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Abstract: Tendon injuries represent over 30–50% of musculoskeletal disorders worldwide, yet the
available therapies do not provide complete tendon repair/regeneration and full functionality restor-
ing. Extracellular vesicles (EVs), membrane-enclosed nanoparticles, have emerged as the next
breakthrough in tissue engineering and regenerative medicine to promote endogenous tissue regen-
eration. Here, we developed a 3D human in vitro model mimicking the signature of pathological
tendon and used it to evaluate the influence that different platelet-derived EVs might have in tendon
tissue repair mechanisms. For this, different EV populations isolated from platelets, small EVs (sEVs)
and medium EVs (mEVs), were added to the culture media of human tendon-derived cells (hTDCs)
cultured on isotropic nanofibrous scaffolds. The platelet-derived EVs increased the expression of
tenogenic markers, promoted a healthy extracellular matrix (ECM) remodeling, and the synthesis of
anti-inflammatory mediators. These findings suggest that platelet EVs provided relevant biochemical
cues that potentiated a recovery of hTDCs phenotype from a diseased to a healthy state. Thus, this
study opens new perspectives for the translation of platelet-derived EVs as therapeutics.

Keywords: extracellular vesicles; platelets; tendinopathy; tendon-derived cells; in vitro models;
fibers; tissue engineering

1. Introduction

Tendon disorders are a common clinical problem that dramatically affects the quality
of life of individuals, causing pain, swelling and restricted movement [1]. From patho-
physiological knowledge, tendinopathies frequently involve an unresolved inflammatory
scenario that provokes hypercellularity, neovascularization, and a dysregulation of the crit-
ical balance between extracellular matrix (ECM) remodeling proteases and their inhibitors,
which alters native ECM components and organization (loss of collagen anisotropic organi-
zation), resulting in reduced biomechanical strength [2]. Currently, conservative clinical
approaches to treat tendon injuries involve pain management, steroidal and non-steroidal
anti-inflammatory drugs, diverse rehabilitation strategies over a course of several months
or years, injection with platelet-rich products, or, when these conservative approaches
fail, surgery in severe cases [3–8]. Nonetheless, these strategies do not tackle the etiology
of tendinopathies, increasing the risk of joint instability that may progress into early on-
set of severe degenerative conditions and, ultimately, in acute tendon rupture [2]. Thus,
the development of more effective therapies against tendon disorders that blunt the pro-
inflammatory response and promote pathology resolution by reestablishing the cellularity
and ECM homeostasis of the tendon, encouraging effective tissue regeneration, are needed.
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Extracellular vesicles (EVs) are cell-secreted nanosized lipid bilayer-enclosed particles,
which contain biomolecules sorted and packed from cell cytosol, that regulate multiple
biological functions [9], including stem cell differentiation, angiogenesis, regulation of
immune response, and ECM remodeling [10,11]. These vesicles are normally classified by
their size and biogenesis into small (30–150 nm) and medium (100–1000 nm) EVs, which
are actively released by cells, containing different types of molecular cargo (e.g., RNAs,
proteins, metabolites) that reflects their cells of origin [12,13]. Over the past few years,
EV-based treatments have shown promising results in vitro and in clinical trials in the
treatment of multiple diseases [14]. Moreover, EVs show lower immunogenicity than cell
therapies and higher stability than growth factor-based therapeutics [15]. Nevertheless, the
field has largely relied on mesenchymal stem cells-derived EVs, a source from which the
production of clinically relevant quantities in physiological conditions and showing the
required reproducibility is still the main limitation in the field [16].

Platelets are the first cells that accumulate at sites of injury to re-establish tissue
homeostasis orchestrating the highly complex microenvironment present in wound healing
by providing a wide range of biochemical signals and structural elements [17]. Actually,
platelets are able to release several growth factors involved in different phases of tissues
healing, such as platelet derived growth factor (PDGF), transforming growth factor-beta
(TGF-β), vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF),
or epidermal growth factor (EGF), and, theoretically, their presence must be involved in
the healing and regeneration mechanisms of tendon tissues [18]. Nevertheless, systematic
reviews and meta-analyses have not confirmed the significant efficacy of platelet-rich
plasma in the management of tendinopathies [19–21]. These results might be mainly related
to the lack of standardization and individual variability, but most importantly, due to the
uncontrolled release of platelet biomolecules with diverse, and in some cases, undesired
biological effects of some components from the platelet-rich products [17,22]. In this
context, platelet EVs are a potential and underexplored source of sorted bioactive molecules,
including different growth factors [23], that can overcome some of the aforementioned
limitations. Platelet EVs offer unprecedented perspectives for personalized therapies, since
they can be obtained from autologous sources from a simple blood extraction [8,22,24,25].
Moreover, platelet EVs can also be obtained on a large scale from otherwise discarded
expired platelet units for clinical use, and have low batch-to-batch variability in terms
of growth factors composition [18,26], which would be reflected in EVs with a more
standardized biomolecule signature. Moreover, EVs offer not only a controlled bioactive
cargo release system, but also a high selective targetability [15].

