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Bioengineered 3D Living Fibers as In Vitro Human Tissue
Models of Tendon Physiology and Pathology
Isabel Calejo, Claudia J. Labrador-Rached, Manuel Gomez-Florit, Denitsa Docheva,
Rui L. Reis, Rui M. A. Domingues,* and Manuela E. Gomes*

Clinically relevant in vitro models of human tissue’s health and disease are
urgently needed for a better understanding of biological mechanisms
essential for the development of novel therapies. Herein, physiological
(healthy) and pathological (disease) tendon states are bioengineered by
coupling the biological signaling of platelet lysate components with controlled
3D architectures of electrospun microfibers to drive the fate of human tendon
cells in different composite living fibers (CLFs). In the CLFs-healthy model,
tendon cells adopt a high cytoskeleton alignment and elongation, express
tendon-related markers (scleraxis, tenomodulin, and mohawk) and deposit a
dense tenogenic matrix. In contrast, cell crowding with low preferential
orientation, high matrix deposition, and phenotypic drift leading to increased
expression of nontendon related and fibrotic markers, are characteristics of
the CLFs-diseased model. This diseased-like profile, also reflected in the
increase of COL3/COL1 ratio, is further evident by the imbalance between
matrix remodeling and degradation effectors, characteristic of tendinopathy.
In summary, microengineered 3D in vitro models of human tendon healthy
and diseased states are successfully fabricated. Most importantly, these
innovative and versatile microphysiological models offer major advantages
over currently used systems, holding promise for drugs screening and
development of new therapies.

1. Introduction

Tendons are well-organized and dense connective tissues that
respond and adapt to the transmission of contraction forces by
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muscles to the skeleton, allowing motion
and maintenance of posture. As the human
lifespan expands and sedentary lifestyle
increases, tendon-associated injuries, and
pathologies are extremely prevalent leading
to patients’ disabilities and pain.[1] The hy-
povascular and hypocellular nature of ten-
don tissues severely limits their healing ca-
pacity and contributes to the loss of func-
tionality and propensity to reinjury.[2] Be-
sides the pain caused by increased neo-
vascularization and inflammation usually
seen in tendinopathies,[3] functionality loss
is frequently associated with the poor struc-
tural organization of collagen fibrils, de-
posited fibrocartilaginous extracellular ma-
trix (ECM), and increased contents of type
III collagen commonly associated with fi-
brotic tissue formation.[3a,4] Although ten-
don healing mechanisms follow the com-
mon reparative stages consisting of inflam-
mation, proliferation, and remodeling, this
process is governed by complex biologi-
cal factors and cellular crosstalk which are
still poorly understood.[5] Remarkably, a
major obstacle to the scientific and clin-
ical advancement of tendon therapies is
the lack of reliable and valid models to

decipher fundamental aspects of tendon physiology and pathol-
ogy. Despite the low complexity and handling practicability of 2D
in vitro culture models, these simple systems cannot accurately
recreate the level of complexity stemming from the biophysical,
biochemical, and biological cues of native tendon niches.[6] Small
animal models (e.g., mouse, rat, rabbit, murine) and ex vivo ex-
plant models (e.g., digital flexor tendons,[7] Achilles tendon[8])
which have been widely used to study several processes occur-
ring during tendon pathology and repair in a naturally occur-
ring living environment.[9] Yet, the knowledge that is generated
these systems is also associated with numerous limitations. For
instance, in the case of animal models, the translation to human
clinics is limited by species-specific physiological differences and
low accuracy in mimicking the human disease condition,[10] be-
sides the uncontrolled effects of external laboratory microenvi-
ronment on animal studies results.[11] On the other hand, diffi-
culties associated with the maintenance of ex vivo tissue home-
ostasis pose several time-related constraints, indicating that op-
timization of explant culture conditions are still required for the
establishment of a homeostatic baseline in which tendon cells re-
main quiescent.[6,12] Moreover, because tendon explants are usu-
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ally obtained from animal tissues,[6] some of the limitations asso-
ciated with physiological differences among species are also valid
for these systems in in vitro modeling. Thus, the development
of improved, simplified and less time-consuming platforms to
model human tendon physiology and pathology in 3D are still a
current need.

In this regard, innovative bioengineered 3D models might
be developed using advanced fabrication strategies and bio-
engineering principles, enabling the mimicry of the native tis-
sue’s structure and function.[13] Among the multiple biochem-
ical and biophysical cues of tendon niche, the ECM architec-
ture plays a key role in governing tendon cells behavior, partic-
ularly its collagen fiber anisotropic organization. Several works
have demonstrated the importance of tendon mimetic topogra-
phy on stem/stromal cell commitment toward tenogenic pheno-
type using electrospinning for the tuning of fibers alignment.[14]

For example, Schoenenberger et al.,[14c] using commercially elec-
trospun nanofiber mats, demonstrated that cells morphology,
phenotype, and matrix turnover were markedly influenced by
substrate orientation, favoring a downregulation of the tendon
matrix-associated proteins and ECM-remodeling enzymes by
cells in contact with random nanofiber scaffolds, opposite to cells
in aligned substrates.[14c] Moreover, randomly orientated fibers
induced a proinflammatory profile not only in tendon fibrob-
lasts but also in macrophages.[15] Yet, the above studies did not
mimicry the hierarchical architecture of tendon tissue, a major
feature that should be considered when replicating tendon mi-
croenvironment. Plus, beyond the biological signaling resulting
from the tissue fibrous structure, tendon cells are embedded in
a peri-cellular ECM, which play major roles in their function.
This niche is composed of fibrillar and nonfibrillar collagens,
important in fibrillogenesis and tendon development,[16] and by
noncollagenous components such as elastin, proteoglycans (e.g.,
decorin), and glycoproteins (e.g., fibronectin, tenascin-c), which
provide resistance to mechanical forces, support collagen ma-
trix assembly and regulate cellular processes during tendon de-
velopment and healing.[17] Strategies such as molecular crowd-
ing have been proposed to increase and accelerate ECM deposi-
tion in 2D cell cultures, engineering in vitro systems with closer
tendon-like matrix.[18] However, the inherent design principle of
this concept makes its adaption difficult when fabricating 3D sys-
tems that recreate the required biophysical cues of tendon ECM.
Therefore, in the present model, platelet lysates (PL) were ex-
plored as an interesting bioactive matrix biomaterial for the de-
velopment of advanced in vitro 3D tendon models. Blood deriva-
tives such PL have attracted great attention as an inexpensive
milieu of bioactive molecules (e.g., growth factors, cytokines, ad-
hesion, and structural proteins).[19] Interestingly, several growth
factors found in PL components have been related with the main-
tenance of tendon homeostasis. For example, platelet-derived
growth factor (PDGF) has been suggested to be involved in the
regulation of tendon cells’ fate.[20] One study specifically showed
that PDGF immobilized on aligned substrates promoted the
tenogenic differentiation of adipose-derived stem cells.[21] Simi-
larly, transforming growth factor-beta (TGF-𝛽) plays central roles
in early events of tendon development, tendon neonatal cells
recruitment,[22] and tendon cells maintenance.[23] On the other
hand, PL is also rich in several structural proteins (e.g., fib-
rin(ogen) or fibronectin) that are essential as temporary scaffolds

for the first phases of the wound healing process.[19] Recently,
the PL composition and intrinsic bioactivity was leveraged to in-
duce the fast cellularization of tissue-engineered constructs,[24]

while composite living fibers (CLFs), consisting of sutures cores
coated by PL hydrogel laden with human adipose-derived stem
cells (hASCs), exhibited a fast deposition of collagen types I and
III and great surgical tissue repair potential.[25] Moreover, fibrin
gels loaded with a combination of bone morphogenetic protein
(BMP)-14, TGF-𝛽3, and VEGF demonstrated enhanced induction
of stem cells tenogenic commitment, supporting the notion that
multiple biological signaling pathways are involved in the regu-
lation of this mechanism.[26]

