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Chondrogenic differentiation induced by extracellular vesicles
bound to a nanofibrous substrate
Marta R. Casanova 1,2, Hugo Osório 3,4,5, Rui L. Reis1,2, Albino Martins 1,2 and Nuno M. Neves 1,2✉

Extracellular vesicles (EVs) are being increasingly studied owing to its regenerative potential, namely EVs derived from human bone
marrow mesenchymal stem cells (hBM-MSCs). Those can be used for controlling inflammation, repairing injury, and enhancing
tissue regeneration. Differently, the potential of EVs derived from human articular chondrocytes (hACs) to promote cartilage
regeneration has not been thoroughly investigated. This work aims to develop an EVs immobilization system capable of selectively
bind EVs present in conditioned medium obtained from cultures of hACs or hBM-MSC. For that, an anti-CD63 antibody was
immobilized at the surface of an activated and functionalized electrospun nanofibrous mesh. The chondrogenic potential of bound
EVs was further assessed by culturing hBM-MSCs during 28 days under basal conditions. EVs derived from hACs cultured under
differentiation medium or from chondrogenically committed hBM-MSCs induced a chondrogenic phenotype characterized by
marked induction of SOX9, COMP, Aggrecan and Collagen type II, and matrix glycosaminoglycans synthesis. Indeed, both EVs
immobilization systems outperformed the currently used chondroinductive strategies. These data show that naturally secreted EVs
can guide the chondrogenic commitment of hBM-MSCs in the absence of any other chemical or genetic chondrogenic inductors
based in medium supplementation.
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INTRODUCTION
Human articular cartilage is composed of an extensive extra-
cellular matrix (ECM) with a sparse distribution of specialized cells,
the chondrocytes. The chondrocytes are responsible to maintain
the cartilage matrix structure, composition and properties. In
adults, articular cartilage has limited or no potential of self-repair;
thus, damaged cartilage needs surgical interventions for either
repair or replacement of the joint1,2. The available treatments are
based on the transplantation of autologous cells (e.g., autologous
chondrocyte implantation (ACI))3,4 and ex vivo engineered tissue
implants (matrix-induced ACI (MACI))5–7.
Human bone marrow mesenchymal stem cells (hBM-MSCs) are

attractive candidates for advanced cell therapies, including
cartilage regeneration8. hBM-MSCs can be induced to differentiate
into the chondrogenic lineage when exposed to specific cocktails
of growth factors8–10. The difficulty in obtaining a well-defined
population and maintain a stable cartilaginous phenotype of the
differentiated MSCs, preventing them from progressing toward
osteogenesis11, leads to the investigation of approaches beyond
the standard chondrogenic medium12,13.
Extracellular vesicles (EVs) are lipidic particles (exosomes with

30–100 nm or microvesicles with 50–2000 nm diamater) secreted by
cells which deliver biological signals, namely proteins, lipids and
nucleic acids (DNA, mRNA and microRNA and tRNAs), to target cells,
protecting them during traveling14–18. EVs can be isolated from
virtually all biological fluids, namely blood, saliva, urine, synovial
fluid, pleural effusions, ocular effluent, aqueous humor, nasal
secretions, breast milk, amniotic fluid, cerebrospinal fluid, bile and
semen19. The major biomarkers related to EV biogenesis include the

tetraspanins (CD63, CD81, and CD9), ALIX and TSG101. Among
these, the transmembrane protein CD63 is usually used as a
representative exosomal protein marker20.
The regenerative potential of EVs has been described for a wide

range of tissues, including the heart and blood vessels, kidney,
liver, lung, skin, neural, and reproductive tissue21–23. Among the
different types, MSCs are one of the most widely used cell source
for generating EVs24–27. It is believed that the MSC-derived EVs
share the same anti-inflammatory and trophic properties of the
parental MSCs, exerting their therapeutic effects24,26–28. Indeed,
EVs are being recognized by its regenerative potential for
controlling inflammation, repairing injury, and enhancing tissue
regeneration18,21,28. However, their potential in promoting carti-
lage repair and slowing degeneration has not been thoroughly
investigated29,30. Moreover, the knowledge on the cartilage
regenerative potential of EVs derived from hBM-MSCs or even
from human articular chondrocytes (hACs) is very scarce in the
scientific literature.
Envisioning an EVs immobilization system, we herein report the

development of a nanofibrous mesh (NFM) functionalized with an
anti-CD63 antibody able to specifically bind EVs derived from
hACs or hBM-MSCs. We hypothesized that the EVs derived from
hACs or chondrogenically differentiated hBM-MSCs can induce the
chondrogenic commitment of homotypic cells. The regenerative
potential of these EVs immobilization systems were investigated
by assessing their capability to induce the chondrogenic
differentiation of hBM-MSCs without the need of any further
medium supplementation.
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RESULTS
Development and characterization of the EV immobilization
systems
To develop an immobilization system capable to selectively bind
EVs from conditioned medium, a method to generate functional
groups at the surface of electrospun polycaprolactone (PCL) NFMs
was implemented, which provide binding sites for the biomole-
cule immobilization. Specifically, an anti-CD63 antibody was
immobilized at the surface of activated and functionalized
nanofibrous substrate capable to covalently and effectively bind
EVs. In order to determine the maximum immobilization capacity
of the system, a wide range of anti-CD63 antibody concentrations
(0–8 μgmL−1) were used. According to an indirect quantification
method, the maximum antibody immobilization was achived
approximately at the concentration of 4 μgmL−1 (Fig. 1a). A
uniform distribution of anti-CD63 antibody immobilized at the
surface of the nanofibrous substrate can be observed by
fluorescence microscopy (Fig. 1b).
The EVs’ binding capacity of the immobilized anti-CD63