Herein, we aimed to evaluate the regenerative potential of platelet-derived EVs in a
disease-like tendon model. In previous works, the scar-like architecture of diseased tendon
was mimicked using isotropic (random) fibrous meshes, which profoundly affected cell
behavior [27–29]. In this work, we relied on previously developed composite living fibers
consisting of a nanofibrillar isotropic core coated with a platelet lysate (PL)-based hydrogel
encapsulating human tendon-derived cells (hTDCs), which recreate microstructural cues
and three-dimensional architecture of the tendon diseased microenvironment [30,31]. This
model was then used to test the effects of different platelet-derived EV populations as
potential biochemical cues to promote hTDCs healthy phenotype recovery. The role of
platelet EVs on hTDCs was assessed by analyzing tendon markers and ECM deposition
and remodeling. Building on this knowledge, and considering the translational potential of
EVs, we aim to provide important insight into designing clinically feasible systems that
can be used as cell-free therapies to modulate the tendinopathy microenvironment and
promote a challenging regenerative tendon response.
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2. Results and Discussion
2.1. Characterization of the 3D Tendon Disease In Vitro Model and Platelet EVs

Healthy tendons are mainly composed of aligned collagen fibers hierarchically or-
ganized from collagen fibrils to fiber bundles with a scarce cellular population mainly
composed of tenocytes and tendon stem/progenitor cells [32]. However, when injured, ten-
don acquires a fibrotic phenotype during the healing phases, characterized by a loss of ECM
fibers alignment and increased cellularization [33,34]. Despite the increased knowledge
in tendon pathophysiology over the years, the main limitation in studying the potential
of new drugs or therapeutic agents to restore tendon health is the lack of in vitro models
that recapitulate the complexity of the tendon niche. Previous works relied on random
2D meshes to mimic fibrotic tissue and predispose seeded tendon cells towards inflam-
matory and degenerative pathways [28,29], although these lack the relevant 3D context of
native tissues.

In this work, building on our previous fibrous scaffolds for tendon tissue engineering
and reconstruction [31,35,36], we developed a 3D tendon model that recreates its diseased
state and used to test the potential of platelet EVs as a therapeutic option for the treatment
of tendinopathy. For this, electrospun poly-ε-caprolactone (PCL) isotropic fiber threads
were produced (Figure 1A). SEM images (Figure 1Ai) show that the fabricated threads have
a diameter of 357.4 ± 16.12 µm, which is in the range of tendon fascicles [37]. Additionally,
threads present a random nanotopography, and are composed of fibers with a diameter
(1.85 ± 0.35 µm) within the primary collagen fiber range (Figure 1Aii) [32], mimicking the
pathological tendon architecture and hierarchy. To include the cellular component in the
3D tendon model, composite living fibers (CLFs) were fabricated by coating electrospun
threads with primary hTDCs encapsulated within a PL hydrogel shell. The hydrogel
coating was used as a provisional ECM and, CLFs were maintained in culture for 14 days
to allow the development of a diseased cell phenotype promoted by the synergy of PL
biological signaling and contact with the random microtopography [38]. Along this time,
the coating (69.82 ± 29.44 µm) retracted due to the fibrin matrix contraction (Figure 1Aiii,
Supplementary Figure S1A), which promoted the contact of cells with the threads and
the acquisition of a highly disorganized cellular orientation in response to the random
microtopography (Supplementary Figure S1B). Moreover, in previous works, we showed
that PL promoted a fast cellularization of the construct and the acquisition of a diseased
cell phenotype while acting as a provisional ECM to allow the deposition of diseased-like
ECM showing high collagen type I/type III ratio [38]. Therefore, we considered this time
point as the initial state of the diseased tendon model used in subsequent sections to test
the effects of the EVs (Figure 2A).

We isolated and quantified two different platelet EV populations. SEM micrographs
show that both sEVs and mEVs have a spherical shape (Figure 1Bi). Nanoparticle tracking
analysis (NTA) revealed size heterogeneity with an average hydrodynamic diameter of
132 ± 72 nm and 308 ± 147 nm for sEVs and mEVs, respectively. The number of EVs
nanoparticles, also assessed using NTA, was of the same order of magnitude in both popu-
lations (2.32 × 109 sEVs/mL and 1.16 × 109 mEVs/mL, Figure 1Bii). To investigate the EV
content in growth factors with potential roles in tendon homeostasis and hTDCs phenotype
modulation, bFGF, TGF-β1, VEGF-A, and PDGF-BB were quantified (Figure 1Aiii). While
mEVs were significantly enriched in TGF-β1, sEVs were enriched in bFGF, compared to
the other population. Moreover, similar levels of PDGF-BB and VEGF-A were detected in
both EV populations. These results are particularly interesting in light of the roles of these
growth factors in tendon repair [32,39], which suggests a potential role of platelet EVs in
the modulation of hTDCs phenotype.
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Figure 1. (A) (i) Scanning electron microscopy (SEM) micrographs of the produced misaligned fiber 
threads. Scale bars: 100 µm and 20 µm. (ii) Isotropic fibers and threads diameter. Data are presented 
as mean ± standard deviation (SD) (n = 50). (iii) Platelet lysate (PL) coating at day 0. Scale bar: 200 
µm. (B) (i) SEM images of small and medium extracellular vesicles (sEVs; mEVs) isolated from PL. 
Scale bar: 300 nm. (ii) Size distribution profile of sEVs and mEVs analyzed with nanoparticle 
tracking analysis (NTA) (n = 3). (iii) EV basic fibroblast growth factor (bFGF), transforming growth 
factor-beta 1 (TGF-β1), vascular endothelial growth factor-A (VEGF-A), and platelet-derived growth 
factor-BB (PDGF-BB) quantification. Data are presented as mean ± SD (n = 3). Statistical significance: 
* p < 0.05, ** p < 0.01. 