So, and building on above-mentioned concepts, we hypoth-
esized that the combination of PL hydrogel coatings with ten-
don inspired 3D fiber assemblies, would allow the recapitulation
of biophysical and biological cues of both healthy and diseased
tendon microenvironments. These would allow, at the required
throughput and in a time and cost-effective manner, the produc-
tion of microphysiological systems for in vitro modeling. Thus,
in the present study, electrospinning was used for the production
of continuous anisotropic and isotropic microfibers threads that
were then hierarchically to recreate the hierarchical 3D structure
of healthy and diseased tendon fascicles, respectively, while used
as core elements of CLFs. Nevertheless, human tendon-derived
cells (hTDCs) were selected as the heterogeneous population of
stem/progenitor cells and tenocytes found in the native tissue.
To fabricate the CLFs, hTDCs were encapsulated within PL hy-
drogel coatings shells, which replicated the interstitial ECM and
constituted a source of growth factors, proteins, and other sig-
naling biomolecules. Furthermore, by combining the proposed
concept with 3D printing technologies, we were able to produce
large numbers of highly reproducible sample replicates fitting
multiwell plate formats in a more time and cost-effective man-
ner. Overall, this unique approach holds great promise for the
fabrication of high-throughput 3D in vitro models to study hu-
man tendon physiology and pathology, offering a reliable alter-
native to existing options, opening new avenues in the search for
tendon therapies.

2. Results

2.1. Fabrication of a Multiplex In Vitro Platform of
Microengineered Tendon Units

The search for physiologically relevant in vitro models enabling
high throughput testing is needed not only to study molecular
mechanisms and predict preclinical drug efficacy of new ther-
apies in humans, but also to enable the development of im-
proved tissue-engineered constructs for tendon regeneration.
To allow an effective mimicry of tendon microenvironment for
in vitro modeling, we fabricated a multiplexed system support-
ing multiple microengineered 3D tendon units fitting standard
multiwell plates (Figure 1A). The microengineered 3D units
were developed to emulate both physiological and pathological
tendon microenvironments taking advantage of: 1) the bioin-
spired topography and architecture of continuous electrospun
poly-𝜖-caprolactone (PCL) fiber threads (Figure 1C(i–iv)) to con-
trol cell cytoskeleton tension and orientation; and 2) PL coating
(Figure 1D) to provide the biological signaling for supporting

Adv. Healthcare Mater. 2022, 11, 2102863 © 2022 Wiley-VCH GmbH2102863 (2 of 14)



www.advancedsciencenews.com www.advhealthmat.de

Figure 1. Design of multiplex microengineered 3D in vitro tendon units. A) Schematic illustration of the experimental procedure for the fabrication of
3D healthy and diseased tendon models in vitro. Electrospinning was used for the production of anisotropic and isotropic PCL fiber threads, while the
multiplexing platform was printed using a 3D printer. Samples were placed in printed holders and coated with a bioactive hydrogel. B) 3D tendon units
were mounted in (i-ii) printed holders and were composed of electrospun (iii) anisotropic yarns (PCL-healthy) and (iv) isotropic threads (PCL-diseased)
for physiological and pathophysiological tendon tissue replication, respectively. (a) Measurement of electrospun fibers, threads, and yarns diameter
for both anisotropic yarns and isotropic threads. Data are presented as mean ± standard deviation (SD). C) 3D printed holders depicting (i) top, (ii)
bottom, and (iii) channels pieces, and (iv) complete structure in 6 well-plates. D) Schematics of (i) platelet lysate (PL) coating and optimized PL-coated
(ii) anisotropic yarns (healthy) and (iii) isotropic threads (diseased) at days 0 and 1. Scale bars, 100 μm. a) Hydrogel thickness evaluated in PL-healthy
(***, p = 0.0008) and PL-diseased (****, p < 0.00001) at respective days. Data are presented as mean ± SD (n = 19).
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hTDCs proliferation and promote fast ECM deposition. The
synergy between these biophysical and biological cues is ex-
pected to direct hTDCs toward healthy or diseased (fibrotic)
phenotypes. Thus, and using a previously customized electro-
spinning setup,[27] the spinning conditions were first optimized
to produce continuous PCL fiber threads with anisotropic and
isotropic topographies (Figure S1, Supporting Information), aim-
ing at mimicking the healthy and diseased tendon ECM orga-
nization, respectively. Nevertheless, among biopolymers used
for electrospinning,[28] PCL was chosen for fibers production
as it has been widely used due to its compatibility, mechanical
strength, low cost, and solubility in most solvents, and previ-
ously demonstrated to enable the production of nanofibers rang-
ing from 92.0 ± 10.0 to 95.0 ± 10.0 nm.[27] Morphometric scan-
ning electron microscopy (SEM) analysis demonstrated that ob-
tained microfiber diameters for both PCL-anisotropic/healthy
(Figure 1B(iii),a; 2.30 ± 0.38 μm) and PCL-isotropic/diseased
threads (Figure 1B(iv),a; 2.35 ± 0.33 μm) remained within the
range of primary collagen fiber, and resembled the microstruc-
tural organization of mature human collagen fibrils bundles
(fibers) (≈1–300 μm).[29] To recreate the tendon’s multilevel fi-
brous architecture, PCL-anisotropic/healthy threads were then
hierarchically assembled into yarns (328.6 ± 15.98 μm) with di-
ameters within the range of tendon fascicles (150–1000 μm).[17c]

This step was not applied to PCL-isotropic/diseased threads (Fig-
ure 1B(iv),a, 444.3 ± 108.7 μm), not only because their dimen-
sions already fell within the targeted fascicle’s range, but also be-
cause the lower level of hierarchical fiber organization was ex-
pected to contribute to a more diseased-like character. Afterward,
produced electrospun fiber cores were assembled on a 3D printed
system (Figure 1B(i),C(i-ii)). This customized platform consisted
of a top part with pillars able to fix the fiber samples when at-
tached to the bottom half (Figure 1C(i-ii)), and a removable multi-
basin part, designated as molds, used for hydrogel shells fabrica-
tion using low amounts of reagents and biological samples (Fig-
ure 1C(iii)). Also, the 3D printed system was designed to fit stan-
dard 6 well-plates and to support up to 4 different sample repli-
cates per well (Figure 1C(iv)). Nonetheless, this system can be
easily adapted to the specific needs of the user.

