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Figure 3. TSPCs were cultured for 14 days in GDF5-supplemented media. (A) Immunofluorescence images of TNMD (green) and COL1 (red) at day 0 (DO) and after
14days of GDF5 treatment (D14). Scale bar = 250 um. (B) Brightfield images of Sirius red staining and morphological analysis performed through cell aspect ratio
measurement between CTRL and GDF5 D14 samples. (C) Gene expression profile for tenogenic markers (SCX-A, DCN, COL1A1, TNC, TNMD, COL3A1 presented as
relative levels over TO=1. Data are shown as mean+SD. “*' for p <0.05, “****' for p <0.0001 (N=3).

morphology (tenocyte-like), which was confirmed both from IF
pictures (Figure 3a) and cell aspect ratio measurement (Figure
3b), which showed a significant increase (1.5-fold increase,
p<0.0001). Visual inspection of IF pictures also showed the
increased expression of TNMD (green) and COL1 (red). Moreover,
the transcriptional analysis showed that after 7days of GDF-5
treatment, TSPCs showed a 1.75-fold decrease in SCX-A (p<0.05),
a 1.2-fold decrease in DCN (p<0.05) and a 1.7-fold increase in
COL1A1 (p<0.05). Conversely, after 14days of GDF-5 treatment,
TSPCs showed a significant upregulation in SCX-A (2.3-fold,
p<0.05), COL1A1 (2-fold, p<0.05), TNMD (9-fold, p<0.05) and
COL3A1 (2.3-fold, p<0.05) compared to the CTRL (Figure 3c).

TSPCs static and dynamic culture

TSPCs were cultured in GDF-5 supplemented media until
they reached 80% confluence, both in static and dynamic
conditions, to allow for comparative analysis. In dynamic
conditions, a continuous flow rate of 1 ml/min was applied,
which provided a uniform medium velocity distribution
(horizontal cross-section) with an average value of 8.28e-6
m/s, as determined through finite element method (FEM)
analysis (Figure 4b). After 24h of starvation, cells were
detached from both static and dynamic cultures, and cell
counting was performed. Results showed that the number
of cells from the dynamic culture was consistently higher

than that in the static culture, despite both conditions
starting with the same seeding density. Protein expression
analysis was conducted on starved cells from both condi-
tions to evaluate EV markers. Western blotting was used to
determine protein levels of tetraspanins (CD9, CD63, CD81),
along with Calnexin, TSG-101, and HSP-70. Results indi-
cated that TSPCs cultured in static conditions expressed
significantly higher CD9 (2.6-fold, p <0.0001), CD63 (1.5-fold,
p<0.0001), Calnexin (1.5-fold, p<0.001) and TSG-101
(1.02-fold, p<0.05), while CD81, TSG-101 and HSP-70 pro-
tein levels did not show significant differences between
the two conditions (Figure 4c).

EVs isolation and characterisation

Morphological and size analysis

SEM of collected EVs showed that the population was
polydisperse and included a proportion of sub-200nm vesi-
cles (Figure 5a). Better visualisation of particles was possible
through TEM, which confirmed the presence of particles
whose diameter was in the same range and with a round
shape (Figure 5b). Particle size and concentration were
quantified by NTA, resulting in a particle concentration of
10% particles/ml, corresponding to an average size of
128.1£16 in static conditions and 139.1+12 in dynamic
conditions (Figure 5c).
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Figure 4. TSPCs dynamic culture characterisation. (A) Schematic representation of the perfusion bioreactor set-up (image partially created with https://www.
biorender.com/). (B) FEM analysis of medium velocity distribution within a T-175 flask (the perfusion flow is oriented along the y-direction). (C) Western blot data
of starved TSPCs in static and dynamic conditions on EVs panel of antibodies: CD9, CD63, CD81, Calnexin, TSG-101, HSP70). Data are shown as mean=SD. * for

p<0.05, *** for p<0.001 and “****' for p<0.0001 (N=3).