2.2. Impact of Platelet EVs in the Diseased Tendon Cells Phenotype 
To analyze the possible use of platelet-derived EVs as therapeutics for 

tendinopathies, both EV populations were added to the culture media of the diseased 
tendon in vitro model for 7 or 14 days (Figure 2A). We started by analyzing the effects of 
EVs on hTDCs morphology (namely, nuclei aspect ratio and F-actin alignment, which are 
related to cell shape and orientation, respectively) and proliferation. We did not observe 
any evident effect of both EV populations on cell morphology and proliferation after 7 
and 14 days of culture (Supplementary Figure S1C). Additionally, after 14 days of culture 
with EVs, we could not see any evident effect on cells’ cytoskeleton alignment (Figure 
2Bii; Supplementary Figure S1B). These results show that EVs had minor effects on cell 
morphology and organization in this short culture time frame. 

Figure 1. (A) (i) Scanning electron microscopy (SEM) micrographs of the produced misaligned fiber
threads. Scale bars: 100 µm and 20 µm. (ii) Isotropic fibers and threads diameter. Data are presented
as mean ± standard deviation (SD) (n = 50). (iii) Platelet lysate (PL) coating at day 0. Scale bar:
200 µm. (B) (i) SEM images of small and medium extracellular vesicles (sEVs; mEVs) isolated from
PL. Scale bar: 300 nm. (ii) Size distribution profile of sEVs and mEVs analyzed with nanoparticle
tracking analysis (NTA) (n = 3). (iii) EV basic fibroblast growth factor (bFGF), transforming growth
factor-beta 1 (TGF-β1), vascular endothelial growth factor-A (VEGF-A), and platelet-derived growth
factor-BB (PDGF-BB) quantification. Data are presented as mean ± SD (n = 3). Statistical significance:
* p < 0.05, ** p < 0.01.
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Figure 2. (A) Schematic representation of human tendon-derived stem cells (hTDCs) in culture over 
time. hTDCs were maintained in culture for 14 days to acquire a disease phenotype. Afterward, 
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culture media of hTDCs to recover their healthy phenotype, which was evaluated after 7 and 14 
days of culture. (B) (i) Confocal microscopy images of F-actin filaments (DAPI, blue; Phalloidin, red) 
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Figure 2. (A) Schematic representation of human tendon-derived stem cells (hTDCs) in culture over
time. hTDCs were maintained in culture for 14 days to acquire a disease phenotype. Afterward, small
extracellular vesicles (sEVs) and medium extracellular vesicles (mEVs) were added to the culture
media of hTDCs to recover their healthy phenotype, which was evaluated after 7 and 14 days of
culture. (B) (i) Confocal microscopy images of F-actin filaments (DAPI, blue; Phalloidin, red) of hTDCs
supplemented with sEVs and mEVs after 14 days of culture. Scale bar: 75 µm. (ii) Representative
directionality analysis of F-actin filaments in hTDCs after 14 days (n = 3). (C) Gene expression
profile of tenogenic markers (mohawk (MKX), scleraxis (SCX), tenomodulin (TNMD)), after 7 days
of culture (n = 4). Gene expression results are presented as fold changes with respect to the control
group at each time point (represented by a line at 1). Statistical differences: ◦ p < 0.05 (against to the
control). (D) (i) Confocal images of TNMD (green) at day 14. Images were counterstained with cells
nuclei (DAPI, blue). Scale bar: 75 µm. (ii) TNMD fluorescence intensity quantitative analysis. Data
were normalized to the control (1). Data are presented as mean ± standard deviation (SD) (n = 6).
Statistical differences: ◦ p < 0.05 (against to the control). (E) Gene expression profile of phenotypic
drift markers (runt-related transcription factor 2 (RUNX2) and SRY-Box transcription factor (SOX9)),
after 7 and 14 days of culture. Gene expression results are presented as fold changes with respect to
the control group at each time point (represented by a line at 1) (n = 4). (F) (i) Confocal micrographs
of alpha-smooth muscle actin (ACTA2; green) at 7 and 14 days of culture. Nuclei were counterstained
with DAPI (blue). Scale bar: 75 µm. (ii) Quantification of ACTA2 fluorescence intensity. Data were
normalized to the control (1). Data are presented as mean ± SD (n = 6). Statistical differences:
*** p < 0.001, **** p < 0.0001 (among days for the same group); ◦◦ p < 0.01, ◦◦◦◦ p < 0.0001 (against to
the control).