Next, to closely replicate tendon ECM and native cellular or-
ganization, we fabricated hydrogel shells around produced PCL
fibers core. Besides providing a hydrated and soft biodegradable
matrix for cell encapsulation while recreating the organization of
native tendon fascicles, PL is also a xenofree source of bioactive
biomolecules with known roles in tendon healing and regener-
ation processes that we aimed to explore for the maturation of
microengineered CLFs. To induce stable PL gelation and conse-
quent hydrogel formation, the thrombin concentration required
to trigger fibrinogen self-assembly[25] and to create a homoge-
nous hydrogel layer was optimized by tuning both thrombin con-
centration (5 and 10 U mL−1) and incubation times (15–90 min,
Figure S2, Supporting Information). Optical microscopy images
showed that uniform and homogenous PL hydrogel layers were
formed in samples incubated with 10 U mL−1 of thrombin for 45
min (Figure 1D(ii-iii)). Additionally, the stability of PL coatings
was tested by incubating samples in phosphate-buffered saline
(PBS) solution for 1 day (Figure S2, Supporting Information).
Although PL shell suffered an expected retraction of ≈15% in
thickness, as typically seen in this type of soft matrix, it remained

stable and well attached to the fiber core. In sum, the multiplex
in vitro platform not only assisted in the fabrication and matu-
ration stages of PL-coated fibers allowing an efficient production
of CLFs, but simultaneously enabled assay parallelization while
providing physical support and easier handling for biological test-
ing.

2.2. Physiological Tendon Microenvironment Replicated In Vitro

Within tendon 3D microenvironment, tendon resident cells play
a critical role tissue’s function and homeostasis, namely on ECM
formation and remodeling.[30] Physiologically, collagen fibrils are
produced in cellular recesses, then brought together to form
collagen fibril bundles and these are afterward assembled into
ordered structures, such as tendon fascicles.[31] Also, tendon
cells are reported to influence collagen fibrils orientation, as
these can be traced from locations deep within the cell, where
they may coexist with numerous shorter fibrils.[31] Moreover,
within the tissue, tenocytes present a spindle-shaped morphol-
ogy and are aligned in the same direction of the dense collagen
fibers network.[32] So, when trying to recreate a physiological mi-
croenvironment, cells orientation, alignment, and expression of
tenogenic-related markers were assessed in the developed model
(CLFs-healthy). Nonetheless, gelatin hydrogel coatings were used
as reference controls for PL-CLFs (CLFs-control), as this biomate-
rial has been widely used to replicate the collagenous component
of tissue’s ECM.[33]

2.2.1. High Uniaxial Cytoskeletal Alignment as Result of Close
Contact Guidance in CLFs-Healthy

Taking this into consideration, the performance of the devel-
oped model was first evaluated regarding the capacity of CLFs to
induce cell contact guidance, which depends on hydrogel shell
thickness and cell contact with the core fibers surface. F-actin
alignment and nuclei aspect ratio of hTDCs over culture time
within CLFs-healthy were used to measure the extent of these ef-
fects.

As expected, the cellularized PL hydrogel layer suffered a sig-
nificant and gradual contraction, mostly occurring over the ini-
tial 4 days of culture (Figure S3, Supporting Information). This
phenomenon has been described to occur as result of fibrin
matrix contraction by pulling forces exerted by encapsulated
cells.[24b,34] Also, this effect overcame the limitations of exten-
sive hydrogel retraction providing a gradual and additional sup-
port for contact guidance promoted by cell’s closer interaction of
the fiber’s surface topography (Figure 2A(i)). In contrast, CLFs-
control clearly showed a stable and thick hydrogel layer (day 7:
303.10 ± 54.74 μm; day 28: 338.30 ± 60.87 μm, Figure 2A(ii)) with
a dispersed distribution of cells across gel width that was main-
tained up to 28 days of culture (Figure 2A(ii) – DAPI), resulting
in lower cell contact with fibers surface.

To assess the impact of these effects on cell morphology and
organization, both cytoskeletal alignment and nuclei aspect ra-
tio of encapsulated cells were investigated up to 28 days of cul-
ture. Directionality analysis of hTDCs actin filaments in CLFs-
healthy showed that cell cytoskeleton organization followed yarns
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Figure 2. Morphometric analysis of hTDCs encapsulated in CLFs-healthy and CLFs-control. A) Confocal 3D imaging of encapsulated hTDCs in (i) CLFs-
healthy and (ii) CLFs-control at 7 and 28 days of culture. White lines represent the interface between the coating and the PCL-yarn core of CLFs. Scale
bars, 200 μm. a) Hydrogels thickness measurement at respective days (****, p < 0.0001). Data are presented as mean ±SD (n = 10). B) Confocal
images of hTDCs F-actin filaments (phalloidin, red; DAPI, blue) in (i) CLFs-healthy and (ii) CLFs-control at 7 and 28 days of culture. Scale bars, 200 μm.
Directionality analysis for CLFs-healthy and CLFs-control at days a) 7 and b) 28, and respective data table (below). Data are presented as mean ±SD. C)
Confocal microscopy images of cell nuclei (DAPI, blue) and a) nuclei aspect ratio of encapsulated hTDCs in (i) CLFs-healthy and (ii) CLFs-control after
28 days of culture. Scale bars, 100 μm. Statistically significant differences between nuclei elongation in CLFs-healthy in comparison with CLFs-control
are shown as 𝜖****; ****, p < 0.0001. Data are presented as mean ±SD (n = 4).
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topography (Figure 2B(i),a,b), resulting in uniaxially aligned and
elongated cells, characteristic of tenocytes embedded within ten-
don fascicles.[32] In contrast, hTDCs encapsulated within CLFs-
control were found to be randomly organized and mainly at the
surface of the hydrogel (Figure 2B(ii),a,b). Furthermore, cells in
CLFs-healthy show high nuclei aspect ratio after 7 and 28 days
(Figure 2C(i)a; 2.56 ± 0.71 and 3.28 ± 0.90 μm, respectively),
a phenomena typically correlated with the effective cytoskeletal
tension stemming from its pronounced elongation in a prefer-
ential axis direction.[35] Opposingly, cells in CLFs-control pre-
sented a significantly lower nuclei aspect ratio (1.07 ± 0.23 μm
– day 7 and 1.53 ± 0.28 μm – day 28; Figure 2C(ii)a), confirming
their less elongated morphology and respective lower cytoskeletal
tension.[36] Overall, the obtained results demonstrated that hier-
archically assembled PL-CLFs, with different microarchitectures,
were able to control cell orientation through contact guidance
mechanisms, while simultaneously recreating the organization
of native tendon ECM fibrillar structure. These is of major impor-
tance when recreating tendon tissue mimetics, as cells have been
reported to adapt their phenotypic profile in response to mechan-
otransduction mechanisms associated biophysical cues from 3D
ECM architectures.[27,37]

2.2.2. CLFs-Healthy Support the Expression of Tenogenic-Related
Markers and Synthesis of Tenogenic-Rich ECM

The potential of CLFs to support the tenogenic commitment
of encapsulated hTDCs was assessed through gene and pro-
tein expression analysis of recognized tendon-related markers,
tenomodulin (TNMD), scleraxis (SCX), and mohawk (MKX).
SCX is a transcription factor expressed during tendon develop-
ment and differentiation[38] also known to be a positive regula-
tor of tendon differentiation and downstream promoter type I
collagen expression,[39] while MKX is a transcription factor de-
scribed as an important regulator of tendon differentiation.[40]

TNMD is a type II transmembrane glycoprotein highly expressed
by tenocytes as a regulator of matrix remodeling[41] and shown to
be positively regulated by the transcription factor SCX,[42] being
a widely accepted marker of mature tendon/ligament lineage.[43]

In CLFs-healthy, the transcript levels of SCX, TNMD, and MKX
experienced a gradual upregulation from day 0 to day 10 (Fig-
ure 3A(i)), suggesting a strong healthy tenogenic phenotype. At
protein level, TNMD deposition was significantly increased from
day 7 to day 28, while SCX was constitutively expressed during
culture time (Figure 3A(ii)a,b), indicating the maintenance[44]

and maturation[45] of cells tenogenic phenotype when encapsu-
lated in CLFs-healthy. The opposite was observed in CLFs-control,
where no differences were found in the deposition of TNMD,
while SCX expression was significantly decreased over culture
time (Figure S4(iii), Supporting Information), suggesting a possi-
ble temporal inhibition of tenogenic phenotype or hTDCs trans-
differentiation.