Protein content analysis

EV total protein content detected was 2.6-fold higher in
dynamic conditions than in static ones (p<0.05) (Figure 6a).
Immunoblotting was performed using the whole EVs marker
panel, previously used for TSPCs, but only CD81 and TSG-101
were detectable in the EV pellet collected from dynamic cul-
ture, likely because of low protein content (<0.5ug/ml)
(Figure 6b).

Flow cytometry analysis, through MACSPlex Exosome Kit,
showed the presence of 15 surface markers: CD45, CD63, CD1c,
CD105, CD41b, CD49%e, CD62P, MCSP, HLA-DR/DP/DQ, CD25,
SSEA-4, CD9, CD2, CD3 and CD56 (Figure 6c). Surface expres-
sion of almost all markers was higher in the EVs pellet obtained
from dynamic culture, except for HLA-DR/DP/DQ and CD25,
equally expressed in both culture conditions and SSEA-4 and
CD9, which were only present in static conditions. The highest
expression was measured for CD63, with a 2-fold higher
expression than in static conditions, and for CD45, which was
only showed by EV pellet from dynamic culture (Table 1).

Discussion

Given their limited capacity for self-regeneration and healing,
tendon injuries pose a significant challenge in clinical practice
[51,52]. Current approaches involve conservative and surgical
treatments, both of which do not necessarily fully restore ten-
don functionality due to the considerable mechanical stress
which tendons endure, combined with their low cell density
and poor vascularisation, hindering extracellular matrix syn-
thesis [25,53]. After healing, tendons undergo histological,
biochemical, and biomechanical alterations, but they do not
regain their original strength and elasticity, rendering them
susceptible to re-injury [1,2]. Given the tendon’s inability to
self-repair and the limitations of existing treatment methods,
alternative strategies are being explored [53]. Stem cell ther-
apy has emerged as a promising approach to address tendon
injuries by preventing inappropriate transformation of cells
and maintaining the desired tendon structure [8,54]. However,
there are several drawbacks to using stem cells, such as the
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Figure 5. Morphology characterisation of the different extracellular vesicle populations by (A) Scanning Electron microscope (SEM), scale bar = 200nm (zoomed
area: 4x magnification); (B) Transmission Electron microscope (TEM), scale bar = 500 nm; (C) Examples of particle size distribution and concentration observed by

NTA (N=3).

need to find a consistent source with a stable phenotype,
chromosomal abnormalities and genetic instability, host rejec-
tion, ectopic tissue development, and tumorigenicity [55]. To
overcome these problems, more recently, researchers have
investigated the potential of EVs to communicate critical bio-
logical information among cells, aiming to transmit the right
signals to aid in effective tendon repair [25].

In this study, we have successfully isolated TSPCs from
human healthy tendon biopsies using an explant method, fol-
lowing an optimised protocol [9]. We then demonstrated the
efficiency of GDF-5 treatment in promoting the maintenance
of TSPCs tenogenic profile, which, as we showed, is affected
by the cell ageing process. Lastly, we isolated and character-
ised human TSPCs-derived EVs cultured in two different cul-
ture conditions (static and dynamic), which, to the best of our
knowledge, had not been performed before.

Consistent with previous reports in human tendon tissues
[7,27,56,57], we tested TSPCs stemness properties by showing
their multipotent ability to differentiate in other cell types
(Figure 1a) and by determining their immunophenotype with
positivity for MSC markers (CD73, CD90, and CD105) and

negativity for haematopoietic markers (CD14, CD19, CD34,
CD45 and HLA-DR) (Figure 1b), consistent with ISCT guide-
lines [58]. These properties were retained across different pas-
sages, even though, from visual inspection, we could observe
a lower efficiency of adipogenic and osteogenic differentia-
tion, as previously reported in other species [44,56,59].
Regarding TSPCs morphology, there is currently a lack of
uniformity in their appearance, and their shape changes
according to the species [60]. TSPCs exhibit cobblestone-like
morphology in rabbits [61] and rats [59], stellate morphology
in rats [62], and fibroblast-like morphology in rats and humans
[7,63]. Indeed, we report a spindle-shaped morphology, which
became flatter and more rounded with proliferative age, with
a significant decrease in the aspect ratio measurement
(Figure 2a), in agreement with previous reports [61,64,65]. As
previously reported [44,59], the proliferative potential of
TSPCs was relatively consistent across all passages, and the
CPD kept increasing without plateauing during the culture
period (Figure 2b). Transcriptional analysis showed downregu-
lation of almost all the tenogenic genes, a probable conse-
quence of the ageing process (Figure 2c), in agreement with