2.2. Impact of Platelet EVs in the Diseased Tendon Cells Phenotype

To analyze the possible use of platelet-derived EVs as therapeutics for tendinopathies,
both EV populations were added to the culture media of the diseased tendon in vitro
model for 7 or 14 days (Figure 2A). We started by analyzing the effects of EVs on hT-
DCs morphology (namely, nuclei aspect ratio and F-actin alignment, which are related
to cell shape and orientation, respectively) and proliferation. We did not observe any
evident effect of both EV populations on cell morphology and proliferation after 7 and
14 days of culture (Supplementary Figure S1C). Additionally, after 14 days of culture with
EVs, we could not see any evident effect on cells’ cytoskeleton alignment (Figure 2Bii;
Supplementary Figure S1B). These results show that EVs had minor effects on cell mor-
phology and organization in this short culture time frame.
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We next evaluated the effect of platelet EVs on key tendon markers gene and pro-
tein expressions, such as scleraxis (SCX) and mohawk (MKX), two transcription factors
expressed during tenocytes maturation, and tenomodulin (TNMD), a marker of mature
tenocytes [40–42]. Gene expression analysis after 7 days of culture with EVs (Figure 2C)
showed that sEVs significantly upregulated SCX expression compared with control. More-
over, both EV populations enhanced TNMD expression compared to the control group,
although this difference was statistically non-significant. To confirm these results, immunos-
taining was used to assess TNMD protein expression after 14 days of culture (Figure 2Di).
We observed TNMD expression increased in both EV stimulus groups compared with the
control and, additionally, it was significantly higher in the sEVs than in the control group
(Figure 2Dii). These results suggest that EV effects might promote the maintenance of
healthy tendon cells phenotype. Furthermore, the expression profiles of genes related to
osteoblasts and chondrocytes, which are associated with tenogenic drift/degeneration path-
ways [43,44], were also analyzed (Figure 2E). Levels of the osteogenic marker runt-related
transcription factor 2 (RUNX2) and the chondrogenic marker SRY-Box transcription factor
(SOX9) were downregulated along the time of culture with EVs, indicating that platelet EVs
might contribute to lessen the tendon cells phenotypic drift typical of tendinopathy [43].
Furthermore, the levels of the myofibroblast marker alpha-smooth muscle actin (ACTA2),
which is associated with the formation of scar/fibrotic tissue in tendon disorders [45], were
quantified at the protein level (Figure 2Fi,ii). Although the expression of ACTA2 was signif-
icantly increased at early time points in the presence of platelet EVs, it showed a significant
decrease over time, suggesting that platelet EVs favorably modulate tenocytes myofibrob-
lastic phenotype activation and can contribute to promote a healthy tissue repair [45]. A
possible explanation for these results might be related to the high content of growth factors
in platelet EVs (Figure 1Biii). Although the TGF-β family has typically been related to ECM
synthesis, it also plays central roles in early events of tendon development, tendon regener-
ation, and healthy tendon cell phenotype maintenance [46,47]. Moreover, bFGF has been
shown to enhance tenomodulin expression in tenocyte precursors [48]. Additionally, EVs,
including those derived from platelets [49], which have been shown to contain microRNAs
that are responsible for important roles in inflammation, fibrogenesis, and tissue repair,
and its administration has produced positive effects on tendon healing [50]. Thus, future
studies should focus on the characterization of microRNAs profiles in our platelet EVs to
further analyze their possible contribution in tendon healing mechanisms. In summary,
these results indicate that both platelet EV populations might promote the recovery or
maintenance of the tenogenic phenotype by reducing the typical phenotypic drift of tendon
cells towards fibrotic or osteogenic lineages commonly observed in tendinopathy.