Additionally, the quality of the de novo deposited ECM within
CLFs-healthy, was evaluated. For that, we assessed the expres-
sion of tendon-related matrix components, specifically collagen
type I and III, decorin, tenascin C, and elastin at both gene and
protein levels. Collagen type I is the main collagen type found
in tendon tissues ECM (≈60–85% dry weight), followed by col-

lagen type III (≈3–5% of total collagen) and noncollagenous
matrix components, such as proteoglycans (e.g., decorin) and
collagen oligomeric matrix proteins (e.g., lubricin and tenascin
C).[4,46] Although collagens type I/ III and tenascin are ubiqui-
tous components of different tissues and not specific markers of
tenogenic phenotype, they are often included in tendon mark-
ers panels, given their abundance and function in tendon.[47]

Moreover, decorin is a proteoglycan highly expressed during ten-
don development by fibrillogenesis regulation.[48] So, as a first
assessment on the impact of encapsulation of hTDCs in CLFs-
healthy, real time reverse transcription polymerase chain reac-
tion (RT-PCR) was applied to evaluate the gene expression pro-
file of cells. Transcription levels of collagen type III (COL3A1)
and decorin (DCN) were found to be upregulated at day 10 (Fig-
ure 3B(i)), while levels of collagen type I (COL1A1) and tenascin
c (TNC) were continuously expressed during culture time, sug-
gesting that the topography of CLFs-healthy may be inducing a
tissue-specific behavior.

This was further confirmed with immunocytochemistry of col-
lagen type I (COL1) and III (COL3), elastin (ELAS), and decorin
(DCN), where the expression of tendon ECM-related markers
was evident as early as 7 days of culture. Remarkably, after 28
days of culture, cells in CLFs-healthy are embedded in a dense
de novo deposited ECM (Figure S5, Supporting Information)
that could not be achieved in our previous studies where cells
were directly seeded on similar 3D fibrous scaffolds.[27,37b] Fur-
thermore, this ECM was found to be rich in COL1 and DCN
(Figure 3B(ii),a–c), while COL3 synthesis decrease over culture
time (Figure 3B(ii),b). Interestingly, elastin, an ECM component
known for its role in facilitating fascicle sliding and recoil,[49] was
also detected in CLFs-healthy (Figure 3B(ii)d). The composition
of this newly deposited matrix in CLFs was consistent with the
profile described for the ECM of the tendons, where COL1 is
the major structural fibrillar protein, and DCN and ELAS have
been identified as important components for a proper tendon
function.[49a,50]

Overall, obtained results show that the 3D tendon mimetic
model composed of anisotropic CLFs in combination with the
bioactive PL directed hTDCs response toward a regenerative phe-
notype, leading to microengineered CLFs exhibiting healthy ten-
don organotypic profiles and deposition of a teno-like ECM.
These key features sustained the hypothesis that the fabricated
multiplex 3D tendon units can be an advantageous platform for
in vitro human tendon modeling and be considered as an alterna-
tive to the currently used tissue explants and/or animal models.

2.3. Pathological-Like Matrix Deposition Associated with Cells
Morphological Phenotypic Changes and Unbalanced Matrix
Turnover

Bioengineered in vitro models are essential tools not only for in-
vestigating the biology of tendon tissues, but as well to study re-
pair and regeneration mechanisms. An important hallmark of
chronic tendinopathy or tendon reparative response to an acute
injury is the formation of fibrotic scarring tissue characterized by
a disorganized tendon matrix showing discontinuous, crimped,
and thinned collagen fibers lacking the typical hierarchical struc-
ture, and hypercellularity.[4,51] The disorganized topography and

Adv. Healthcare Mater. 2022, 11, 2102863 © 2022 Wiley-VCH GmbH2102863 (6 of 14)



www.advancedsciencenews.com www.advhealthmat.de

Figure 3. Gene and protein expression of tenogenic markers by hTDCs encapsulated in CLFs-healthy. A) Phenotype maintenance evaluated by (i) gene
expression of tenomodulin (TNMD; *, p = 0.028), b) scleraxis (SCX; **, p = 0.0026) and c) mohawk (MKX; ***, p = 0.0003) at 0, 4, and 10 days of culture.
Data are presented as mean ± SD (n = 4). 𝛼 and ß are statistically significant in comparison with day 0 and day 4, respectively. Expression of target genes
was normalized against the average of ß-actin/YWHAZ reference genes and gene expression in all conditions was normalized to day 0. (ii) Fluorescence
microscopy of tenogenic markers tenomodulin (TNMD) and transcription factor scleraxis (SCX) at 7 and 28 days. Nuclei were counterstained with DAPI.
Scale bars, 100 μm. Fluorescence intensity quantification of a) TNMD (*, p = 0.038, n = 6) and b) SCX (*, p = 0.026, n = 6) evaluated at 7 and 28 days
of culture. B) Matrix deposition assessed by (i) gene expression of collagen type I, alpha chain 1 (COL1A1), collagen type III, alpha chain 1 (COL3A1;
**, p = 0.0029; ***, p = 0.0002), decorin (DCN; **, p = 0.0029; ***, p = 0.0001; ****, p < 0.0001), tenascin (TNC), by RT-PCR at 0, 4, and 10 days of
culture. Data are presented as mean ± SD (n = 4). 𝛼 and ß are statistically significant in comparison with day 0 and day 4, respectively. Expression of
target genes was normalized against the average of ß-actin/YWHAZ reference genes and gene expression in all conditions was normalized to day 0. (ii)
Fluorescence microscopy of ECM-related tenogenic markers, type I collagen (COL1), type I collagen (COL1), decorin (DCN) and elastin (ELAS) at 7 and
28 days. Nuclei were counterstained with DAPI. Scale bars, 100 μm. Fluorescence intensity quantification (bottom) of a) COLI (*, p = 0.026, n = 6), b)
COLIII (**, p = 0.0022, n = 6), c) DCN (*, p = 0.022, n = 6), and d) ELAS (n = 6) evaluated at 7 and 28 days of culture.

lower hierarchical organization of isotropic threads aim to repli-
cate in vitro the physical cues of these scar tissues.[52] Thus,
next we hypothesized that CLFs-diseased would drive hTDCs re-
sponse toward a fibrotic profile.

2.3.1. Encapsulated hTDCs in CLFs-Diseased Present a Higher
Proliferation and Cytoskeleton Misalignment

The fabricated diseased tendon units were first evaluated in
terms of hTDCs proliferation and organization. Interestingly, al-
though both CLFs show similar cell densities at day 28, at day 7,
cell numbers are significantly higher in the CLFs-diseased than
in CLFs-healthy, suggesting a higher initial proliferative activity
in these units (Figure 4A(i)). This behavior was accompanied by
a lower degree of cytoskeleton alignment in cells within CLFs-
diseased (Figure 4A(ii)) compared to the CLFs-healthy. Indeed,
staining of the cytoskeletal actin filaments at day 7 shows that en-
capsulated cells were able to migrate without showing a marked

preferential orientation, as supported by the results of f-actin di-
rectionality analysis (Figure 4A(ii)a). After 28 days, a small peak
is observed in the orientation map, probably associated with cell
crowding and high ECM deposition occurring over time, which
has been related to a high proliferation occurring during tendon
remodeling phase after injury,[53] resulting in cell polarization
and leading to some degree of alignment along the fibers.