antibody was assessed by using conditioned media harvested
from hACs cultured under expansion or differentiation media, as
well as from hBM-MSCs cultured under basal or chondrogenic
media (i.e., ACEM, ACDM, MSCBM, and MSCCM, respectively). The
biological status of the EVs’ donor cells is reported in Supple-
mentary Fig. 1. Figure 1d shows the range of EVs’ concentrations
obtained from the four different conditioned media (from 6.8 to
11.2 × 108 particles mL−1). Those EVs were successfully bound at
the surface of the biofunctional nanofibrous substrate on the
range of 5.6–6.9 × 108 particles mL−1.
Figure 2 presents the distribution of EVs bound at the surface of

the nanofibrous substrate. In the scanning electron microscopic
(SEM) micrographs (Fig. 2A), bound EVs with diameters of
approximately 100 nm can be identified (Supplementary Table
1). Their presence can be also confirmed by the energy-dispersive
spectroscopic (EDS), namely by the presence of the P element

from the phospholipids of EVs (Fig. 2B). To ascertain about the
phenotypic profile of bound EVs, the expression of the
tetraspanins CD63/CD81/CD9 was analyzed by fluorescence
microscopy (Fig. 2C), showing a uniform distribution at the
surface of the biofunctional nanofibrous substrate.
A detailed analysis of the protein content of the different EVs’

sources revealed 10, 15, 20, and 5 proteins in the content of NFM/
EV-ACEM, NFM/EV-ACDM, NFM/EV-MSCBM, and NFM/EV-MSCCM sys-
tems, respectively. The Venn diagram analysis revealed five
common proteins, and three and four unique proteins on the
NFM/EV-ACEM and NFM/EV-MSCBM systems, respectively (Fig. 3A).
Gene Ontology (GO) analysis (Fig. 3B) showed that the molecular
function (in blue) of those proteins are related to protein binding,
structural molecule activity and enzyme regulator activity. More-
over, those proteins were mainly involved in biological processes
(in red) such as biological regulation and metabolic process. In
what concerns the cellular component (in green), the identified
proteins are related to the extracellular space, as well as vesicles.
Analyzing the expression of the different proteins in a heat map
(Fig. 3C), it was possible to observe a downregulation of most of
them in the NFM/EV-MSCCM system, although clustered with the
NFM/EV-MSCDM system still. Also, the most related condition was
the NFM/EV-ACEM.

EV immobilization systems elicit hBM-MSC chondrogenic
commitment
The ability of the EVs immobilization systems (NFM/EV-ACEM, NFM/
EV-ACDM, NFM/EV-MSCBM, NFM/EV-MSCCM) to promote the onset of
chondrogenesis of uncommitted homotypic cells was examined.
The differentiation process is known to impair cell proliferation,
due to an increase in the length of the cell cycle31, and to induce
changes in the protein synthesis rate32. Therefore, we evaluated
the biochemical profile of hBM-MSC metabolism, proliferation, and
total protein synthesis. In terms of metabolic activity (Fig. 4a), on
the 14th day of culture, the hBM-MSCs cultured on the EVs

Fig. 1 Antibody immobilization and extracellular vesicle binding capacity. Immobilization capacity of anti-CD63 antibody at the surface of
activated and functionalized nanofibrous substrates (a). The data are represented as mean ± standard deviation and analyzed by one-way
ANOVA test, followed by the Tukey’s HSD test (*p < 0.01; **p < 0.001; ***p < 0.0001): a denotes significant differences compared to
concentration 0 μgmL−1; b denotes significant differences compared to concentration 1 μgmL−1, and c denotes significant differences
compared to concentration 2 μgmL−1. Spatial distribution of anti-CD63 immobilized at the surface of activated and functionalized
nanofibrous substrates at 4 μgmL−1 (b). The negative control sample was not incubated with the primary antibody (c). Quantification of
extracellular vesicles derived from hACs and hBM-MSCs and bound to the biofunctional nanofibrous system (d).
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immobilization systems (NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-
MSCBM, NFM/EV-MSCCM) displayed significantly higher metabolism
than the hBM-MSC control conditions (NFM_Ctrl+ and NFM_Ctrl−)
(p < 0.0001). On the 28th day of culture, the hBM-MSC culture on
NFM/EV-ACEM and NFM/EV-MSCBM immobilization systems pre-
sented significantly higher metabolic activity than hBM-MSCs
cultured in CM (NFM_Ctrl+) (p < 0.01). The EVs immobilization
systems were favorable for cell proliferation (Fig. 4b) and protein
synthesis (Fig. 4c), since their levels are comparable to those
observed on the control culture conditions over time.
The chondrogenic inductive potential of bound EVs was then

evaluated in terms of the extracellular matrix glycosaminoglycans
(GAG) content (Fig. 4d). Along the time, the hBM-MSCs cultured
under standard chondrogenic medium (NFM_Ctrl+) and EVs
immobilization systems, namely the NFM/EV-ACEM, NFM/EV-ACDM

and NFM/EV-MSCCM, displayed a significantly higher GAG synthesis
than the hBM-MSCs cultured under basal medium (BM) (NFM_Ctrl−)
and the NFM/EV-MSCBM system. On the 21st day of hBM-MSC
culture, the NFM/EV-ACDM system presented significantly high GAG
content when compared to the NFM/EV-ACEM system (p < 0.01).