2.3. Platelet EVs Modulate ECM Deposition and Remodeling by hTDCs

Tendon is a connective tissue composed predominantly of collagen type I, and other
lower proportions of collagen subtypes such as collagen type III, V, and XII [51]. Moreover,
there are other constituents of tendon ECM like decorin (DCN), an important proteogly-
can during collagen fibrillogenesis, and tenascin-C (TCN), a glycoprotein responsible for
growth factor activity modulation and cells-ECM interaction [52,53]. Dysregulated ECM
homeostasis is one of the main features of tendon disorders involving loss of collagen
organization and unbalanced ECM turnover [1,54]. During this process, a higher produc-
tion of type III collagen takes place to protect the injured area, which is accompanied by
an increased production of metalloproteinases (MMPs) and tissue inhibitors of MMPs
(TIMPs) to modulate the ECM remodeling [1]. To evaluate the effect that platelet EVs have
in hTDCs ECM production and remodeling, we assessed the gene expression of different
ECM markers (Figure 3A). In general, mEVs induced an initial (7 days) upregulation in
the expression of type I and III collagens (COL1A1, COL3A1), DCN and TNC, while sEVs
showed an opposite effect. These results might also be related with an upregulation by
TGF-β, a potent stimulator of ECM synthesis [55], which was higher in mEVs than in sEVs
(Figure 1Biii). Nonetheless, at later culture times (14 days), both platelet EVs significantly
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downregulated the gene expression of these ECM markers, except for DCN. Furthermore,
we also analyzed the effects of platelet EVs on the cell secretion levels of different MMPs
and TIMP1 (Figure 3B). We found that after 14 days of culture, MMP-3, responsible for
degrading minor tendon ECM components such as collagen type III and proteoglycans [56],
showed increased levels, albeit statistically non-significant, in the presence of both platelet
EVs in comparison with the control. The decreased COL3A1 expression together with the
increased detected levels of MMP-3 may suggest that the initial more fibrotic-like ECM,
characterized by higher collagen type III deposition [57–59], is being remodeled into a
healthier ECM.
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Figure 3. (A) Gene expression of tendon-related extracellular matrix (ECM) markers, collagen type
I alpha 1 chain (COL1A1), collagen type III alpha 1 chain (COL3A1), decorin (DCN), and tenascin
(TNC), after 7 and 14 days with small extracellular vesicles (sEVs) and medium extracellular vesicles
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(mEVs). Expression of target genes normalized against the reference genes glyceraldehyde-3-
phosphate dehydrogenase (GADPH) and glucuronidase beta (GUSB) and gene expression normalized
at the control of each day (1) (n = 4). Statistical differences: * p < 0.05, ** p < 0.01 (among days for the
same group); ◦ p < 0.05 (sEVs against mEVs). (B) Concentration of matrix metalloproteinase-1, -2, -3,
-7 and -9 (MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9) and tissue inhibitor of metalloproteinase-1
(TIMP-1), present in the 14 days culture medium. Data were normalized to the control of day 14
(unstimulated cells, set to 1) (n = 4). Statistical differences: ◦ p < 0.05 (sEVs against mEVs). (C) Venn
diagram of common and unique ECM proteins identified in the isotropic fiber-encapsulated human
tendon-derived stem cell (hTDC) system, non-supplemented and supplemented with sEVs and mEVs
at 14 days of culture (n = 3). (D) Relative abundance of ECM proteins was categorized according to
their function. Quantitative assessment of the ECM proteomic profile revealed (i) matricellular and
(ii) fibrillar collagen are the most abundant categories (n = 3). Statistical differences: ◦◦◦◦ p < 0.0001
(against control), **** p < 0.0001 (sEVs against mEVs) (E) Proteomic profile assessment of collagen
type I and collagen type III (COL1/COL3) ratio at 14 days of culture (n = 3). Results were normalized
to control that was set to 1.

To support this hypothesis and to have a more comprehensive understanding of the
impact of platelet EVs in ECM production and remodeling, we next performed a proteomic
analysis. For this, the model constructs were treated with EVs for 14 days before being
decellularized in order to remove their cellular content and better recover and identify their
respective ECM components [60]. A total of 26 ECM proteins were identified (p ≤ 0.05; two
unique peptides, in at least three replicates) (Table S1), in which 15 (~58%) ECM proteins
were common to all groups (Figure 3C, Table S2). Additionally, to better categorize the
role of these proteins, a Gene Ontology (GO) analysis was performed. We observed that
matricellular proteins and fibril-associated collagens with interrupted triple helices (FACIT)
are the major categories identified, constituting more than 90% and 8% of the proteins,
respectively, while other minor proteins such as fibrillar collagens, basement membrane
proteins and structural and regulator ECM proteins, were also identified (Figure 3D).
Matricellular proteins are a group of non-structural proteins present in the ECM with key
roles in the modulation of cell function and cell adhesion [61]. Among these, COL6A3,
which provides a link among the structural constituents of the ECM and cells [62], was the
major matricellular protein identified in all the groups (Figure 3Di). The abundance of this
collagen was significantly higher in sEVs than in the mEVs and control groups (Figure 3Di).
Moreover, the levels of TNC were significantly lower in the groups supplemented with
platelet sEVs than in the mEVs and control groups, in line with gene expression results.
Since TNC is upregulated upon tissue injury, inflammation and tissue remodeling [63], its
decrease might be related with a healthier tendon ECM. Regarding the fibrillar collagens,
which constitute the structural elements of ECM, COL1A1 showed the highest proportion
in all groups (Figure 3Dii). Remarkably, the abundance of COL1A1 was significantly
greater in the sEVs and mEVs groups than in the control group, and in sEVs compared
with mEVs. In addition, the levels of COL3A1 were similar in all groups. This generates a
(non-significant) increased ratio of type I/type III collagen (all chains accounted) in groups
treated with platelet sEVs compared with the control (Figure 3E), which has been related
to a healthier tendon ECM [61]. Intriguingly, although mEVs promoted the expression of
ECM markers compared with sEVs (Figure 3A), the continuous activation with TGF-β,
which has been related to tissue fibrosis, produced a more fibrotic-like response. This is
also in agreement with the higher content of bFGF in sEVs than in mEVs, which has been
shown to inhibit the activation of pro-fibrotic myofibroblasts [64]. Overall, these results
suggest that platelet sEVs have the potential to promote the remodeling and synthesis of a
healthy tendon ECM.