2.3.2. CLFs-Diseased Induced a Tenogenic Drift Over Culture Time

Afterward, the effect of CLFs-diseased on encapsulated hTDCs
phenotype was evaluated at both gene and protein levels. First,
the expression of tendon markers was analyzed by RT-PCR (Fig-
ure 4B(i)). While cells in CLFs-diseased showed increased SCX
and TNMD transcript levels at day 10, MKX transcript levels were
found to be decreased with culture time (Figure 4B(i)). Never-
theless, complementary immunocytochemistry imaging quan-
tification revealed an almost absent protein expression of SCX
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Figure 4. Analysis of proliferation, F-actin alignment and phenotype drift in hTDCs encapsulated in CLFs-diseased. A) Cell’s proliferation (i) evaluated
at 7 and 14 days of culture in both CLFs-healthy (****, p < 0.0001) and CLFs-diseased (****, p < 0.0001). (ii) Confocal imaging of nuclei (DAPI, blue)
and actin filaments (F-actin, phalloidin, red) staining of encapsulated hTDCs in CLFs-diseased after 7 and 28 days of culture. Scale bars, 100 and 25 μm.
a) Directionality analysis of actin filaments orientation for CLFs-diseased at 7 and 28 days. B) Phenotype drift evaluation through (i) gene expression of
TNMD (*, p = 0.05), SCX, MKX, RUNX2 (*, p = 0.05), and SOX9 (*, p = 0.01) by RT-PCR analysis at 0, 4 and 10 days of culture. Data are presented
as mean ± SD (n = 4). 𝛼 and ß are statistically significant in comparison with day 0 and day 4, respectively. Expression of target genes was normalized
against the average of ß-actin/YWHAZ reference genes and gene expression in all conditions was normalized to day 0. (ii) Fluorescence microscopy of
TNMD and SCX at 7 and 28 days. a–c) Fluorescence intensity quantification of respective proteins evaluated at 7 and 28 days of culture (n = 6) and
b–d) ratio of proteins of interest between CLFs-healthy and CLFs-diseased at both culture times. 𝜎 is statistically significant in comparison with the
correspondent day in CLFs-healthy. Nuclei were counterstained with DAPI. Scale bars, 100 μm. (iii) Fibrotic myofibroblastic marker evaluation. a) Gene
expression of smooth alpha muscle actin (ACTA2) at days 0, 4, and 10 in both CLFs-healthy and -diseased (**, p = 0.009). Data are presented as mean
± SD (n = 4). Expression of target genes was normalized against the average of ß-actin/YWHAZ reference genes and gene expression in all conditions
was normalized to day 0. b) Confocal images acquired for the expression of smooth alpha muscle actin (ACTA2) at 28 days of culture in CLsF-healthy
and CLFs-diseased. Nuclei were counterstained with DAPI. Scale bars, 200 μm. c) Mean intensity quantification (****, p < 0.0001) performed for the
respective samples (n = 6).
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in CLFs-disease, which was significantly lower compared to the
CLFs-healthy (Figure 4B(ii)f). Moreover, although TNMD depo-
sition was significantly increased after 28 days of culture, it
showed significantly lower levels compared to CLFs-healthy (Fig-
ure 4B(ii)a–c). The absence of these markers has been correlated
with a loss or depletion of tendon stem cells’ capacity to differen-
tiate into tenocytes and deposit tendon-like ECM,[39,40] contribut-
ing to tendinopathies progression.[54] Furthermore, the expres-
sion profiles of common osteoblastic and chondrogenic genes,
which are usually associated with tenogenic drift/degeneration
pathways,[55] were also analyzed. Levels of the osteogenic-related
marker runt-related transcription factor 2 (RUNX2) were signifi-
cantly increased at day 4, while levels of the chondrogenic marker
SRY-Box transcription factor 9 (SOX9)[56] were significantly in-
creased at day 10 compared with both 0 and 4 days of culture (Fig-
ure 4B(i)). The expression trend of these two transcription factors
is consistent with tendon degeneration associated with detrimen-
tal effects on tissue mechanical loading capacity.[57] Moreover, the
levels of smooth alpha muscle actin (ACTA2), a marker of “my-
ofibroblast” phenotype acquisition associated with tendinopathy
and tissue fibrogenesis,[58] were significantly increased after 4
days of culture and also when compared with the levels observed
for CLFs-healthy (Figure 4B(iii)), indicating a myofibroblast dif-
ferentiation/activation and suggesting the commitment of hT-
DCs toward a fibrotic phenotype.

2.3.3. CLFs-Diseased Induce a Temporal Unbalanced Matrix
Turnover Supporting the Deposition of Fibrotic ECM

The pathologic hallmark of tendon fibrosis is underlined by
changes in the composition of interstitial ECM.[59] This involves
altered deposition of the structural ECM proteins and the ex-
pression of metalloproteinases that regulate the biological tis-
sue homeostasis.[60] Thus, gene expression of COL1A1, COL3A1,
DCN, and TNC was evaluated in CLFs-diseased by RT-PCR (Fig-
ure 5A(i)). Transcription levels of COL1A1 and TNC were found
to be increased at early time points (4 days), suffering a significant
downregulation at later culture times. On the other hand, DCN
levels were decreased after 4 days of culture, whereas an upregu-
lation was observed at later time points (Figure 5A(i)). At protein
level, a sustained expression of DCN was observed at both 7 and
28 days of culture in CLFs-diseased (Figure 5A(ii)a), commonly
associated with poor matrix organization in tendinopathy.[61]

These findings were then correlated with COL1 and COL3 de-
position, where it was observed a marked impact over collagens
deposition associated with core fiber topography (Figure 5A(iii)).
In CLFs-diseased, COL3 was favored against COL1 synthesis
(Figure 5A(iii),a), while the opposite has been verified in CLFs-
healthy. The differences in the deposition of these two types
of collagen resulted in significantly lower COL1/COL3 ratio in
CLFs-diseased than in CLFs-healthy, an effect that has been re-
lated to the formation of a fibrotic-like tissue.[62] Similar ob-
servations also occur in pathologic tendons, which show mi-
croscopic irregular fibrillar collagen alignment and molecular
changes in collagen composition involving an increased ratio of
COL3/COL1.[63] These results, combined with the significantly
higher amounts of ACTA2 expressed by hTDCs in CLFs-diseased
as previously demonstrated in Figure 4B(iii), point to the depo-

sition of a fibrotic-like matrix in our diseased tendon units. In-
terestingly, altered collagen microstructure is a known promoter
of stromal/stem cells myofibroblast differentiation,[64] a process
that is further induced by TGF-𝛽1[65] which is one of the main
components of PL.[66]

Matrix metalloproteinases (MMPs) are actively involved in
physiological ECM turnover, a critical and continuous process
that maintains the healthy state of tendon tissues, contributing
to tendon healing and also the progression of tendinopathies.[67]