To better define the chondrogenic commitment of the hBM-
MSCs induced by the EVs immobilization systems, the temporal
gene expression of chondrogenic markers was investigated (Fig.
5). The cartilage-related genes, namely Sox9, COMP, Aggrecan, and
Collagen type II, are all overexpressed in all testing conditions,
except on the NFM/EV-MSCBM system. Along culture time, a
significantly higher cartilage-related gene expression was
observed on the EVs immobilization systems (NFM/EV-ACEM,
NFM/EV-ACDM, NFM/EV-MSCBM, NFM/EV-MSCCM) (p < 0.01). On the
28th day of culture, a significantly higher Sox9 and COMP
expression was observed in NFM/EV-ACEM and NFM/EV-ACDM

systems when compared to the non-biofunctionalized NFMs
under standard chondrogenic differentiation medium (DM)
(NFM_Ctrl+) (p < 0.0001). Likewise, the NFM/EV-ACDM system
induced a significantly higher Aggrecan and Collagen type II
expression than hBM-MSCs cultured under standard chondrogenic
DM (NFM_Ctrl+) and the NFM/EV-MSCCM system (p < 0.01). These
results show that bound EVs, obtained during hBM-MSC
chondrogenic differentiation and from hACs cultured under DM,
provides guidance for chondrogenic lineage progression of
homotypic cells. Therefore, it is also crucial to confirm that the

Fig. 2 Distribution of bound extracellular vesicles. Distribution of EVs bound at the surface of the biofunctional nanofibrous system (A); EDS
spectrum of the EVs immobilization system surface (B); fluorescence micrographs of the EVs markers CD63, CD81, and CD9 (C).

M.R. Casanova et al.

3

Published in partnership with the Australian Regenerative Medicine Institute npj Regenerative Medicine (2021)    79 



hBM-MSCs were not undergoing hypertrophy and further
differentiating into the osteogenic lineage. The lower
hypertrophy-related genes (i.e., Collagen type X, Collagen type Iα)
expression patterns were considerably similar in all the EVs
immobilization systems, inversely to the standard chondrogenic
DM (Fig. 5e, f). Moreover, those systems had significantly lower
expression of the hypertrophy-related genes when compared with
the non-biofunctionalized NFMs under chondrogenic media
(NFM_Ctrl+) along the culture time.
The morphological changes of hBM-MSCs cultured on the

different EVs immobilization systems reflect their differentiation
stage (Fig. 6a). Alcian blue staining (Fig. 6b) confirms the presence
of sulfated extracellular proteoglycans synthetized by hBM-MSCs
cultured for 28 days on the EVs immobilization systems (NFM/EV-
ACEM, NFM/EV-ACDM, NFM/EV-MSCCM), being more evident in the
NFM/EV-ACDM system. It is also possible to observe the absence of
proteoglycan staining on the NFM/EV-MSCBM system. Those results

are corroborated by the immunoexpression of Collagen type II,
which confirms the deposition of a cartilaginous ECM on the EVs
immobilization systems (NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-
MSCCM), accompanied by the absence of Collagen type Iα
expression. These phenotypic observations were consistent with
previously obtained results for GAG synthesis, as well as for the
expression of cartilage-related genes.

DISCUSSION
EVs are small membrane-enclosed particles actively released by
many cell types, including immune cells (T cells, B cells, dendritic
cells, neutrophils, platelets), connective tissue cells (epithelial cells,
fibroblasts), other specialized cells (endothelial cells, neuronal
cells, chondrocyte cells), and stem cells33,34. Their prominent role
in joint development and in the regulation of intra-articular
homeostasis leads to recognize EVs as potential biomarkers of

Fig. 3 Bioinformatic analysis of the protein content of EVs derived from different source (i.e., hACs under expansion medium [NFM/EV-
ACEM], hACs under differentiation medium [NFM/EV-ACDM], hBM-MSCs under basal medium [NFM/EV-MSCBM], and hBM-MSCs under
chondrogenic medium [NFM/EV-MSCCM]). Venn diagrams (A); Gene Ontology (GO) analysis (red: biological process, green: cellular
component, blue: molecular function) (B); and heat map (clusters are assembled by GO analysis using a distance function of Euclidean) (C).
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joint disease21,23,35. Therefore, they have been seen as a new tool
to restore joint homeostasis and enhance articular cartilage
regeneration, since they provide a simpler and safer alternative
to current cell-based therapeutic options27,28,30. MSCs are one of
the most prominent cell sources of EVs, and it is thought that the
MSC-derived EVs mirror the content and fate of parent cells.
Furthermore, EVs derived from MSC have been demonstrated to
have positive effects over cell metabolism and proliferation36,37,
angiogenesis24,38, and immunomodulation39,40 in a wide range of
physiological systems. For example, in a clinical trial using MSC-
derived EVs as treatment, symptoms were considerably mitigated
in a patient with therapy-refractory graft-versus-host disease41.
Our experimental data showed that the culture conditions do