2.4. Modulation of Inflammatory Markers in hTDCs by Platelet EVs

Chronic inflammation is another hallmark of tendon disorders, and is highly related to
the inflammatory mediators released to the tendinopathy microenvironment by tenocytes,
among other cells [65]. To assess the effect of platelet EVs in modulating the inflammatory



Int. J. Mol. Sci. 2022, 23, 2948 9 of 16

response in hTDCs, we analyzed the gene expression of different cytokines (Figure 4). We
observed a significant upregulation in the expression of the anti-inflammatory cytokine
interleukin 4 (IL4) in samples treated with mEVs compared with sEVs and control groups.
Recent works have proved that tenocytes participate in the amplification of the inflam-
matory response after tendon damage through the secretion of different cytokines and
chemokines [66]. On the other hand, IL-4 promotes the transformation of naive CD4 T
cells and macrophages into a Th2 T cell or M2 macrophage phenotype, respectively, which
drives the type 2 anti-inflammatory immune response [67]. Thus, it is plausible that teno-
cytes can also have a role in the modulation of the reparative (anti-inflammatory) immune
response, which should be studied in future works. Interestingly, IL-4 has been suggested
as a potential tendon-healing therapeutic agent [68]. On the other hand, we could only
observe minor differences in the expression of the pro-inflammatory IL6 and IL8 upon
treatment with platelet EVs. Taken together with these outcomes, platelet mEVs might also
have an influence in the mediation/regulation of inflammatory pathways potentiating the
inflammation resolution.
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Figure 4. Gene expression of inflammatory markers (interleukin-4; -6; -8 (IL4, IL6, and IL8)), after
7 and 14 days of culture with EVs. The target gene expression was normalized against glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and glucuronidase beta (GUSB) and the data presented for
the non-supplemented system each day (1) (n = 4). Statistical significances: * p < 0.05 (among days
for the same group); ◦ p < 0.05 (between sEVs and mEVs or against the control for the same day).

3. Materials and Methods
3.1. Production and Characterization of Isotropic Fiber Threads

Poly-ε-caprolactone (PCL, average MW 80,000, Sigma-Aldrich, Saint Louis, MO, USA)
electrospinning solution was prepared with 17% (w/v) of PCL dissolved in a chloroform
(Honeywell, Charlotte, NC, USA)/N, N’-dimethylformamide (DMF, Carlo Erba Reagents,
Val de Reuil, France) (v/v, 7:3) solution, under agitation overnight at room temperature
(RT). To produce the PCL misaligned fiber threads, a customized electrospinning device set
up was used [36]. Succinctly, a syringe with a 21 G needle was filled with the PCL solution
and jetted, under a constant flow rate of 1.0 mL/h and voltage of 8.0–9.0 kV, into a 20%
(v/v) ethanol/water bath. The needle was placed 13 cm above the surface of the bath, and
a roller with a constant speed of 0.14 cm/s was used to collect the threads. During the
fibers production procedure, the temperature was maintained at 21–23 ◦C with a relative
humidity of 43–45%.

The morphology of the threads was assessed by high-resolution scanning electron
microscopy (SEM, JSM-6010 LV, JEOL, Tokyo, Japan) operating at an accelerating voltage
of 10 kV. Briefly, samples were placed onto an adhesive carbon film and coated with
gold under vacuum for one minute (Cressington, Watford, UK) before image acquisition.
Diameters of threads and fibers (n = 50), and their alignment (directionality analysis) were
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determined using ImageJ 1.520 (NIH, Bethesda, MD, USA) software. Fiber’s 3D holders
were produced using a 3D printer (see Supplementary Material).

3.2. Isolation and Characterization of Platelet-Derived EVs

A pool of 100 healthy donors of platelet concentrates (PC) was provided by Serviço
de Imunohemoterapia do Centro Hospitalar de São João (CHUSJ, Porto, Portugal) under
an ethical commission approval (No. 363/18). To obtain platelet EVs, the PC pool was
first submitted to three freeze/thaw cycles in liquid nitrogen followed by thawing at 37 ◦C.
In the last cycle, the PC pool was subjected to two initial centrifugations at 2000× g for
30 min at 4 ◦C and 12,000× g for 45 min at 4 ◦C (FA-45-6-30 rotor, Eppendorf 5810 R,
Eppendorf, Hamburg, Germany) to discard cell debris and to recover the medium EVs
(mEVs), respectively. Afterward, the supernatant of the last centrifugation cycle was
ultracentrifuged at 110,000× g for 2 h at 4 ◦C (S52-ST rotor, ThermoFisher Scientific, Sorvall
Mx 120 Plus, Micro-ultracentrifuge, Waltham, MA, USA) to pellet small EVs (sEVs). The
sEV pellets were washed in phosphate-buffered saline (PBS; Sigma-Aldrich, Saint Louis,
MO, USA) and then ultracentrifuged at 110,000× g for 70 min at 4 ◦C [69]. The resulting EV
pellets were re-suspended in 1 mL of ultrapure water and stored at −80 ◦C until further use.

EVs morphology was assessed by high-resolution SEM (Auriga CompactLV, Zeiss,
Oberkochen, Germany). Briefly, EVs were fixed with 2.5% glutaraldehyde in PBS and
dehydrated in an ascending series of ethanol at 50%, 70%, 90%, and 100% onto a glass
substrate. Size distribution of EVs and particle concentration were measured using NTA
instrument (NS500, Nanosight, Malvern, Worcestershire, UK) equipped with an EMCCD
camera and 488 nm laser. The concentration of growth factors, bFGF, TGFβ-1, VEGF-A,
and PDGF-BB, within EVs was quantified by enzyme-linked immunosorbent assay (ELISA)
using the commercial DuoSet ELISA kits (R&D Systems, Minneapolis, MN, USA), following
suppliers’ specifications (n = 3).