Considering that ECM remodeling is a process dependent on
the balanced activity of MMPs and their inhibitors (tissue in-
hibitors of metalloproteinases, TIMPs), their protein levels were
also analyzed in CLFs-diseased and compared to the ones found
in CLFs-healthy (Figure 5B; and Table S1, Supporting Informa-
tion). In the case of CLFs-diseased, significantly higher con-
centrations of MMP-1 and MMP-9 were observed when com-
pared to CLFs-healthy after 10 days (Figure 5B), proposing an
higher degradation of fibrillar collagens (including collagen I)
and its fragments.[60] Moreover, MMP-2 and MMP-3, which
degrade minor proteins in tendon ECM such as collagen III
and proteoglycans,[60] presented decreased levels over culture
time in CLFs-diseased when compared to CLFs-healthy (Fig-
ure 5B). Nonetheless, MMP-8 levels were continuously decreased
over culture time in CLFs-diseased. Considering the key roles
that MMPs play on the regulation of ECM composition and
turnover, this secretion trend might have contributed to the lower
COL1/COL3 ratio seen in CLFs-diseased. Interestingly, obtained
results are in good agreement with what is observed after ten-
don rupture, where a decreased activity of MMP-2, MMP-3, and
MMP-8 associated with a higher activity of MMP-1 is described to
lead to an enhanced collagen turnover, followed by a deterioration
in the quality of the collagen network.[67b,68] In parallel, TIMP1
levels were significantly upregulated in CLFs-diseased and com-
paratively higher than in CLFs-healthy at day 10 (Figure 5B), pos-
sibly contributing to a disease state of fibrotic nature, which is
related to lower collagen remodeling and fibrotic-like ECM for-
mation reflected on its low COL1/COL3 ratio.[69]

In summary, our results showed that CLFs-diseased tendon
units combined both the biophysical effects from the combina-
tion of isotropic topography of fibers and the reparative biological
factors of PL coating, to induce a phenotypic drift in hTDCs and
deposition of a fibrotic like-ECM. The close recreation of this mi-
croenvironment, commonly observed in pathological tendon tis-
sue, suggested that CLFs-diseased might be used as a relevant
bioengineered 3D in vitro model for drug screening and new
therapies development.

3. Conclusion

In this work, electrospun PCL yarns/threads with well-defined
3D architecture were combined with the structural and biologi-
cal factors derived from PL to produce microengineered 3D mod-
els, aiming at the recreation of physiological and pathological
hallmarks of tendon tissue in vitro. Simultaneously, 3D printing
was explored to assemble the produced CLFs on easily adaptable
supports, allowing a faster generation of 24 reproducible sam-
ple replicates fitting 6-well plate formats (4 samples per mold).
The superior performance of PL over alternative hydrogel coat-
ings, such as gelatin, was demonstrated by its higher efficacy in
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Figure 5. Evaluation of fibrotic matrix deposition and unbalanced matrix turnover in hTDCs encapsulated in CLFs-diseased. A) Matrix deposition as-
sessed by (i) gene expression of COL1A1 (***, p = 0.0008), COL3A1 (**, p = 0.003), DCN (*, p = 0.05; **, p = 0.009), and TNC (*, p = 0.02; **, p =
0.006) by RT-PCR analysis at 0, 4, and 10 days of culture. Data are presented as mean ± SD (n = 4). 𝛼, ß, and 𝜒 are statistically significant in comparison
with day 0, day 4, and day 10, respectively. Expression of target genes was normalized against the average of ß-actin/YWHAZ reference genes and gene
expression in all conditions was normalized to day 0. (ii) Fluorescence microscopy of tenogenic-ECM related marker, DCN, a) respective mean fluores-
cence intensity quantification, and b) DCN ratio between CLFs-healthy and CLFs-diseased at 7 and 28 days of culture (n = 6) at 7 and 28 days of culture
(n = 6). (iii) Confocal imaging of collagen type I (COL1) and collagen type III (COL3) deposition after 28 days. Scale bars, 100 μm. a) COL1/COL3 ratio
in CLFs-diseased (**, p = 0.0022) versus CLFs-healthy (****, p < 0.0001) at 7 and 28 days of culture. Data are presented as mean ± SD (CLFs-diseased,
n = 7; CLF-healthy, n = 6). B) Unbalanced matrix turnover evaluated through the expression of matrix metalloproteinases-1 (MMP-1; ****, p < 0.0001),
-2 (MMP-2; **, p = 0.005, ****, p < 0.0001), -3 (MMP-3; *, p = 0.03), -8 (MMP-8), and -9 (MMP-9; *, p = 0.03, ***, p = 0.0002) and tissue inhibitor
of metalloproteinase 1 (TIMP-1; ****, p < 0.0001) detected in the extracellular medium of CLFs-diseased. Data were normalized to concentration in
CLFs-healthy. 𝛿 are statistically significant in comparison with CLFs-healthy at the correspondent day. Data are presented as mean ± SD (n = 4).

promoting cell contact with the topography of core fibers surface,
and the induction of hTDCs uniaxially alignment and elonga-
tion in CLFs-healthy. Furthermore, CLFs-healthy sustained the
expression of tenogenic-related markers while allowing the de-
position of a teno-rich ECM, resulting in 3D microphysiological
systems with a healthy organotypic profile. In contrast, the CLFs-
diseased, based on the same design concept but built on isotropic
fiber cores, drove hTDCs response toward a fibrotic profile. This

was reflected in the observed phenotypic drift characterized by
the upregulation of nontenogenic related genes, favored deposi-
tion of collagen type III over collagen type I, and high expression
of myofibroblastic markers. The consequences of this pathogenic
profile were also confirmed by the observed unbalanced activity
of MMP and TIMP.

Altogether, the proposed concept is a promising strategy for
the fabrication of high-throughput micro-engineered 3D in vitro
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models of tendon physiology and tendinopathy. This multiplex
platform offers a convenient and reliable alternative to existing
tendon models with promising application for the discovery of
new molecular mechanisms, drug screening, and the develop-
ment of advanced tendon therapies.

4. Experimental Section
Materials: Poly-𝜖-caprolactone (PCL, average MW 80 000), thrombin

from bovine plasma lyophilized powder (40-300 NIH units mg−1 protein),
gelatin from porcine skin (type A, gel strength ≈300 bloom), PBS, bovine
serum albumin (BSA), and phalloidin-tetramethylrhodamine B isothio-
cyanate were purchased from Sigma-Aldrich (USA). Chloroform was
purchased from Honeywell, Switzerland while N, N’-dimethylformamide
(DMF) was purchased from Carlo Erba Reagents (France). Calcium chlo-
ride (CaCl2) was purchased from Merk KGaA (Germany). Polylactic acid
(PLA) filaments were purchased from Beeverycreative (Portugal). AC-
TIVA WM transglutaminase was purchased from Ajinomoto (Germany).
Ethanol 70% v/v was purchased from AGA (Portugal). Formalin 10% solu-
tion neutral buffered was purchased from Bio-Optica (Milano, Italy). Min-
imum essential medium alpha (𝛼-MEM), Dulbecco’s phosphate-buffered
saline (DPBS), trypsin-EDTA solution, fetal bovine serum (FBS), an-
tibiotic/antimycotic solution (A/A) were purchased from Life Technolo-
gies (USA). Triton X-100 was purchased from ThermoFisher Scientific.
4,6-Diamidino-2-phenyindole dilactate (DAPI) was purchased from VWR
(USA). PerfeCTa SYBR Green FastMix and qScript cDNA Synthesis Kit were
purchased from Quanta Biosciences (USA). RNeasy Mini Kit (RNA extrac-
tion) was purchased from Quiagen (Germany). Hydrogen peroxide 30%
w/v was purchased from Panreac Applichem (Barcelona).