not affect the yield of EVs (Fig. 1d). Furthermore, we showed that
our biofunctional nanofibrous substrate with immobilized anti-
CD63 antibody was able to bound those cell-derived EVs at the
range of 5.6–6.9 × 108 EVs mL−1, being the EVs’ binding capacity of
the system determined according to the EVs concentration
presented on the different conditioned medium (ACEM, ACDM,
MSCBM, and MSCCM). Consistent with MSCs expressing CD6342,
CD8143, and CD944, bound EVs also showed the presence of these
surface markers, suggesting that they are derived from endocy-
tosed lipid rafts45. Therefore, the parent cell source could affect
the EVs’ surface proteins, their glycosylation or lipid composition,
and their cargo.
The role of MSC-derived EVs as modulators of joint homeostasis

suggested that an EVs immobilization system may be an
interesting therapeutic alternative in cartilage repair. The devel-
oped EVs immobilization systems comprising EVs derived from
differentiated hACs or chondrogenically committed hBM-MSCs
outperformed the effect of current chondroinductive strategies, in
terms of the type and/or intensity of the signals. Specifically, the
early activation of key chondrogenic commitment genes such as
Sox9 and Aggrecan, are considered necessary and sufficient to
induce cartilage formation46–49. In addition, EVs immobilization
systems (NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-MSCCM) induced a
transient upregulation of downstream matrix-associated genes
and proteins that may be required to promote cell–cell and
cell–matrix interactions and support long-term differentiation,
maintaining a stable cartilage phenotype of the differentiated
MSCs11. However, an in vivo study is necessary to fully validate this
strategy and confirm that those bound EVs (NFM/EV-ACEM, NFM/

EV-ACDM, NFM/EV-MSCCM) are effective in promoting cartilage
regeneration.
Notably, slight differences were noted between the three EVs

immobilization systems (NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-
MSCCM), suggesting that the cargo of EVs derived from hACs
under DM (NFM/EV-ACDM) may also contributed to a stronger
effect. Indeed, these observations were corroborated by the
bioinformatics analysis of the EVs’ protein content. Articular
cartilage vesicles containing RNA can be transferred into
chondrocytes leading to a phenotypic change50. Indeed, it is
reported that EVs are being constitutively released by normal
articular chondrocytes51, participating in non-classical protein
secretion, intercellular communication, and pathologic calcifica-
tion52,53. In order to protect nearby chondrocytes from damage,
articular chondrocyte vesicles provide extracellular matrix repair in
pericellular cartilage and act to sequester substances such as ATP,
calcium, and phosphate in toxic concentrations50,52,54.
Cell-derived EVs have similar biological functions to the parent

cells, presenting several advantages due to their small size, low
immunogenicity, and depletion of the common issues associated
with direct cell injection. However, achieving an effective and
controlled delivery of EVs at the target site is challenging, but is
paramount to the efficient restoration of joint homeostasis and
sustained effect on the regenerative process. Therefore, the use of
our EVs immobilization system is expected to be more effective
than currently available therapeutics that use soluble proteins or
RNA molecules, which are usually prone to fast degradation after
injection55. Using the herein presented strategy, we can promote
a local delivery of bioactive molecules able to control the cellular
activity, with more prolonged effect due to the binding of EVs at
the surface of biofunctional nanofibrous substrates, avoiding
degradation.
Envisioning the clinical translation of the different EVs

immobilization systems herein reported, we foresee their potential
use as an autologous cartilage regeneration strategy. For example,
in the microfracture approach, the EVs immobilization system can
be implanted into the defect site, where uncommitted homotypic
cells migrating from the microperforations could be induced to
differentiate into the chondrogenic lineage by the bound EVs. In
an ex vivo attempt, both the ACs/MSCs and the bioactive factors
(e.g., EVs) isolated from the same patient can be cultured on a
biofunctional nanofibrous substrate, which will be then implanted

Fig. 4 Biochemical performance of cultured hBM-MSCs. Metabolic activity (a), proliferation (DNA content) (b), total protein synthesis (c), and
sulfated glycosaminoglycan (GAGs) content normalized against DNA (d) of hBM-MSCs cultured on biofunctional nanofibrous systems
comprising EVs derived from different sources (i.e., NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-MSCBM, and NFM/EV-MSCCM), under basal culture
conditions. hBM-MSCs cultured on non-biofunctionalized nanofibrous substrates under basal medium (NFM_Ctrl−) or chondrogenic medium
(NFM_Ctrl+) were used as controls. Data are represented in box plot and analyzed by Kruskal–Wallis test, followed by the Tukey’s HSD test (*p <
0.01; **p < 0.001; ***p < 0.0001): a denotes significant differences compared to NFM_Ctrl−; b denotes significant differences compared to
NFM_Ctrl+; c denotes significant differences compared to NFM/EV-ACEM; d denotes significant differences compared to NFM/EV-ACDM; e denotes
significant differences compared to NFM/EV-MSCBM.
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into the defect site as a MACI approach. Both methods could
induce the regeneration of cartilage, envisioning a personalized
treatment of cartilage injuries.
This work shows the beneficial effect of cell-secreted factors,

namely, EVs secreted by hACs and hBM-MSCs, playing an
important role in the modulation of cell fate. Those EVs were
successfully bound at the surface of biofunctional nanofibrous
substrates, immobilizing the anti-CD63 antibody. The EVs immo-
bilization systems comprising EVs derived from differentiated
hACs and chondrogenically committed hBM-MSCs successfully
induce the chondrogenic differentiation of homotypic cells more
efficiently than the current chondroinductive strategies. Therefore,
EVs immobilization systems are potential highly effective cell-free/
secretome-based therapies for cartilage repair.