3.3. Human Tendon-Derived Cell Isolation and Encapsulation

Human tendon-derived cells were isolated from Sartorius tendon tissue samples
from healthy male patients with ages between 25–30 years undergoing elective orthopedic
surgeries at the Hospital da Prelada (Porto, Portugal) under protocols implemented and
approved by the Hospital Ethical Committee (No. 005/2019). To perform hTDC isolation, a
protocol described elsewhere was followed [30,70]. Cells were used at passages 3–4.

3D-printed molds with four misaligned fiber replicates placed in 6-well plates were
sterilized in 70% (v/v) ethanol for 30 min followed by 30 min of ultraviolet radiation.
Afterward, isotropic threads were immersed in a solution of 10 U/mL thrombin from bovine
plasma (40–30 NIH units/mg protein, Sigma-Aldrich, Saint Louis, MO, USA) in 5 mM
calcium chloride (CaCl2, MERCK KGaA, Darmstadt, Germany) for 45 min at RT [38,71].
Then, threads were transferred to a new channel and coated with a solution of hTDCs in PL
hydrogel, produced as described previously [71,72], at a density of 2.5 × 105 cells/mL for
2 h at 37 ◦C in a 5% humidity atmosphere for PL gelation. PL, before use, was previously
thawed at 37 ◦C and centrifuged at 3000× g for 10 min at 4 ◦C (FA-45-6-30 rotor, Eppendorf
5810 R, Eppendorf, Hamburg, Germany) for cell debris removal. After 2 h incubation,
channel supports were removed and a complete culture medium consisting of α-MEM
(ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v) of fetal bovine
serum (FBS, Life Technologies) and 1% (v/v) of antibiotic/antimycotic (A/A) was added
and the system was maintained in culture for 14 days to allow hTDCs to acquire a diseased
phenotype. PL hydrogel thickness was observed by optical microscopy (CKX53, Olympus,
Tokyo, Japan) and analyzed by ImageJ 1.520 (NIH, Bethesda, MD, USA) software.

After 14 days of culture, the cell-coated threads (diseased-like tendon model) were
incubated with 100 µg/mL of sEVs and mEVs in an EV-depleted culture medium consisting
of α-MEM (ThermoFisher Scientific, Waltham, MA, USA) supplemented with 10% (v/v)
of EV-depleted FBS (ThermoFisher Scientific, Waltham, MA, USA) and 1% (v/v) of A/A.
Threads cultured without EV supplementation were used as controls.
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3.4. hTDC Morphology and Actin Filament Organization

Samples were fixed with 10% (v/v) formalin (Bio-Optica, Milan, Italy) for 30 min
at RT. Cell cytoskeleton and nuclei were stained with phalloidin-tetramethylrhodamine
B isothiocyanate (Sigma-Aldrich, Saint Louis, MO, USA) and diamidino-2-phenylindole
(DAPI; VWR, Radnor, PA, USA) for 45 min at RT, respectively. Samples were analyzed
through confocal laser scanning microscopy (CLSM, TCS SP8, Leica, Wetzlar, Germany)
and images were processed using LAS X software from Leica.

Actin filament alignment was assessed through directionality analysis (n = 3). More-
over, a total of 400–450 nuclei were measured using different confocal images of each
condition (n = 3) to determine the nuclei aspect ratio by dividing its length by the width.
Lastly, the number of nuclei per area of hTDCs was calculated to assess cell proliferation.
All these analyses were performed using ImageJ 1.520 (NIH, Bethesda, MD, USA) software.

3.5. Immunocytochemistry of Encapsulated hTDCs

Samples (n = 5–6) were fixed with 10 (v/v)% formalin and permeabilized with
0.1 (v/v)% X-100 Triton (ThermoFisher Scientific, Waltham, MA, USA)/PBS for 10 min
at RT. After PBS rinsing, non-specific binding was blocked with 2.5% normal horse serum
(Vector Laboratories, Burlingame, CA, USA) for 1 h at RT. Then, samples were incubated
overnight at 4 ◦C with primary antibodies diluted in 0.1% BSA/PBS against ACTA2 (rab-
bit, ab32575, Abcam, Cambridge, UK), and anti-TNMD (rabbit polyclonal) generated
against TNMD C-terminus (237-317 aa) provided by Prof. Denitsa Docheva (produced in
co-operation with Metabion International, Planegg, Germany, PAB 201603-00002). Sub-
sequently, samples were washed in PBS, incubated with 0.3% (v/v) hydrogen peroxide
(PanReac AppliChem, Barcelona, Spain) for 15 min at RT, and incubated with anti-rabbit
AlexaFluor 488 fluorescent secondary antibody (ThermoFisher Scientific, Waltham, MA,
USA) for 1 h at RT. Finally, nuclei and F-actin filaments were counterstained with DAPI and
phalloidin for 30 min at RT, respectively. Immunolabeled samples were analyzed through
confocal laser scanning microscopy CLSM, TCS SP8, Leica, Wetzlar, Germany) and the
quantitative analysis of the immunofluorescence images was performed using ImageJ 1.520
(NIH, Bethesda, MD, USA) software.