Production of PCL Anisotropic and Isotropic Fiber Yarns and Threads: An
electrospinning solution was prepared with 17% w/v of PCL dissolved in
a chloroform/DMF (v/v, 7:3) solution, and stirred overnight at room tem-
perature (RT). Both anisotropic and isotropic PCL fiber threads were pro-
duced using a customized electrospinning setup.[27] Briefly, a syringe with
a 21G needle was filled with the PCL in chloroform/DMF solution, and jet-
ted under a constant flow rate of 1.0 mL h−1 and voltage of 8.0–9.0 kV, into
a 20% v/v ethanol/water bath. Throughout the process, the temperature
was maintained at 21–23 °C with a relative humidity of 43–45%. Contin-
uous anisotropic fiber threads were collected with the jetting needle at
16 cm from the surface of the bath by a roller located 20 cm away from
the needle at a constant wind speed of 1.09 cm s−1. For isotropic fiber
threads, the needle was placed 13 cm above the surface of the bath, the
roller was located 13 cm away from the needle, and threads were collected
at a constant wind speed of 0.14 cm s−1. Yarns were produced by grouping
together 12 anisotropic fiber threads and twisting at 4 turns cm−1, being
whereafter denominated as PCL-healthy (anisotropic yarns). Threads with
isotropic fibers were no further treated and denominated as PCL-diseased.

Characterization by SEM and Directionality Analysis: Threads topog-
raphy was characterized using a high-resolution field scanning electron
microscope (JSM-6010 LV, JEOL, Japan). Briefly, samples were prepared
by placing random pieces of around 1 cm on adhesive carbon films and
coated with gold (5–10 nm) under vacuum for 1 min (Cressington, UK)
before visualization. Images were collected at an acceleration voltage of
10 kV. ImageJ software was used to measure threads and fiber diameters
(n = 50). The degree of surface alignment was determined by using direc-
tionality analysis applying the Fourier components method within ImageJ
software (version 2.1.0/1.43c). For this purpose, scanning electron images
were converted to 32-bit images and cropped into three different images.
The radial intensities were calculated, and the orientation map was also
obtained.

Fabrication of CLFs Support Platform Fitting Multiwell Plates: Customiz-
able 3D polylactic acid (PLA) holders were designed using AutoCAD (ver-
sion 2019, student license) to hold up to four yarns/threads simultane-
ously with an approximate length of 2.5 cm. The top and bottom parts
were designed with an outer diameter of 3.4 cm and an inner diameter of

3.0 cm to fit into 6-well plates. A pillar-to-hole mechanism was designed to
trap yarns/threads between the bottom and top pieces. Moreover, an ad-
justable bottom piece was designed to separate four CLFs yarns/threads
into different channels, presenting a height of 0.5 cm, a diameter of 0.2 cm,
and a depth of 0.4 cm. The different parts were 3D printed using B2×300
printer (Beeverycreative, Portugal).

Platelet Lysates and Gelatin Coatings for the Production of CLFs: Platelet
lysate (PL) was prepared from platelet concentrates (PC) obtained from
healthy human blood donors under a cooperation protocol previously es-
tablished with Instituto Português do Sangue (IPS; Porto, Portugal), and
approved by the Ethical Committee.[25,70] Briefly, PC with a platelet count
of one million platelets μL−1 were pooled from 80 donors and subjected
to three freeze/thaw cycles with liquid nitrogen at −196 and a 37 °C water
bath, respectively. These cycles allowed for platelet lysis and protein con-
tent release. PL aliquots were then stored at −80 °C. Before use, PL was
thawed, and platelet debris was removed by centrifugation at 3000 g for
10 min at RT. Yarns/threads were coated with a hydrogel layer composed
of PL. For this purpose, samples were fixed inside the 3D-printed holder
and immersed into thrombin solution prepared in 5 × 10−3 m CaCl2 at a
final concentration of 5 and 10 U mL−1 for 15, 30, 45, and 90 min, at RT.
Then, a clean multichannel part was placed and filled with equal amounts
of fresh PL. Yarns/threads were incubated in PL at 37 °C for 2 h under hu-
midified conditions to allow PL gelation. The morphology of PL hydrogel-
coated yarns/threads were analyzed by optical microscopy (DM750, Le-
ica, Schweiz), to observe hydrogel layer formation around yarns/threads
core. Herein, four images per sample were acquired immediately after the
coating (day 0) and after 24 h (day 1), where PL hydrogel layer thickness
was assessed using ImageJ software (version 2.1.0/1.43c). Upon hydrogel
optimization, the 45 min incubation time in thrombin solution at a final
concentration of 10 U mL−1 was selected for subsequent assays.

Enzymatically crosslinked gelatin was prepared according to previously
established protocol[71] and used as control hydrogel coatings for the PL-
coated structures. Briefly, 5% gelatin from porcine skin (w/v in PBS) was
dissolved at 60 °C for 2 h under constant stirring and allowed to cool down
to 37 °C. A previously prepared stock solution (20% w/v in PBS) of trans-
glutaminase (100 U g−1) was then thoroughly mixed with the gelatin so-
lution to obtain a 10 U g−1 gelatin enzymatic activity. Then, yarns were
incubated in gelatin at the same density under humidified conditions for
2 h at 37 °C.

Isolation of Human Tendon-Derived Cells: Tendon tissue was collected
from patients undergoing elective orthopedic surgeries at the Hospital da
Prelada (Porto, Portugal) under informed consent and according to pro-
tocols approved by the Ethical Committee of Hospital da Prelada. Herein,
hTDCs were isolated from the sartorius tendon as previously described[72]

using three healthy tendon autografts collected from male patients with
ages in the range of 25–30 years. Briefly, tissue samples were rinsed in
PBS solution containing 10% v/v of A/A. Samples were minced and then
digested in 0.1% w/v type I collagenase solution at 37 °C for at least 1
h in an orbital shaker at 200 rpm. Following filtration (100 μm filter) and
double centrifugation at 4 °C for 5 min each cycle at 1250 rpm, the super-
natant was discarded, and the cell pellet was resuspended in 𝛼-MEM. Cells
were incubated in standard humidified conditions of 5% CO2 at 37 °C un-
til confluency, where media was removed, and cells were washed with PBS
and trypsinized before adding fresh media for cell counting. A portion of
counted cell suspension was transferred to a new treated culture flask with
fresh media and returned to the incubator. Culture medium was changed
every 2–3 days, while splitting protocol was repeated at confluency for cell
maintenance. Cells were used at passages 3–4.

Encapsulation in PL and Gelatin (GEL) Hydrogels: Previously produced
anisotropic yarns (PCL-healthy) and isotropic threads (PCL-diseased) were
placed in the 3D-printed holders. Holders with four sample replicate each
were placed in 6-well plates and sterilized by immersion in 70% v/v ethanol
for 30 min followed by two washes with sterile DPBS for 30 min. Afterward,
yarns/threads were preincubated in a solution of thrombin (10 U mL−1)
in calcium chloride (5 × 10−3 m) for an optimized time of 45 min at RT.
Following preincubation, yarns/threads were incubated with a solution of
hTDCs in PL at a density of 2.5 × 105 cells mL−1 (200 μL per sample) un-
der humidified conditions for 2 h at 37 °C. In the case of cells seeded in
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enzymatically crosslinked gelatin, the prepared solution of transglutami-
nase and gelatin was added to a pellet of 2.5× 105 cells mL−1, immediately
distributed to yarns, and incubated under humidified conditions for 2 h at
37 °C. After incubation, templating molds for CLFs coatings were removed
and fresh 𝛼-MEM was added. CLFs were transferred to new 6-well plates
after 24 h upon seeding and the medium changed every 2–3 days. Non-
seeded yarns were used as blanks. Encapsulated hTDCs in PL-coated and
GEL-coated yarns were thereafter called as CLFs-healthy and CLFs-control,
respectively, while encapsulated cells in PL-coated threads were denomi-
nated as CLFs-diseased.