METHODS
Isolation and expansion of hACs
Human cartilage samples were collected under Informed Consent from
patients undergoing knee arthroplasty (female; aged 69 years) in the
Hospital Center of Alto Ave, Guimarães, Portugal, in accordance with the
established Protocol (67/CA). After the surgeries, a small part of the non-
compromised knee cartilage was sectioned and preserved in phosphate-
buffered saline (PBS) at 4 °C until the subsequent isolation procedure of the
hACs56. Briefly, collected cartilage samples were dissected in small full-
depth pieces, washed, and digested with 0.25% w/v trypsin solution
(Sigma-Aldrich) for 30min at 37 °C under agitation. Then the solution was
removed, and the cartilage was washed and incubated overnight at 37 °C
with a 2 mgmL−1 collagenase type II solution (Sigma-Aldrich). In the

following day, the cells were washed, counted, and plated at a density of
2 × 106 cells. Cells were expanded in expansion medium [EM; Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich) containing 10mM Hepes buffer
(Sigma-Aldrich), L-alanyl-L-glutamine (Sigma-Aldrich), non-essential amino
acids (Sigma-Aldrich), 1% antibiotic–antimycotic solution, 10% fetal bovine
serum (FBS), and 10 ngmL−1 basic fibroblast growth factor (bFGF;
PeproTech)] at 37 °C in a humidified atmosphere of 5% CO2.

Isolation and expansion of hBM-MSCs
Human bone marrow aspirates were collected, after obtaining informed
consent from patient undergoing knee arthroplasty (female; aged 55),
under the cooperation agreement established between the 3Bs Research
Group, University of Minho and the Hospital Center of Alto Ave, Guimarães,
Portugal. hBM-MSCs were isolated and characterized using our established
standard protocols57. Cells were expanded in BM [MEM alpha medium (α-
MEM; Sigma-Aldrich) supplemented with 10% heat-inactivated FBS (Life
Technologies) and 1% antibiotic/antimycotic solution (final concentration
of penicillin 100 units mL−1 and streptomycin 100mgmL−1; Life Technol-
ogies)] at 37 °C in a humidified atmosphere of 5% CO2.

Conditioned media
Conditioned media harvested from the hACs and hBM-MSCs in culture
were used as a source of EVs, according to the schematic illustration of the
experimental design (Fig. 7). First, the hACs and hBM-MSCs were expanded
at passage 3 and a cell suspension containing of 3 × 103 cells cm−2 were
subcultured in T150 flasks and cultured in EM and BM, respectively, at 37 °C
in a humidified atmosphere of 5% CO2. The conditioned media were
harvested when the cells reach the confluence (in 7 days), pooled, filtered
(pore size 0.22 μm) to remove cell debris, and stored at −80 °C until further
use. A cell suspension containing 2 × 105 cells/15mL centrifuge tubes of

Fig. 5 Temporal gene expression of cultured hBM-MSCs. Relative expression of chondrogenic (i.e., Sox9 (a), COMP (b), Aggrecan (c), and
Collagen type II (d)) and hypertrophic (i.e., Collagen type Iα (e), Collagen type X (f)) transcripts by hBM-MSCs cultured on biofunctional
nanofibrous systems comprising EVs derived from different sources (i.e., NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-MSCBM, and NFM/EV-MSCCM),
under basal culture conditions. hBM-MSCs cultured on non-biofunctionalized nanofibrous substrates under basal medium (NFM_Ctrl-) or
chondrogenic medium (NFM_Ctrl+) were used as controls. Data are represented in box plot and analyzed by Kruskal–Wallis test, followed by
Tukey’s HSD test (*p < 0.01; **p < 0.001; ***p < 0.0001): a denotes significant differences compared to NFM_Ctrl-; b denotes significant
differences compared to NFM_Ctrl+; c denotes significant differences compared to NFM/EV-ACEM; d denotes significant differences compared
to NFM/EV-ACDM; e denotes significant differences compared to NFM/EV-MSCBM.
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hACs or hBM-MSCs were also prepared to assure obtaining conditioned
medium of chondrogenic lineage commitment. In order to form a spherical
aggregate or pellet cultures, the cell aliquots were centrifuged at 600 × g
for 5 min and incubated at 37 °C in a humidified atmosphere of 5% CO2 for
24 h incubation. The hACs and hBM-MSCs were cultures under DM [EM—
instead of adding bFGF, 1 mgmL−1 L-ascorbic acid (Sigma-Aldrich) and
1mgmL−1 insulin (Sigma-Aldrich) were added] or standard chondrogenic
DM [CM; BM supplemented with Insulin-Transferrin-Selenium-G Supple-
ment (ITS; Invitrogen), 1 mM dexamethasone (Sigma-Aldrich), 0.1 M
sodium pyruvate (Invitrogen), 17 mM ascorbic acid-2-phosphate (Sigma-
Aldrich), 35 mM L-proline (Sigma-Aldrich), and 10 ngmL−1 transforming
growth factor-β3 (PeproTech)], respectively. Those conditioned media (DM;
CM) were harvested at 21, 24, and 28 days of culture, pooled, filtered (pore
size 0.22 μm) to remove cell debris, and stored at −80 °C until further use.
The amount of EVs presented on each conditioned medium was

quantified by the Exosome ELISA Complete Kit (CD63) (System Biosciences)
after EV isolation using a polymeric precipitation solution (ExoQuick-TC;
System Biosciences, BioCat GmbH). Those assays were performed
according to the manufacturer’s instructions.