ARTIFICIAL CELLS, NANOMEDICINE, AND BIOTECHNOLOGY 1

Figure 6. Comparison of EV protein characterisation collected from static and dynamic culture. Total protein concentration was measured by (A) Bradford assay;
(B) Western blot analysis of EVs specific markers (CD81, TSG-101); (C) Flow cytometric analysis of exosome surface protein markers. The median APC signal intensity
of each specific population of single beads was normalised to the average of the anti-CD9, anti-CD63 and anti-CD81 beads (N=3).

Table 1. Flow cytometric analysis of exosome surface protein markers on
TSPCs-derived EVs obtained both from static and dynamic culture conditions.
Results show that 15 surface markers have been detected: CD45, CD63, CD1c,
CD105, CD41b, CD49e, CD62P, MCSP, HLA-DR/DP/DQ, CD25, SSEA-4, CD9, CD2,
CD3 and CD56, (N=3).

EVs surface markers expression

MFI Values
Surface Markers Dynamic Static
CD63 940 461
CD2 3 0
CD56 4 0
CD3 2 0
CD62P 1 0
CD45 1617 0
CD49%e 1 0
CcD9 0 1
HLA-DR/DP/DQ 1 1
CD105 1 0
CD1c 1 0
CD25 1 1
SSEA-4 0 1
MCSP 1 0
CD41b 1 0

a previous study which reported the downregulation of SCX-A
and TNMD [59].

Given the limited understanding of specific tendon makers
and molecular interactions between transcription factors and
signalling pathways, there is still a lack of a specific method
to efficiently induce tenogenic differentiation of stem cells
[66]. To promote a tenogenic commitment of TSPCs and retain
their tendon cell phenotype over time, especially as
it is affected by the ageing process, as previously demon-
strated, we investigated the effect of GDF-5 supplementation.
In agreement with previous reports with other stem cell types
[15-18], we demonstrated the ability of GDF-5 to promote an
enhanced tenogenic profile in human TSPCs, marking, to the
best of our knowledge, the first time this has been reported
for this specific cell type. The GDF-5 concentration of 100ng/
ml was chosen based on previous optimisations in studies
with MSCs from various origins [17]. After 14days of GDF-5
treatment, TSPCs gained a tenocyte-like shape (Figure 3a and
b), maintaining a tendon cell phenotype, as previously
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described for murine tendon cells [67], human BM-MSCs
[17,68] and WJ-MSCs [17]. Transcriptional analysis showed an
increase in key tenogenic markers, including SCX-A, TNMD,
and COL3AT1 (Figure 3c), supporting a tendon-specific differen-
tiation response. SCX-A increased expression has already been
shown in rat tendon stem cells after 14days of 100ng/ml
GDF-5 supplementation [69]. The same study, as mentioned,
focused on the short-term effects of GDF-5 and observed a
decrease in TNC and COL1A1 in line with our results. However,
some reports have noted peak TNMD and COL3A1 expression
at earlier time points, such as 8days for hBM-MSCs [17] and
6days for adipose-derived MSCs [70], in contrast with our
results, which described 14days as the most effective time
point. This variation highlights cell-type-specific responses to
GDF-5 and underscores the need for further research, espe-
cially regarding the long-term impact of GDF-5 on TSPC sta-
bility, differentiation capacity, and regenerative efficacy. Future
studies should examine whether prolonged exposure to
GDF-5 can maintain the tenogenic phenotype over extended
periods, as this could be crucial for clinical translation.