Cell Morphology, Cytoskeleton Organization, and Proliferation Analysis:
Actin filaments of cell cytoskeleton were stained with phalloidin at 7 and
28 days of culture. Briefly, samples were washed three times with PBS after
formalin fixation and incubated with phalloidin solution for 1 h at RT. Then,
samples were washed with PBS and analyzed by confocal laser scanning
microscopy (Leica TCS SP8, Microsystems, Wetzlar, Germany). The degree
of actin filament alignment was determined through directionality analy-
sis using the Fourier components method using ImageJ software (version
2.1.0/1.43c), as previously described. For nuclei counterstaining, sam-
ples were incubated with 4′,6-diamidino-2-phenylindole (DAPI, 1:1000) for
15 min at room temperature. Nuclei aspect ratio was determined by mea-
suring nuclei length and width of at least 100 nuclei in different labeled
images of each sample, using ImageJ software (version 2.1.0/1.43c). The
length was divided by the width to obtain the correspondent aspect ratio.

For proliferation, the number of nuclei per area of CLFs was calculated.
Briefly, blue channel images corresponding to DAPI staining were thresh-
olded, and then the particle analyzer plugin of ImageJ was used to count
nuclei numbers. The area of CLFs was measured using ImageJ. Afterward,
the number of nuclei divided by the area and the proliferation obtained.

Immunocytochemistry of Coated CLFs-Healthy/Diseased: Samples (n =
4) were rinsed with PBS and fixed with 10% formalin at days 7 and 28 after
hTDCs encapsulation. After thorough washing with PBS, cellular mem-
branes were permeabilized with 0.1% Triton X-100 in PBS for 20 min at
RT. Following washing steps, samples were blocked with 1% BSA in PBS
for 30 min. Then, cells were incubated overnight with primary antibod-
ies against anticollagen type I (COL1, ab90395, 1:500), anticollagen type
III (COL3, ab175404, 1:100), antidecorin (DCN, ab7778, 1:100), antiscler-
axis (SCX, ab58655, 1:200), and antielastin (ELAS, E4013, 1:500) diluted in
0.1% BSA in PBS at 4 °C. The rabbit polyclonal antitenomodulin (TNMD,
1:200) antibody, generated against TNMD C-terminus (237-317 aa) was
kindly provided by Prof. Denitsa Docheva (produced in co-operation with
Metabion International, Planegg, Germany PAB 201603-00002). Samples
were afterward rinsed in PBS and incubated for 15 min with 30% hydrogen
peroxide. After PBS rinsing, samples were incubated for 1 h at RT with the
respective Alexa Fluor 488 secondary antibodies. Finally, nuclei were coun-
terstained with DAPI for 30 min at RT. Immunolabeled samples were ana-
lyzed through confocal laser scanning microscopy and image acquisition
settings of each protein marker were maintained constant for results con-
sistency. Expression of proteins of interest was quantitatively analyzed and
normalized by cell nuclei number at 7 and 28 days of culture. Briefly, im-
ages from established day were split into 3 channels (blue, green, and red).
The fluorescence intensity of the green channel corresponding to the pro-
tein of interest was measured in several images (n > 6) acquired from the
different sample replicates. Image’s thresholding was performed to sepa-
rate the signal from the background. Blue channel images corresponding
to DAPI staining were thresholded and then the particle analyzer plugin of
ImageJ was used to count nuclei numbers. Afterward, the mean fluores-
cence intensity of each protein marker was normalized by the correspond-
ing number of nuclei and results expressed as normalized mean intensity.

CLFs Hydrogel Thickness: Confocal 3D transversal fluorescence im-
ages were acquired for both CLFs-healthy and CLFs-control using confocal
laser scanning microscopy (Leica TCS SP8, Microsystems, Wetzlar, Ger-
many). For hydrogel thickness measurement, the fluorescence intensity
of blue (DAPI) and red (Phalloidin) channels were split into two separate
channels. Afterward, the thickness of hydrogels was measured using the
red channel by evaluating the distance between the surface of the core
fiber and the hydrogel’s edge using ImageJ. Several images (n > 3) from
different sample replicates were measured.

mRNA Extraction and RT-PCR: Total mRNA was extracted from PL-
yarns/threads (healthy/diseased) at days 0, 4, and 10 using RNeasy Mini
Kit, according to the manufacturer’s instructions. RNA quantity and pu-
rity were determined with a NanoDrop spectrophotometer (ND-1000,
ThermoScientific, USA). The cDNA synthesis was performed with the
qScript cDNA Synthesis kit and using the Mastercycler Realplex (Eppen-
dorf, Germany). Transcript’s quantification was carried out by quantitative
polymerase chain reaction (qPCR) using the PerfeCTA SYBR Green Fast-
Mix kit following the manufacturer’s protocol, in a Real-Time Mastercy-
cler Realplex thermocycler (Eppendorf, Germany). Primer sequences (Ta-
ble S2, Supporting Information) were designed using the Primer-BLAST
tool and synthesized by Eurofins Genomics. The evaluation of the rel-
ative expression level was performed using the 2−ΔΔCt method. Tran-
script levels of selected genes were analyzed and normalized to the ex-
pression of the selected reference genes, ß-actin (ACTB) and Tyrosine
3-Monooxygenase/Tryptophan 5-Monooxygenase Activation Protein Zeta
(YWHAZ), due to stability of their expression across the sample sets. All
values were first normalized against the average value of reference genes
transcript values, and then to the transcript values of hTDCs at day 0. Sam-
ples were collected and analyzed in quadruplets.

Multiplex Immunoassay: Multianalyte profiling in the supernatant of
healthy and diseased CLFs was performed using the Luminex MagPix sys-
tem (Luminex, Austin, TX). Concentrations of matrix metalloproteinase
(MMP)-1, 2, 3, 8, 9, and 13, as well as tissue inhibitor of metallopro-
teinases (TIMP)-1 were measured using a custom ProcartaPlex human
magnetic assay (ThermoFisher Scientific, Austria). The assay was per-
formed as instructed by the manufacturer. The concentration of each an-
alyte was calculated using the Luminex xPONENT 4.2 software. Data are
plotted as mean ± standard deviation where n = 4 for each timepoint.

Statistical Analysis: Statistical analysis of data was performed using
GraphPad PRISM version 8.4.0. Results were presented as mean ± stan-
dard error of the mean (SD) when not stated otherwise. One-way and
two-way analysis of variance (ANOVA) were performed in normally dis-
tributed populations followed by Tukey post hoc test for multiple compar-
isons, whereas the Kruskal–Wallis nonparametric test was performed un-
less specified otherwise. Nonparametric tests were performed using the
Mann–Whitney test. Differences between experimental groups were con-
sidered significant with a confidence interval of 95%, whenever p < 0.05.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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