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ABSTRACT

Tendinopathy is a multi-faceted pathology characterized by alterations in tendon microstructure, cellu-
larity and collagen composition. Challenged by the possibility of regenerating pathological or ruptured
tendons, the healing mechanisms of this tissue have been widely researched over the past decades.
However, so far, most of the cellular players and processes influencing tendon repair remain unknown,
which emphasizes the need for developing relevant in vitro models enabling to study the complex mul-
ticellular crosstalk occurring in tendon microenvironments. In this review, we critically discuss the
insights on the interaction between tenocytes and the other tendon resident cells that have been devised
through different types of existing in vitro models. Building on the generated knowledge, we stress the
need for advanced models able to mimic the hierarchical architecture, cellularity and physiological sig-
naling of tendon niche under dynamic culture conditions, along with the recreation of the integrated gra-
dients of its tissue interfaces. In a forward-looking vision of the field, we discuss how the convergence of
multiple bioengineering technologies can be leveraged as potential platforms to develop the next gener-

Bioengineering ation of relevant in vitro models that can contribute for a deeper fundamental knowledge to develop more
effective treatments.
© 2022 Published by Elsevier B.V.
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1. Introduction

Tendinopathy encompasses pathologies of tendon of different
origins associated with pain and impaired function related to
mechanical loading [1]. Tendinopathies and subsequent potential
tendon ruptures remain an unmet clinical need that compromises
the healthy lifestyle of people of all ages [2]. The real impact of this
disease is difficult to measure but its magnitude reached 30-50% of
musculoskeletal-related primary care visits worldwide on previous
years [3], causing patient disability and reduced work productivity
[4]. The prevalence of tendinopathies is high in both athletic and
non-athletic adult population (around 25% in athletes and 6% in
general population), and is expected to increase due to aging and
sedentary-active lifestyle [5,6]. Moreover, the low intrinsic regen-
eration ability of tendon tissue poses an additional challenge to
the limited therapeutic solutions available. Common treatments
for tendinopathies include immobilization, physiotherapy, the
administration of steroidal and non-steroidal anti-inflammatory
drugs, injection with platelet-rich plasma, or surgery for severe
cases [7-11]. Interestingly, a recent systematic review of clinical
trials found that the use of surgery was as good as exercise-

Table 1
Comparison of animal models with 2D and 3D in vitro models.

based therapies in mid- and long-term pain reduction and
improved function and quality of life in patients with various ten-
dinopathies [12]. Nevertheless, injured tendons never regain their
original functionality, thus impairing the full recovery of patients
[13]. It is clear that the mechanisms underlying tendon disease
and healing are not completely understood, which is hampering
the development of effective therapies that tackle its etiology
and promote tendon regeneration.

Although animal models are viewed as gold standard and the
majority of studies on mechanisms of tendon (patho)physiology
largely derive from them [14], these models are limited in their
ability to capture features of human tendon tissues (Table 1). For
example, the mechanical properties of tendon widely diverge
among species [15]. Moreover, small animal models of tendinopa-
thies do not accurately reflect the human tendon repair mecha-
nism since animal healing usually results in a fully repaired
tendon [16]. Even though large animal models (horses, dogs and
sheep) naturally develop tendon disease, thus better resembling
the human condition, their costly and timely handling limits their
use [17]. Moreover, given that human samples are rarely acquired
before rupture [18], the animals unclear homology to human

Type of model Advantages

Disadvantages

Animal models Include tissues full complexity

Account for interactions with organs/tissues in the body

2D models Incorporate human cells
High throughput
Cheap

User-friendly

Incorporate two cell types to study simple cellular crosstalk
Real-time observation and adaptable to standard cellular and

molecular biology techniques
No ethical concerns
Capture human individuality

3D models Incorporate human cells

More complex system incorporating multi-cellular environment

Incorporate the 3D architecture
Increased representability of tissues
Reduction in animal testing
Capture human individuality

Limited ability to capture features of human tissues and diseases
Low representability

Expensive

Lengthy (time consuming)

Require highly qualified personnel

High ethical concerns

Oversimplified systems

Static condition (except when incorporating mechanical stimuli)
Lack cell-to-cell contact (except direct co-cultures)

Do not allow development of tissue-like constructs

Lack of translational power

Donor-to-donor variability

Medium/Low throughput

Expensive

Require trained personnel

Loss of proportional heterogeneity from the isolated cell
population during expansion

Donor-to-donor variability
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tendinopathies poses another challenge to study the early patho-
genesis of these conditions. Apart from these limitations, the use
of animal models also introduces numerous ethical considerations.

The urgent need to understand the mechanisms of human
tendinopathy and tendon healing required to develop more effec-
tive treatments while addressing the low representability of ani-
mal models of human physiology emphasizes the need for
human-relevant in vitro models of these tissues. Tendon models
should be able to mimic the 3D architecture of the native tissue,
the biophysical cues derived from its biomechanical function,
and more importantly, the biological signaling stemming from
the crosstalk between the different cellular and extracellular
matrix (ECM) players involved in tendon healing. Actually, cell-
to-cell crosstalk has been shown to be key to understand tissue
homeostasis and repair after tendon injury [19,20].