3.6. mRNA Extraction and Reverse Transcriptase Quantitative Polymerase Chain Reaction
(RT-qPCR)

Total mRNA (n = 4) was isolated with RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol and quantified using Nanodrop spectropho-
tometer (ND-1000, ThermoFisher Scientific, Waltham, MA, USA). Complementary DNA
(cDNA) was synthesized through qScript cDNA Synthesis Kit (Quanta Biosciences, Beverly,
MA, USA) following the supplier’s instructions. Furthermore, RT-PCR was carried out
to quantify the expression of the genes presented in Table S3 using as reference genes
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and glucuronidase beta (GUSB)
through PerfeCTA SYBR Green FastMix kit (Quanta Biosciences, Beverly, MA, USA) ac-
cording to protocol kit instructions. Blanks were considered as negative controls for each
primer. Relative expression was normalized initially against reference genes followed by
the average of hTDCs control samples at each time point, calculated according to the ∆∆Ct
method [73].

3.7. ECM Protein Proteomic Analysis

After 14 days of culture with EVs, samples were first decellularized to extract the ECM
proteins (n = 3). Briefly, samples were washed in 0.5% (v/v) X-100 Triton in PBS for 2 h at
37 ◦C followed by PBS overnight incubation at 4 ◦C. Finally, the threads were resuspended
in a solution of 4% of sodium dodecyl sulphate (SDS, Sigma-Aldrich, USA), 1:100 protease
inhibitor (Sigma-Aldrich, Saint Louis, MO, USA), 0.1 M dithiothreitol (DTT, abcr Company,
Karlsruhe, Germany) in 0.1 M Tris-HCl and vigorously vortexed to detach ECM proteins
from the threads. Afterward, each protein sample was processed for proteomics analysis
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following the procedure described in [74] with the solid-enhanced sample preparation
(SP3) [75]. Enzymatic digestion was performed with Trypsin/LysC (2 µg) overnight at 37 ◦C
at 1000 rpm using an Thermomixer Comfort (Eppendorf, Hamburg, Germany). Protein
identification and quantitation was performed by label-free quantification. The raw data
was processed using Proteome Discoverer 2.5 software (Thermo Scientific, Waltham, MA,
USA) and searched against the UniProt database for the Homo sapiens Proteome 2019_09
(74.034 sequences).

Data analysis was performed only for ECM proteins expressing a ρ-value ≤ 0.05, and
at least 2 unique peptides were analyzed. ECM proteins were categorized considering their
biological processes and cellular components through Gene Ontology (GO). Protein Analy-
sis Through Evolutionary Relationships (PANTHER; version 15.0) was used to perform GO
enrichment analysis.

3.8. Multiplex Immunoassay

A custom-made Human Procarta Plex 5-Plex (ThermoFisher Scientific, Austria) was
used to quantify (MMP)-1, 2, 3, 8, 9, and 13 and a Human ProcartaPlex Simplex Kit to
quantify TIMP-1 (ThermoFisher Scientific, Waltham, MA, USA) released to culture media
after 14 days of culture (n = 4), according to manufacturer’s instructions. The concentrations
of each analyte were determined using MAGPIX Instrument System (Luminex, Austin, TX,
USA) and calculated by Luminex xPONENT 4.2 software.

3.9. Statistical Analysis

Statistical analysis was performed using GraphPad PRISM 7.0 software (San Diego,
CA, USA). Results are presented as values ± SD (standard deviation) unless otherwise
stated. One-way or two-way analysis of variance (ANOVA) was performed in parametric
distributions by the Bonferroni post hoc test for multiple comparisons, on the other hand,
the Mann–Whitney test was used for non-parametric tests. Statistical significance was set
to p-value < 0.05 with a confidence interval of 95%.

4. Conclusions

This work sought to study the therapeutic potential of two populations of platelet
EVs in a 3D in vitro tendon disease model. We verified that although EVs do not have
a remarkable influence on hTDC morphology, they are able to influence their biological
response. We showed that the interaction of platelet sEVs with diseased-like hTDCs
promotes the recovery of their tenogenic phenotype, increasing the expression of tendon-
related markers and decreasing the expression of osteogenic and fibrotic markers. Moreover,
treatment with platelet sEVs promoted the remodeling and deposition of a healthier ECM
in the constructs, showing increased collagen type I/type III ratio. Finally, we also showed
that platelet mEVs increased the expression of anti-inflammatory mediators, which might
contribute to blunting the inflammatory processes occurring in the injured or tendinopathic
tissue. Overall, the results showed that while platelet sEVs have a positive influence on
the recovery of hTDCs healthy phenotype by increasing the expression of tendon cells
markers, and promoting ECM remodeling, platelet mEVs increase the expression of anti-
inflammatory cytokines, suggesting that platelet EVs might be a promising therapeutic tool
for tendon injury recovery. The beneficial effects of these vesicles are worthy to be explored
in further studies to provide more insights on how EVs interact with cells and to further
understand their effect on tendon disorders.
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