The size of the isolated EVs was determined by dynamic light scattering
at an angle of 173° and at a wavelength of 633 nm, and the zeta-potential
was determined by laser Doppler electrophoresis using a Zetasizer Nano
ZS instrument (Malvern Instruments).

Preparation of activated and functionalized PCL NFMs
The production of electrospun PCL NFMs was performed as described in
detail elsewhere8. In brief, a polymeric solution of 15% (w/v) PCL (Mn
70,000–90,000 by GPC, Sigma-Aldrich) in chloroform (Sigma-Aldrich) and N,
N-dimethylformamide (7: 3 volume ratio; Sigma-Aldrich) was electrospun
at 12 kV, using a needle-to-ground collector distance of 20 cm, and a flow
rate of 1.0 mL h−1. The electrospun NFM is composed of nanofibers with
diameters in the micrometer range, from 0.4 to 1.4 μm, with an average
pore size of 7.267 ± 3.148 μm and a thickness range from 40 to 60 μm58.
Samples of electrospun PCL NFM (1 cm2) were activated in an ultraviolet

−ozone system (ProCleaner 220, Bioforce Nanoscience) by exposing both
sides for 2 min each. Incubation in 1 M 1,6-hexanediamine solution (Sigma-
Aldrich) for 1 h at 37 °C was performed, in order to graft amine groups
(-NH2) at the NFM surface.

Fig. 6 Morphology and extracellular matrix of cultured hBM-MSCs. Morphology of hBM-MSCs analyzed by scanning electron microscopy
(SEM) and by immunofluorescence (red for actin and blue for nuclei) (a); Alcian blue staining of sulfated glycosaminoglycans (b); and
immunoexpression of collagen type II (in green) (c) and type Iα (in green) (d); nuclei in blue. hBM-MSCs were cultured during 28 days on
biofunctional nanofibrous systems comprising EVs derived from different sources (i.e., NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-MSCBM, and NFM/
EV-MSCCM) under basal culture conditions. hBM-MSCs cultured on non-biofunctionalized nanofibrous substrates under basal medium
(NFM_Ctrl−) or chondrogenic medium (NFM_Ctrl+) were used as controls.

M.R. Casanova et al.

7

Published in partnership with the Australian Regenerative Medicine Institute npj Regenerative Medicine (2021)    79 



Engineered EV immobilization systems
Since EVs, namely, exosomes, typically express the CD63 surface marker,
the human anti-CD63 antibody (E-12; Santa Cruz Biotechnology, Inc.) was
immobilized at the surface of NFMs by a covalent bond mediated by a
coupling agent, namely, 1-ethyl-3-(3-(dimethylamino)-propyl)carbodii-
mide/hydroxysuccinimide mixture (10 mM EDC+ 40mM NHS; Sigma-
Aldrich, S.L.). The antibody solution (1% (v/v)) was mixed for 15min at
room temperature (RT), for the antibody activation, and incubated 2 h at RT
on the activated and functionalized nanofibrous substrate.
The maximum immobilization capacity of the antibody over the

nanofibrous substrate was determined by using a wide range of
concentrations (from 0 to 8 μgmL−1). After the anti-CD63 antibody
immobilization, a blocking step was performed by a 3% bovine serum
albumin (BSA; Sigma) for 1 h at RT, followed by the secondary antibody
(1:200 in PBS) incubation (1 h at RT). Alexa Fluor® 488 rabbit anti-mouse
(~495/517 nm; Life Technologies) was used as secondary antibody against
the anti-CD63 antibody. The unbound secondary antibody fluorescence
was measured in a microplate reader (Synergy HT, Bio-TEK), as an indirect
method to determine the primary antibody immobilization efficiency. In
order to evaluate nonspecific immobilization, the activated and functio-
nalized NFM without primary antibody was used as a negative control. The

samples were further analyzed by fluorescence microscopy (Axio Observer;
Zeiss) to detect the distribution of the anti-CD63 antibody at the surface of
the nanofibrous substrate.
Biofunctionalization of NFMs with EVs was achieved by using an

antibody–antigen strategy, as described in detail elsewhere59. The
nanofibrous substrate with immobilized anti-CD63 antibody, at the
antibody concentration previously optimized, was incubated with the
different conditioned medium previously harvested (i.e., ACEM, ACDM,
MSCBM, MSCCM) for 2 h at RT. The unbound EV solutions were collected and
quantified by enzyme-linked immunosorbent assay (ELISA; Exosome ELISA
Complete Kit (CD63)), in order to define the binding capacity of the
engineered EV immobilization system. The negative control samples (i.e.,
non-biofunctionalized NFM) were performed by carrying out all the
biofunctionalization steps (including the incubation step with different
conditioned media) but substituting the anti-CD63 antibody solution by
the PBS solution.
The morphology of EVs bound at the surface of biofunctional

electrospun PCL NFM (i.e., NFM/EV-ACEM, NFM/EV-ACDM, NFM/EV-MSCBM,
NFM/EV-MSCCM) was analyzed by SEM (AURIGA Compact, Zeiss, Germany).
By EDS (INCAx-Act, PentaFET Precision, Oxford Instruments), an elemental