This review starts by recapitulating the current knowledge on
tendon structure and composition, the cellular players and their
roles, and its known physiological and healing mechanisms to
understand the needs required to design human-relevant in vitro
models recapitulating specific microenvironments of tissue physi-
ology or pathophysiology. Next, the main focus of the review is
directed towards the critical analysis of existing 2D and bioengi-
neered 3D models that have been used to study tendon cell cross-
talk, tendinopathy and respective microenvironments. Moreover,
their advantages and main limitations are highlighted as well as
how current models could be upgraded to better mimic tendon
health and disease microenvironments. Finally, we overview
prospective emerging bioengineering technologies that could be
used for the development of a next-generation of tendon micro-
physiological models that include all relevant biophysical and bio-
logical cues of tendon tissues microenvironments and allow to
study tendon health and disease as well as to develop new thera-
peutics for tendon.
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2. Tendon structure and composition

Tendons are dense connective tissues that connect muscles to
bones to transmit forces that enable movement. Tendon tissues
have different mechanical properties depending on the function
they perform. They can be stiff to hold a joint together, which is
the case of positional tendons, or more elastic to facilitate motion,
in case of energy-storing tendons [21-23]. Both tendon types are
almost exclusively composed by ECM produced by fibroblast-like
stromal cells called tenocytes. Tendon tissues are endowed with
a highly hierarchical architecture mainly composed by type I colla-
gen (~60-85% dry weight) self-arranged in fibrous structures with
dimensions from the nano to the microscale (Fig. 1) [24]. Starting
at the nanoscale, type I collagen molecules with diameters of
1 nm form helicoidal tropocollagens that aggregate to form a
microfibril [25,26]. Multiple microfibrils form fibrils ranging
between 20 and 150 nm. Entering into the microscale, fibrils join
to form fibers with diameters of 1-20 um, which further bundle
together into fascicles of 150-1000 pm. The collection of fascicles
packed together are separated by the endotenon or interfascicular
matrix (IFM), a fine connective tissue containing blood vessels,
lymphatics, and nerves; and enclosed by the epitenon, a connective
tissue sheath connecting the vascular, lymphatic, and nervous sys-
tems to the tendon [27]. Altogether, they represent the macro-
scopic tendon tissue, where resident tenocytes located between
fascicles are the so-called functional unit of tendon (Fig. 1). This
highly organized hierarchical architecture made of crosslinked
type I collagen fibers is responsible for the tensile strength of ten-
don and the efficient energy transfer between muscle and bone
during locomotion [28].

The ECM of tendon, although mainly composed by type I colla-
gen in the fascicular matrix (FM), contains other collagens in lower
proportions including the fibrillar collagens type III, V, and XI,
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Fig. 2. Tendon cell clusters found through single cell RNA sequencing and spatial transcriptomics in healthy (H) and tendinopathy (T) conditions. Uniform manifold
approximation and projection (UMAP) embedding of (A) stromal cells, (B) immune cells, and (C) endothelial cells of tendon. . Adapted from [42]

being these last two types regulators of collagen fibril formation
[17]. The non-collagenous components of tendon create an
hydrated space in the dense collagen matrix for nutrient flow
and innervation [17]. They are composed by small leucine-rich
proteoglycans (SLRPs), mostly by decorin (~80%), biglycan, fibro-
modulin, and lumican, but also contain larger proteoglycans such
as versican and aggrecan (ACAN) [17,29]. Similarly, some elastin
and glycoproteins including fibronectin, laminins, lubricin,
tenascin-C (TNC) and proteins of the thrombospondin family are
present to a lesser extent [17,29]. This complexity is responsible
for specialized regions with distinct mechanical properties. For
example, high levels of ACAN increase water uptake and thus the
ability of tendons to withstand compression, in contrast to
tensile-resistant regions that have rather scattered non-
collagenous proteins [29]. Moreover, the efficiency of the energy
storage and release during load cycles to allow movement has been
associated to the presence of lubricin and elastin in the IFM, which
facilitate the sliding behavior of the fascicles [30,31]. Elastin, as it is
highly compliant with a resilient behavior, is responsible of the vis-
coelasticity, fatigue resistance, and recoverability of the IFM [32].
These characteristics appear critical for maintaining tendon integ-
rity during locomotion. As a result, although intermolecular
crosslinking between collagen fibrils are mainly responsible of
the strength of tendon [28], the non-collagenous elastic compo-
nents within its structure complement its mechanical properties
and enhance its functionality [22,31]. Beyond its critical role on
the biomechanical and structural functions of tendon, the ECM
has many roles on biological signaling. For example, cells are able
to sense the mechanical properties and the spatial organization of
the fibrillar microenvironment (ECM topology) via mechanotrans-
duction pathways [33]. Another example is the ability of negatively
charged ECM components, including some proteoglycans present
in tendon, to bind and retain soluble signaling molecules like
growth factors, dynamically regulating their release, activation,
and presentation to cell surface receptors [34].