Together with the biochemical inputs, physical stimuli may
be beneficial for tendon development, supporting the
mechano-stimulation of cells. In agreement with previous
studies, which tested dynamic systems on stem cells, such as
bone marrow mesenchymal stem cells [39-42,47,71] and
adipose-derived stem cells [72,73], we showed that dynamic
conditions could improve current cell culture systems, possi-
bly by better replicating the physiological in vivo environ-
ment. The present study showed that dynamic conditions,
consisting of a custom-made perfusion bioreactor with a con-
tinuous flow rate of 1 ml/min, enabling constant nutrient and
waste exchange, favoured a more significant protein produc-
tion of TSPCs-derived EVs. This flow rate was selected to
enhance cell viability and EV production while minimising
shear stress, as demonstrated in previous optimisation stud-
ies. Higher flow rates were tested but led to cell detachment
and apoptosis, underscoring the importance of fine-tuning
bioreactor parameters for primary cell cultures. To the best of
our knowledge, only a few previous studies reported the iso-
lation and characterisation of rat TSPCs-derived EVs [6,8,35],
but none of the human TSPCs-derived EVs.

The morphological analysis of human TSPCs-derived EVs,
in agreement with previous studies [6,8,35], described
sub-200 nm diameter vesicles with a rounded shape, as shown
both from SEM and TEM pictures (Figure 5a and b). However,
regarding the size distribution, whilst we reported a high
concentration of EVs (10% particles/ml) approximately at
130-140nm (Figure 5c), rat TSPCs-derived EVs showed a
smaller average vesicle size, below 100nm [8,35]. Consistent
with other studies on other cell types, such as bone marrow
MSCs [36] and tumour cell lines [37], in our study, we showed
the advantages of using a dynamic culture compared to a
static one to allow a larger production of EV protein [74].
Dynamic culture, indeed, provides a consistent flow of nutri-
ents and waste removal, creating a more stable environment
that supports cell viability and metabolic activity. This con-
trasts with static culture, where nutrient and waste gradients
can contribute to cellular stress and reduced functionality.
Additionally, although the flow rate in our setup was

optimised to minimise shear stress, even low-level mechanical
signals from continuous perfusion could subtly influence cel-
lular pathways associated with EV biogenesis. Together, these
factors likely create a more favourable environment for EV
production. Kang et al. [36], culturing hBM-MSCs in a perfu-
sion bioreactor both with 0.1 ml/min and 1 ml/min flow rates,
reported a 5.7-fold and a 7-fold increase in EV protein con-
tent obtained from dynamic culture compared to static one,
measured with Bradford assay, and we reported a 2.6-fold
increase in TSPCs-derived EVs isolated from dynamic culture
by using the same assay (Figure 6a). Conversely, in contrast
with our results, a previous study from Patel et al. [38], which
used a perfusion bioreactor with a flow rate of 4ml/min to
culture human dermal microvascular endothelial cells
(HDMECGs), showed a 15-fold decrease in total EV protein con-
tent obtained from dynamic culture. The observed increase in
EV production under dynamic culture conditions may stem
from multiple factors inherent to perfusion-based systems.
Concerning TSPCs-derived EV protein content, we performed
both WB and flow cytometry to test a panel of EV-specific
markers, such as tetraspanins, which are involved in many
cellular processes, such as cell adhesion, migration and sig-
nalling [75]. In agreement with the MISEV 2023 guidelines
[76] to define extracellular vesicles, our WB results (Figure 6b)
reported the presence of the tetraspanin CD81 and the cyto-
plasmic protein TSG-101 in the EVs obtained from the
dynamic condition, both also expressed from rat TSPCs-derived
EVs culture in static conditions [6,8]. Further immunopheno-
typic characterisation of TSPCs-derived EVs showed the pres-
ence of several surface markers highly expressed in dynamic
culture, such as CD63, CD9 and CD105, as also previously
reported in hBM-MSCs-derived EVs [26], while two markers
were only present in the static culture and two were equally
expressed in both culture conditions (Figure 6c). Due to the
high variability between all the human samples in their
EVs-specific markers expression, no statistical significance was
found. To overcome this issue, future prospects will include
an increase in the sample number.