Fig. 7 Schematic illustration of the experimental design. Conditioned media preparation (A); development of EV immobilization systems
and characterization of bound EVs (B); assessment of the chondrogenic potential of EV immobilization systems (C).
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analysis of the EV immobilization systems was performed to further
confirm the presence of the EVs at the surface of the NFMs.
The distribution of EVs bound to the NFM biofunctionalized with anti-

CD63 antibody was performed by immunofluorescence staining. First, a
blocking step (3% BSA for 30min) was performed. In between each step,
the samples were rinsed three times in PBS buffer. For EVs’ surface marker
staining, samples were incubated with the primary antibodies CD63 (E-12;
1:500; Santa Cruz Biotechnology, Inc.), CD81 (1.3.3.22; 1:500; Santa Cruz
Biotechnology, Inc.), and CD9 (C-4; 1:500; Santa Cruz Biotechnology, Inc.)
overnight and then with the corresponding secondary antibody [Alexa
Fluor® 488 rabbit anti-mouse (~495/517 nm; Life Technologies)] for 1 h at
RT. The non-biofunctionalized NFM was used as a negative control to
evaluate nonspecific immunodetection of EVs’ surface markers in the
biofunctionalized electrospun NFMs. The samples were further analyzed by
fluorescence microscopy (Axio Observer; Zeiss).

Proteomic analysis of the bound EVs
The total protein content of EVs bound to the surface of biofunctional NFM
were prepared using RIPA buffer (Sigma) supplemented with protease
inhibitor cocktail (Sigma) for 1 h at 4 °C. The samples were subjected to
ultrasonic cracking, centrifuged for 15min at 14,000 rpm at 4 °C, and the
supernatants were collected.
Protein extracts of 15 μg were solubilized with 100mM Tris pH 8.5, 1%

sodium deoxycholate, 10mM tris(2-carboxyethyl)phosphine and 40mM
chloroacetamide for 10min at 95 °C at 1000 rpm (Thermomixer, Eppen-
dorf). Each sample was processed for proteomic analysis following the
solid-phase-enhanced sample-preparation (SP3) protocol as described in
detail elsewhere60. Enzymatic digestion was performed with Trypsin/LysC
overnight at 37 °C at 1000 rpm.
Protein identification and quantitation was performed by nanoLC-MS/

MS as described in detail elsewhere61. The raw data was processed using
the Proteome Discoverer 2.5.0.400 software (Thermo Scientific) and
searched against the UniProt database for the Homo sapiens Proteome
(2020_05 with 75069 entries), the NIST human spectral library, and Bos
taurus Proteome (2020_05 with 37512 entries). A common protein
contaminant list from MaxQuant was also considered in the analysis. The
MSPepSearch and Sequest HT search engines were used to identify tryptic
peptides. The ion mass tolerance was 10 ppm for precursor ions and
0.02 Da for fragmented ions in both softwares. Maximum allowed missing
cleavage sites was set to two. Cysteine carbamidomethylation was defined
as constant modification. Methionine oxidation, deamidation of glutamine
and asparagine, peptide terminus glutamine to pyroglutamate, and
protein N-terminus acetylation, Met-loss, and Met-loss+acetyl were
defined as variable modifications. Peptide confidence was set to high.
The processing node Percolator was enabled with the following settings:
maximum delta Cn 0.05; decoy database search target false discovery rate
1%, validation based on q-value. Protein label-free quantitation was
performed with the Minora feature detector node at the processing step.
Precursor ions quantification was performed at the processing step with
the following parameters: peptides to use all peptides, precursor
abundance based on intensity, and normalization based on total peptide
amount. Protein ratio was based on protein abundance and an analysis of
variance (Individual Proteins) hypothesis test was performed.

Bioinformatic analysis
The identified proteins were analyzed using the Venny tool (v2.1.0, https://
bioinfogp.cnb.csic.es/tools/venny/). The sequences of the identified
proteins were mapped according to their GO to determine their biological
and functional properties, using InterProScan (v.5.14-53.0, http://www.ebi.
ac.uk/interpro/). Proteins were grouped with regard to the biological
process, cellular component, and molecular function using the categories
of the Panther Biological process (v.15.0, http://www.pantherdb.org/). The
GO analysis and heat map were obtained using the GraphPad PRISM v. 8.0.
Clusters heat map were assembled by GO analysis using an Euclidean
distance function.