2.1. Tendon cell populations and phenotypes

The maintenance of tendon functionality relies on the synthesis
and remodeling of its ECM components, an action mainly attribu-
ted to resident tenocytes [35]. Tenocytes are fibroblast-like mature
tendon cells residing between collagen fibers showing an elon-
gated morphology, low nucleus to cytoplasm ratio, and low meta-
bolic activity (Fig. 1) [36,37]. In contrast, the IFM hosts a highly
active and abundant (10-fold greater) rounder-shaped cell popula-
tion that is responsible for the release of proteins needed to repair
damage with fast turnover (Fig. 1) [38]. It has been suggested that
cells in the IFM are an heterogeneous population of fibroblasts,
progenitor, and vascular cells [39] that also have significant roles
in tissue repair [40].

The identity and diversity of the tendon cells population seem
however to be richer than it was previously thought. Human ten-
don tissue has been shown to contain multiple specialized cell sub-
types [41,42]. At least five different groups of tenocytes expressing
the type I collagen genes (COL1A1/2) were identified through
single-cell transcriptomics and proteomics (Fig. 2) [41]. These
tenocyte subgroups included two scleraxis-expressing (SCX) clus-
ters co-expressing microfibril related genes like fibrilin-1, versican,
elastin microfibril interfacer 1, and decorin. Interestingly, one of
these clusters also exhibits a marked pro-inflammatory profile,
expressing C-X-C motif chemokine ligand (CXCL)-1, 6 and 8. The
other populations include a group expressing genes associated
with fibro-adipogenic progenitors (FAPs), a chondrogenic group
expressing tubulin polymerization-promoting protein 3 and pro-
teoglycan 4 (TPPP3/PRG4), and integrin alpha 7-expressing smooth
muscle-mesenchymal cells. Moreover, the expression of these
markers and the ratio between the different cell groups seems to
be dynamic, varying in healthy and diseased human tendon
[41,42] (Fig. 2), with diseased tenocytes co-expressing microfibril
associated genes and genes for ECM proteins (e.g., collagens type
I and III, fibronectin, byglycan) [41], which is considered the hall-
mark feature of tendinopathy. In addition to tenocytes, endothelial
and immune cells were identified in healthy and diseased tendon
tissue but with distinct quantitative and qualitative characteristics
[41,42]. Compared to normal tendon, in tendinopathy, endothelial
cells (CD31 + ) showed an upregulation of C-C motif chemokine
ligand (CCL)-21, which is known to trigger the activation of den-
dritic cells and subsequently of T cells [42]. Additionally, in dis-
eased tendon, macrophages numbers are higher and show an
upregulated expression of CD74, which activation (through cytoki-
nes released by tenocytes) can induce proinflammatory effects
[42].

Tendon tissue is also characterized by the presence of small
numbers of different subpopulations of tendon stem/progenitor
cells (TSPCs) within specialized niches composed by biglycan and
fibromodulin [43], but also within other niches, whose proposed
role and function have been reviewed in detail [44,45]. Among
these, a subpopulation expressing nestin (a type IV intermediate
filament), which showed multilineage differentiation capacity
and high expression of tendon-related genes and tenogenic poten-
tial, has been considered the teno-lineage stem cells [46]. More-
over, recent studies have revealed the presence of a tendon stem
cells population expressing TPPP3 and platelet-derived growth fac-
tor receptor alpha (PDGFRA), which are able to generate new teno-
cytes and self-renew throughout healing [47]. Interestingly, this
population was found to reside within the tendon stem cell niche
together with FAP cells that originate fibrotic cells [47]. The exis-
tence of stem cells differentiating into fibrotic cells in tendon pro-
vides a possible intrinsic mechanism for the persistent fibrotic
scarring observed after tendon injuries [47]. Moreover, tendon
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stem cells differentiation and alteration of ECM composition dur-
ing tendinopathy has been shown to be dysregulated by CTRP3, a
protein belonging to the tumor necrosis factor superfamily, that
is secreted by chondrogenic lineage cells [48].