While our current study provides promising in vitro results
in favour of using dynamic culture approaches for EV produc-
tion from TSPCs, it is important to acknowledge some limita-
tions. Firstly, although informative, our findings are based
exclusively on in vitro research, which may not fully reflect
the complex biological processes involved in tendon repair in
vivo. Future research on tendon regeneration should include
in vivo models to assess the therapeutic efficacy of EVs
derived from TSPCs in a more realistic biological environment.
Preclinical studies on tendon repair have demonstrated prom-
ising regenerative effects using EVs derived from tendon
stem/progenitor cells of animal sources, including enhanced
collagen synthesis, reduced scar formation, and improved
tendon strength [19,77,78]. However, while EVs from other
human stem cell sources, such as bone marrow [29] and adi-
pose tissue [33], have been investigated in preclinical set-
tings, studies specifically on EVs from human TSPCs remain
limited. This gap represents an important research opportu-
nity, and our future studies will focus on isolating and evalu-
ating the therapeutic potential of human TSPC-derived EVs in
tendon repair models. Such research will help establish the



safety, efficacy, and translational relevance of human
TSPC-derived EVs as a potential therapeutic strategy for ten-
don disorders. Furthermore, expanding the sample size and
investigating the specific mechanisms via which TSPCs-derived
EVs contribute to tissue repair might provide crucial new per-
spectives on how to employ them most effectively in clinical
applications. Regarding these mechanisms, though not yet
fully defined, it is reasonable to speculate that the tetraspan-
ins, present in human TSPC-derived EVs as we showed, could
play a significant role in promoting tendon regeneration.
These molecules have been shown in other studies to
enhance processes critical to tissue repair, including extracel-
lular matrix (ECM) remodelling, regulating EV biogenesis and
cargo delivery, promoting cell adhesion and migration, and
modulating immune responses [75,79]. Further investigation
into these roles in the context of tendon repair may open
new therapeutic options.

Additionally, when comparing static and dynamic culture
systems, time and costs are important factors that must be
considered. Although the initial setup costs of dynamic cul-
ture systems are higher, we showed they can provide a sig-
nificantly higher efficiency in EV production. This enhanced
efficiency over time may help to partially offset the initial
investment, particularly in clinical translation, where large-scale
EV production is essential. Consequently, dynamic systems,
despite their complexity, may ultimately offer a more
cost-effective solution in the long run by significantly enhanc-
ing EV output for therapeutic applications.

By addressing and tackling all these challenges in future
studies, the therapeutic relevance of TSPC-derived EVs for
tendon repair can be more effectively evaluated, translated
and integrated into clinical practice.

Conclusions

Taken together, these data suggest that we developed an
effective protocol to isolate EVs from human TSPCs using
dynamic culture. By leveraging dynamic culture systems, we
aimed to mimic the physiological microenvironment more
accurately, thereby enhancing the production and quality of
EVs derived from TSPCs compared to static culture methods.
Furthermore, the larger protein content within the EVs iso-
lated under dynamic culture conditions suggests a potential
enrichment of bioactive molecules, including proteins and lip-
ids, which are integral for cellular signalling and tissue regen-
eration processes. These enriched EVs hold promise for
therapeutic applications in tendon regeneration and offer
avenues for advanced biomimetic formulations. The prospect
of utilising EVs and their constituents in therapeutic strategies
represents a paradigm shift in regenerative medicine, offering
targeted and efficient approaches for addressing tendon dis-
orders. By harnessing the regenerative potential of EVs,
researchers can explore novel avenues for the development
of therapeutics that not only promote tissue repair but also
mitigate inflammation and enhance overall tissue healing.
However, even though our study shows the potential of
dynamic culture for EV production from TSPCs and offers
promising in vitro therapeutic applications for tendon repair,
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it is crucial to acknowledge the limitations of this work. This
study isolated and characterised EVs from TSPCs, using stan-
dard markers to confirm EV identity rather than to investigate
specific regenerative roles associated with individual marker.
In particular, further research is needed to fully elucidate the
precise mechanisms driving enhanced EV production under
dynamic culture conditions, as the study does not directly
explore the molecular pathways involved. Moreover, the ther-
apeutic efficacy and mechanisms of TSPC-derived EVs have
yet to be validated in vivo. Future investigations involving ani-
mal models of tendon injury will be essential to validate
these findings in a physiological context and to provide a
more comprehensive understanding of the regenerative
potential and mechanisms of TSPC-derived EVs.
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