Cell seeding and culture conditions
The effectiveness of the developed EV immobilization systems, as
chondrogenic lineage inducible systems, was assessed using hBM-MSCs
(Table 1). Confluent hBM-MSCs at passage 4 were harvested for seeding on
top of the EV immobilization systems (NFM/EV-ACEM, NFM/EV-ACDM, NFM/
EV-MSCBM, NFM/EV-MSCCM) at a density of 2 × 105 cells per sample. These
constructs were cultured under BM, without further medium supplemen-
tation. The experimental control conditions comprise hBM-MSCs cultured
on top of the non-biofunctionalized NFMs under BM (NFM_Ctrl−) and
using the standard chondrogenic DM (NFM_Ctrl+). hACs were also seeded
on top of the non-biofunctionalized NFMs at a density of 2 × 105 cells per
sample and cultured under EM (NFM_EM) or DM (NFM_DM) (Supporting
Information section—Supplementary Figs. 4 and 5). The constructs were
retrieved for further analysis at predefined culturing times, namely, 0, 7, 14,
21, and 28 days. All experiments were performed in triplicate and repeated
at least three times (n= 3), independently.

Cellular biochemistry analysis
The metabolism was evaluated by the MTS assay (CellTiter 96 AQueous One
Solution, Promega), the cell proliferation by DNA quantification (Quant-
iTPicoGreen dsDNA assay, Invitrogen, Alfagene), and the protein synthesis
by the Micro BCA assay (Micro BCATM Protein Assay Kit, Thermo Fisher
Scientific), according to the manufacturers’ instructions. GAG quantification
was performed according to our established standard colorimetric assay8.

Scanning electron microscopy
The constructs were collected after 28 days of culture and fixed with 2.5%
glutaraldehyde. By increasing the alcohol concentrations, samples were
dehydrated, followed by sputter coating with Au/Pd. A scanning electron
microscope (JSM-6010 LV, JEOL, Japan) was used to observe the
distribution and morphology of the cells at ×3000 magnification.

Gene expression analysis
At each time point, the constructs were washed, immersed in Tri reagent®

(Life Science, VWR), and kept at −80 °C. Total RNA was isolated and reverse
transcribed into cDNA (qScript cDNA synthesis kit, Quanta Biosciences),
followed by quantitative polymerase chain reaction (qPCR; PerfeCtaTM

SYBR® Green system; Quanta Biosciences), according to the manufacturer’s
instructions. The qPCR reactions were carried out in a Mastercycler® ep
Gradient S realplex® thermocycler (Eppendorf; Hamburg) for the target
genes described in Table 2. The transcript expression data were normalized

Table 1. Experimental conditions used in the cell biology assays.

Condition Description Cells Medium

NFM_Ctrl− Non-biofunctionalized NFMs under BM hBM-MSCs BM

NFM_Ctrl+ Non-biofunctionalized NFMs under CM CM

NFM/EV-ACEM Biofunctional NFMs with EVs derived from hACs under EM BM

NFM/EV-ACDM Biofunctional NFMs with EVs derived from hACs under DM

NFM/EV-MSCBM Biofunctional NFMs with EVs derived from hBM-MSCs under BM

NFM/EV-MSCCM Biofunctional NFMs with EVs derived from hBM-MSCs under CM

NFM_EM Non-biofunctionalized NFMs under EM hACs EM

NFM_DM Non-biofunctionalized NFMs under DM DM

EM expansion medium, DM differentiation medium, BM basal medium, CM chondrogenic medium.
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against the housekeeping gene Glyceraldehyde 3-phosphate dehydrogenase
and the quantification was performed according to the Livak method
(2−ΔΔCT method). For hBM-MSC samples, the BM condition (NFM_Ctrl-) was
used as calibrator, while the EM condition (NFM_EM) was used as calibrator
of the samples of hACs.

Histological analysis
Constructs were collected after 28 days of culture, fixed in a 4%
paraformaldehyde solution, and kept at 4 °C until further used. The
staining procedures were performed on top of the samples. Alcian blue
staining, were performed as described elsewhere62. For immunohisto-
chemistry, the samples were permeabilized using 0.1% Triton X-100 in
PBS for 15 min, incubated with 3% BSA, and incubated with a defined
primary antibody (collagens type I (COL1A1, clone C-18; Santa Cruz
Biotechnology) and type II (mouse anti-human type II collagen
monoclonal antibody; Millipore); actin (mouse anti-alpha smooth
muscle Actin antibody; Abcam)) overnight at 4 °C. The samples were
then washed with PBS and stained with the corresponding secondary
antibodies (Life Technologies). Nuclei were counter-stained with 4′,6-
diamidino-2-phenylindole (1 mg mL−1 in PBS for 15 min). Fluorescence
images from stained constructs were obtained using a confocal laser
scanning microscope (Leica TCS SP8).

Statistical analysis
Statistical analysis was performed using the SPSS statistic software (release
24.0.0.0 for Mac). First, Shapiro–Wilk test was used to ascertain the data
normality and Levene test for the homogeneity of variances. Observing
this, the normality and variance homogeneity were rejected; non-
parametric tests were used (Kruskal–Wallis test followed by Tukey’s Honest
Significant Difference test). The confidence interval used was 99% and p ≤
0.01 were regarded as statistically significant.

Ethical approval
All procedures performed in studies involving human participants were in
accordance with the ethical standards of the University of Minho Life
Sciences Ethics Committee (SECVS 136/2015), the Hospital Center of Alto
Ave, Guimarães, Portugal (67/CA), and the 1964 Helsinki Declaration and its
later amendments or comparable ethical standards.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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