Although not currently consensually established, the identifi-
cation of tendon cells phenotype has so far relied on the expres-
sion profile of common markers among resident populations. In
addition to the most abundant ECM proteins in the IFM such as
type I and III collagen or SLRPs like decorin, a series of genes
related to tenogenic differentiation of stem cells have been cate-
gorized as markers of the tendon phenotype [49]. These include,
for example, the glycoprotein tenomodulin (TNMD), a member
of the type Il transmembrane protein family, essential to modu-
late tendon development and maturation of collagen fibrils [25].
Its C-terminal cysteine-rich extracellular domain acts as a strong
regulator of cell proliferation and differentiation [50,51]. TNMD-
deficient mice showed a decreased tenocyte density in newborn
tendons with an altered structure of collagen fibrils caused by a
hindered accessibility of the type Il and VI collagen epitopes
[50]. Another commonly tendon-associated marker is the extra-
cellular protein TNC, which contributes to the flexibility of the
tissue and has helped to uncover early events in the formation
of proximal tendons [52]. TNC is expressed by tenocytes in
response to mechanical stress [25,53]. However, this marker is
also expressed in other cell types, like glia and chondrocytes,
among others [52]. The transcription factor member of the three
amino acid loop extension homebox genes mohwak (MKX) has
also been used as a tenogenic indicator because of its role in ten-
don maturation and collagen network development [54]. Indeed,
MKX-knockout mice have been shown to develop smaller
hypoplastic tendons with low type I collagen in their Achilles ten-
don [54]. Among all, the most used tendon marker is SCX, a basic
helix-loop-helix transcription factor involved in the control of
tendon formation and attachment of muscle to bone [36,52]. Its
role in tendon morphogenesis has been associated to the activa-
tion of the transforming growth factor beta (TGF-B) pathway, a
strong inducer of SCX expression [36]. Yet still viable, SCX-null
mice present serious tendon defects and complete loss of force-
transmitting and intermuscular tendons [55]. In addition, SCX
has been proven crucial for adult tendon progenitor cell lineage
differentiation into tenocytes during tendon repair [56]. Unlike
TNMD, which is expressed by tenocytes to mature the tendon
ECM, SCX has been reported to be continuously expressed by
these cells throughout all stages of tendon development [52].

Even though SCX has been widely accepted as a tendon marker,
this generalization is still arguable since SCX knockout mice
showed abnormal musculoskeletal system tissues development,
including muscle, bone, meniscus, and cartilage [57]. Moreover,
SCX was critical for musculoskeletal stem cell self-renewal and
proliferation potential [57]. The belief surrounding the role played
by SCX in tendon healing, post-natal growth and homeostasis has
been recently disputed after observing that depleting mice of the
SCX + cell lineage was not detrimental for tendon healing but
improved the biomechanical properties of the tissue [58]. More-
over, depletion of SCX + cell lineage did not affect collagen bridging
during healing but rather it appeared favorable for matrix remod-
eling, a mechanism driven by tendon cells that differentiated into
myofibroblasts expressing the intracellular contractile protein
alpha smooth muscle actin [58]. The absence of SCX + cell lineage
did not affect tendon growth or homeostasis three months post-
repair [58], questioning the actual role of this gene after tendon
formation. Some progresses have been made on establishing the
link between SCX expression and its role on tendon cells mechan-
otransduction mechanisms, where it has been shown to facilitate
mature tenocyte mechanosensing by regulating the expression of
several mechanosensitive focal adhesion proteins [59]. However,
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the lack of tissue-specific markers with well understood mecha-
nisms for tendon physiology is still a matter of debate. Further
research on tendon cell populations and their phenotypes holds
promise for the discovery of specific tenogenic markers, as well
as for its related disorders.

3. Mechanisms of tissue repair and tendinopathy

Upon minor injuries, such as fascicle microdamages induced by
overload, tendon might recover homeostasis, leading to a relatively
functional tissue and without pain. Indeed, when a tensile load is
applied to explanted tendon tissues, either by fiber stretching or
by fiber-to-fiber sliding, the tendon can still follow an elastic defor-
mation [60,61]. However, when strain passes the deflection point,
the tissue elastic behavior is compromised [61]. Collagen fibers
compensate the loss in load-transfer mechanisms by molecular
sliding and extension, creating shear forces that gradually disrupt
collagen and eventually lead to fascicle rupture [60]. Tissue dam-
age is accumulated until reaching a “tipping point”, when homeo-
static mechanisms fail due to a lack of available nutrients for the
damaged matrix remodeling [23]. In fact, repeated microstrain
below the failure threshold is considered the origin of most over-
use tendinopathies [15].

The traditional dogma undermining the role of inflammation in
tendon healing has changed over the years as the research on the
role of immune cells and inflammatory mediators in tendinopa-
thies advances. Nowadays, it is accepted that molecular inflamma-
tion plays a critical role in tendon pathophysiology [62]. As
inflammation is considered one hallmark of tendinopathies, under-
standing its mechanism and main players could lead to significant
advances in the development of therapeutic alternatives. Tendon
follows a wound healing process similarly to other tissues, in
which the inflammatory activity begins at the molecular level
when a disruptive external cue induces the immune system to trig-
ger inflammation as a first-aid response to restore tissue home-
ostasis (Fig. 3) [63,64]. The process starts with an early
inflammatory phase, in which resident macrophages recognize
damage-associated molecular patterns (DAMPs) and release pro-
inflammatory cytokines, including tumor necrosis factor (TNF)-a,
interleukin (IL)-1B, and IL-6 [65,66]. The formation of a chemokine
gradient leads to the recruitment and infiltration of neutrophils
and macrophages into injury site [65]. These cells phagocyte necro-
tic material and ECM remnants [67]. The degradation of damaged
ECM is further promoted through matrix metalloproteinases
(MMPs) release. The process proceeds with the proliferative phase,
where extrinsic cells from the peritendinous soft tissue as well as
intrinsic cells in the epitenon and endotenon migrate to the injury
site and become highly proliferative [67]. Within this phase, blood
vessels and lymphocytes also invade the injury site, accompanied
by a high expression of vascular endothelial growth factor (VEGF)
and other growth factors [68]. Altogether, they form an immature
granular tissue mainly composed of randomly oriented fibers rich
in type III collagen (Figs. 1 and 3) [67]. TSPCs originally from the
endotenon become the key players in tendon healing by simulta-
neously resorbing and producing this type III collagen [69]. In the
final remodeling phase, physiologic loads are reinstituted con-
tributing to the longitudinal orientation of fibers and the substitu-
tion of type III collagen by more mechanically compliant type I
collagen [67]. The inflammatory process is highly regulated to
maintain tissue integrity during tendon healing, which resolution
is closely driven by resolution-promoting macrophages [70]. How-
ever, it has been hypothesized that following cumulative micro-
trauma, the fundamental process of debris removal and matrix
repair initiated by tenocytes, leads to positive amplification of
the immune response. Imbalanced and activated immune cells,
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Fig. 3. (A) Cellular and molecular mechanisms of tendon tissue repair. After rupture or microdamage, tenocytes die, causing the release of cytokines and DAMPs, which
activate adjacent stromal cells and tissue-resident immune cells, triggering the tissue repair mechanisms. The early or inflammatory phase is characterized by the activation
of M1 macrophages and the phagocytosis of apoptotic cells and ECM debris (helped by MMPs-mediated collagen digestion). In the intermediary or proliferative phase, pro-
resolving (M2) macrophages are increased while tenocyte precursors are recruited to the lesion to secrete a temporary type III collagen matrix. In the late or remodeling
phase, this matrix is gradually substituted by type I collagen. The recovered tissues in adults never regain its re-injury architecture and show scar-like appearance, which can
lead to tendinopathies. Reproduced from [85]. (B) Histological and immunohistochemical staining of human healthy and tendinopathic tendons. Alcian blue/Fast Red,
hematoxylin and eosin (H&E), and Picrosirius red (PSR) staining (scale bars, 25 pm). Images for PSR staining were acquired using polarized light microscopy. Reproduced from
[48].

primed by both endothelial cells and tenocytes, promote a cycle of Due to this failed regenerative process, the second hallmark of
inflammation and aberrant tissue repair rather than regeneration tendinopathies is fibrosis, which is characterized by the exacer-
that drives disease chronicity [42]. bated accumulation of ECM in a highly disorganized matter that
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shows high vascularization (Figs. 1 and 2) [71]. Although fibrosis is
a regular step in wound healing, the deficient intrinsic regenerative
capacity of tendon is responsible for the rather permanent scar tis-
sue formation after injury [72,73]. Scar formation in between
microruptured or tendon ends provides a physical bridge to allow
its function [74]. However, excessive fibrotic tissue creating adhe-
sions between tendon to its adjacent tissues and disrupting its
innate architecture hinders its mobility and thus its ability to
transmit forces from the muscle to the bone [74]. Scar formation
occurs following the remodeling phase of tendon healing, where
the remodeled tendon tissue remains hypercellular with a larger
ratio of type III to type I collagen [67]. Type III collagen fibrils are
thinner with lower crosslinking potential, which results in a
remodeled tendon with lower biomechanical properties and
increased risk of re-rupture [67]. Even after this period, healed ten-
dons never restore its microstructure and composition, being
reported that in normal situations only about 70% of its original
mechanical properties are recovered [62,66]. Several studies have
focused on the cellular and molecular mechanisms of tendon fibro-
sis [75]. At the cellular level, aberrant macrophages and myofi-
broblasts (aSMA + cells) activity is a main driver of fibrosis in a
variety of tissues, including tendon [75,76]. Works by Loiselle
and colleagues have demonstrated that the small calcium binding
protein S100a4, which prompts the expression of ®SMA in resident
cells increasing the degree of fibrosis in lung [77], is expressed by
some tendon cells within the bridging scar tissue during tendon
healing [78,79]. At molecular level, TGF-B1 signaling is a major dri-
ver of fibrosis in many tissues [80]. In tendon, inhibition of TGF-B1
during the inflammatory phase has been shown to decrease the
formation of peritendinous adhesions following flexor tendon
injury and repair [81]; nonetheless, TGF-B1 is also critically
involved in promoting cell proliferation and collagen deposition
during the fibroblastic and/or proliferative and remodeling phases
needed to achieve tissue homeostasis [75]. Additionally, activation
of the platelet-derived growth factor (PDGF) signaling pathway
upon injury seems to direct FAP cells coexisting in the tendon
niche to further elicit fibrosis and tendon stem cell differentiation
into new tenocytes [47]. Another study has pointed out the role of
activin A in the overexpression of pro-fibrotic genes in fibroblasts,
including periostin and asporin (proteins involved in collagen
binding) [82].

Besides the inflammatory and fibrotic processes that occur dur-
ing tendon repair, the abnormal differentiation of tendon stem
cells, leading to chondrogenic degeneration or even heterotopic
ossification, is commonly observed in the clinics [83,84]. A greater
understanding on the molecular processes involved in tendon
repair through representative models of tendon injury and fibrosis
holds promise for the development of more effective therapeutic
solutions and targets.

4. Cellular crosstalk in tendon microenvironments
4.1. Inflammation in tendon

During the healing process, tendon resident cells interact with a
wide variety of cell populations. As inflammation is highly orches-
trated by macrophage activity [86], the crosstalk between immune
cells and tenocytes has become a major target to understand ten-
don pathophysiology. Tendon tissue, characterized by its hypocel-
lularity, has few resident macrophages throughout the epitenon
and inner fibers [62]. The increased infiltration of these cells after
injury, along with neutrophils to kill infectious agents, makes them
key players in tendon repair mechanisms [87]. Tissue-resident
macrophages show different phenotypes with a spectrum of func-
tionalities, including in tendon [62,88,89]. Typically, macrophages
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have been classified in M1 or classically-activated pro-
inflammatory phenotype responsible for ECM breakdown, inflam-
mation, and apoptosis, or in M2 or alternatively-activated anti-
inflammatory phenotype in charge of promoting ECM deposition
and tissue repair, although these two are extremes of overlapping
functional states [66]. The identification of macrophages after ten-
don injury has been performed through widely accepted surface
markers, such as the monocyte marker CD68, or the polarization-
associated markers CD80/CD86 and CD163/CD206 for the M1 and
M2-like phenotypes, respectively [66]. Moreover, the signaling
pathways associated to the activation of the M1 or M2 phenotypes
include the pro-inflammatory pathways of interferon (IFN) and
nuclear factor kB (NF-kB), pro-fibrotic pathways with the signal
transducer and activator of transcription 6, and inflammation
resolving pathways involving glucocorticoid receptor activation
[90]. The transition from the M1 to the M2 phenotype throughout
the healing process prevents chronic inflammation and the severe
consequences related to uncontrolled recruitment of immune cells.
The collaborative character of macrophages within the resolution
of inflammation has promoted the study of their crosstalk with
other cell types in the tendon niche.

The mechanisms driving the tendon healing are yet to be fully
elucidated, particularly with respect of the key players driving
and resolving inflammation. It has been suggested that resident
tenocytes have the capacity to trigger an inflammatory response,
potentially through the recognition of DAMPs [91]. Recently, a
novel immune cell population able to express the fractalkine
receptor (CX3CR1) and its cognate C-X3-C ligand 1 (CX3CL1) has
been identified within the tendon core [92]. Both chemokines are
responsible for monocytes recruitment and are mainly expressed
by myeloid and lymphoid lineage cells, including mast cells and
natural killer (NK) cells [93]. These CX3CL1 and CX3CR1-
expressing cells referred to as “tenophages” were identified after
the inhibition of the fractalkine receptor in healthy human tendon,
demonstrating the presence of immune-like tendon cells within its
rich collagen-matrix [92].

Another potential player in the modulation of tendon healing
are mast cells. Unlike macrophages, mature mast cells do not nor-
mally circulate but rather stay distributed throughout exposed tis-
sues such as the skin or airways [94]. Their strategic location
allows them to be one of the first responders to pathogens and
external stimuli [94]. Nevertheless, they have been found within
and surrounding the tendon tissue, which suggests their potential
involvement in modulating tendon healing [95]. Furthermore, an
increased number of mast cells accompanied with myofibroblasts
and neuropeptide-containing nerve fibers throughout healing
stages was found in an animal model of tendon injury [96]. Mast
cells are specialized to amplify or suppress immune responses
since they can store, produce, and release inflammatory regulators
[94]. The phenotype shift of mast cells is influenced by microenvi-
ronmental cues and their proteinase content [94,97]. Given that
mast cells release their granules upon activation, the study of their
crosstalk with tendon-derived cell lines could help to shed light on
their role within the molecular mechanisms of inflammation.
Indeed, the concept of immune cells coordinating inflammation
throughout the healing process has gained acceptance over the last
years as their molecular and biological mechanisms are further
researched [87]. The presence of T and B lymphocytes and NK cells
has been demonstrated in human Achilles tendinopathies [96] and
T cells have also been identified to reside preferentially at the
interface with bone [98]. Recent data has also shown that T-cells
are present in greater proportion in diseased than in normal ten-
don, reflecting its potential role in a sustained chronic inflamma-
tory response [42]. Yet, there are many unknowns regarding the
involvement of other immune cell types on the modulation of ten-
don repair. Further knowledge in this field would certainly con-
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tribute for the development of new immunoregenerative tendon
therapies.

4.2. Neovascularization in tendon disease

A hypervascular tendon ECM is characteristic of diseased ten-
don microenvironments, in comparison to the poorly vascularized
healthy tendons [99]. This neovascularization and the subsequent
increase in oxygen and nutrients supply have been recently shown
as a trigger of degenerative ECM remodeling within the tissue
stroma [100]. Nevertheless, newly formed blood vessels harbor
higher numbers of perivascular cells, which hold a population of
TSPCs able to mediate tendon injury healing [101]. Therefore,
although neovascularization is an indispensable process during
the regeneration of the majority of tissues, including tendon, it
potentially has a negative impact on functional tendon repair
[68,99].

After a tendon injury, the negligible levels of VEGF found in
healthy tendon show a significant increase [102]. VEGF signaling
is critical for blood and lymph vessel formation, although it can
also elicit responses in other cells [102]. Among these, tendon cells
express VEGF receptors in response to inflammatory stimulation
and injury, which binding with its ligand promotes tendon
degeneration-associated events [103]. Moreover, the activation of
macrophages after injury induces an up-regulation of VEGF pro-
duction, which positively feedbacks this mechanism [104]. In vitro,
cyclic mechanical load also induced the expression of VEGF and
hypoxia inducible factor 1 in a frequency dependent fashion in
tenocytes, pointing to a mechanism involved in cellular response
to overload [105]. Interestingly, the use of Bevacizumab, a human-
ized antibody attenuating VEGF-A signaling, reduced vessel neo-
formation after injury and positively promoted tendon healing
in vivo [106].

In healthy conditions, TNMD expressed by tendon-resident cells
exhibits antiangiogenic properties when expressed in a secreted
form, indicating a crucial role in maintaining an antiangiogenic
state in tendon tissue [107]. Further, TNMD has recently been
demonstrated to limit the formation of a fibrovascular scar during
early events in tendon healing [108].

4.3. The complex tendon interfaces

The tendon-to-bone interface, also referred as the enthesis, is
the physical continuous transition between the viscoelastic tendon
to the rigid osseous tissue. It presents a complex composition gra-
dient with distinct tissue architectures populated by heterogenous
cell types [109]. On one side, the enthesis bridges the highly
aligned type I collagen structure of tendon to the mineralized
and more isotropic bone tissue. Bone is essential for locomotion,
organ support and protection, and contains the bone marrow for
blood cells production [109]. Bone undergoes a dynamic remodel-
ing process that resorbs and forms bone in a cyclic manner. The
process is the result of the coordinated activity of bone cells
(mainly osteoblasts and osteoclasts) that carry out distinctive yet
complementary activities. Through this cycle, a highly mineralized
and vascularized matrix is formed with embedded osteocytes, the
most abundant cells in bone (~95%), whose functions are highly
regulated by mechanical stimuli [109]. The zonal gradient in
tendon-to-bone interface is characterized by a fibrocartilaginous
region that gradually changes its composition and structure
between both tissues. Starting at the tendon end, the structure is
similarly formed by aligned type I collagen fibers and DCN with
elongated tendon resident cells between fibers [109]. This region
transitions into a non-mineralized fibrocartilage with a larger
amount of type Il and III collagen and less type I, IX, and X collagen,
decorin, and ACAN [109]. Tendon cells are substituted by fibro-
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chondrocytes that become hypertrophic within the next region.
The mineralized fibrocartilage carries hydroxyapatite in the matrix
composed by type I, II, and X collagen and ACAN [109-111]. At the
bone end, the bone-resident cells populate a randomly organized
matrix rich in type I collagen with high concentrations of carbon-
ated apatite minerals [109-111]. Although type I collagen is found
along all enthesis regions, its organization differs from one to
another thus changing the tissue mechanical properties. The
enthesis requires these specialized gradient transitions for effec-
tive energy transfer during locomotion.

The muscle-to-tendon interface is an area of overlap between
muscle and tendon known as the myotendinous junction (MT]).
The skeletal muscle is a highly organized tissue with muscles fibers
being surrounded by connective tissue and grouped together to
form fascicles [112]. Each fascicle is further covered by connective
tissue and bundled together until forming the entire muscle [112].
The cylindrical myofibrils located within each fiber are divided lon-
gitudinally into repeating segments called sarcomeres, which con-
stitute the basic unit of muscle contraction [112]. Unlike tendon,
the high contractile activity and cellularity of muscle requires
extensive vascularization to meet its metabolic demands [112].
Muscle fibers at the MT] form finger-like projections that contain
an aligned network of actin microfilaments [112]. Focal adhesion
complexes bind the actin matrix to transmembrane proteins
anchoring the muscle cytoskeletal proteins to the dense tendon
ECM [112]. These complexes are critical for MTJ function since they
secure muscle fibers to tendon fibrils [112].

Loads applied to the muscle-tendon-bone unit during active
contraction create uniform tension across tissues that hold differ-
ent stiffness and cross-sectional areas [112]. Muscle is the most
compliant but the thinnest at the tendon interface, where it expe-
riences the greatest strain and likelihood of failure [112]. Conserva-
tive therapies following injuries tend to fail leaving surgical
treatments as the remaining solution [109]. Suture repairs allow
for the reattachment of the tissues but significant fibrosis compro-
mises their mechanical properties and leads to structural and
mechanical failure with rates between 20 and 94% at the surgical
site [109,112]. Alternative treatments are needed to address the
poor regeneration capability of tendon after injury. At the enthesis,
it has been shown that the crosstalk between tendon fibroblasts
and bone-derived cells influence fibrocartilage formation after
graft transplantation by initiating transdifferentiation [113]. Yet,
the unique transitional gradient of these interfaces is never recre-
ated during the natural healing process [109].

In order to better understand the nature of these multiple cellu-
lar interactions and their mechanisms during healing, various
in vitro models have been developed, ranging from simple two-
dimensional (2D) co-cultures to more sophisticated three-
dimensional (3D) multicellular systems, which are discussed in
subsequent sections.

5. Tendon models of cellular crosstalk

In vitro models are key experimental tools not only to study the
cellular crosstalk and molecular pathways of health and disease
but also in the pipelines of drug discovery. In this section, we
review different in vitro models that have been used to model ten-
don microenvironments for the study of cellular crosstalk. We start
by identifying the typical cell sources used for tendon modeling
and review how common 2D models are applied to combine differ-
ent cell types for studying their biological communication. More
than exhaustively reviewing all published literature on these mod-
els, our aim was to identify the main advantages and limitations of
the different variations of these type of assays in the context of ten-
don modeling. Next, we review how different biophysical and bio-
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logical cues can be added to 2D models in order to improve their
potential to mimic the tendon microenvironment. Finally, we focus
on how the latest bioengineering tools have been or can be further
leveraged to fabricate advanced multicellular models with
improved predictive power for their in vitro-in vivo extrapolations.
Although tendon explant-based systems have gained relevance as
alternative physiologically-relevant models for the study of mech-
anisms associated with tendon homeostasis and pathophysiology
[100,114], its main advantages and limitations have been recently
reviewed with great detail by other excellent reviews [17], and
therefore they are not discuss here.

Ref.
[25,36,37,41,64]
[41,42,49,101]
[38,40,140]
[41,65,66]
[42,141]

5.1. Cell sources for health and disease modeling

A relevant aspect of building tendon in vitro models is the selec-
tion of available cell sources that can represent intrinsic and
extrinsic tendon cell populations (Table 2). Tenocytes constitute
the most obvious representative cell type to build models of ten-
don core. However, obtaining unmixed populations of these cells
is challenging since the typical tissue digestion (collagenase-
based) or explant outgrowth protocols used for their isolation ren-
der heterogeneous populations of spindle-shaped adherent cells
from the FM and IFM [38]. Actually, different authors have defined
these cells with different names, including tendon-derived cells
(TDCs) [115,116], tenocytes [117,118], tendon fibroblasts [119] or
even TSPCs (after verification of surface markers) [43,120,121].
Moreover, sorting and expansion of TDCs (or other proposed
names) is rather difficult since, as explained before, unique tendon
cells markers have not been stablished yet, they usually have a lim-
ited life span, low expansion rate and tend to suffer fast phenotypic
drifts in typical 2D culture after just a few passages [122]. Consid-
ering the heterogeneity of cell populations identified in tendon
[42], it would thus be important to better define the naming for
the cells that are obtained by quite similar isolation methods. It
should also not be ignored that the selected isolation method itself
has an impact on the biological behavior and phenotype of
obtained cells [123]. These factors, together with the low availabil-
ity of human tendon samples (normally obtained from individuals
with advanced pathology) and the low number of cells resident in
the tissue, make human TDCs a less than optimal cell source to
build in vitro models. An alternative is the use of mesenchymal
stem cells (MSCs) of diverse origins (e.g. bone marrow, adipose tis-
sue), which can be stimulated to differentiate into the tenogenic
lineage using multiple biophysical and/or biochemical strategies
[124,125]. However, widely accepted protocols for the in vitro
tenogenic differentiation of MSCs have not been completely estab-
lished so far. Interestingly, tenocytes have been recently derived
from human induced pluripotent stem cells (iPSC) by recapitulat-
ing the embryonal development [126,127]. Because iPSC incorpo-
rate patient-specific genetic and epigenetic signatures [128], they
might become a quite valuable tool in the future of tendon model-
ing, particularly if considering the possibility of developing person-
alized therapies.

Cells from the immune (resident and circulating) and vascular
systems play an important role in pathophysiological response to
tendon injuries (as expanded in section 4). Consequently, these
type of cells should be incorporated in in vitro models, especially
when attempting to model tendon disease. Again, the most repre-
sentative option would be to use cells isolated from whole blood.
Using this approach, primary monocytes and lymphocytes can be
obtained and activated into macrophages [129,130] and T-cells
[131], respectively. In alternative to these time-consuming proto-
cols, many laboratories use cell lines due to their availability and
easier handling. Among these, human monocyte THP-1 cell line
or Jurkat cell line might be used to study multiple events related
to the immune response, including macrophages polarization

immune cell lines (e.g. THP-1 and Jurkat)
Endothelial cells (e.g. HUVECs), adipose-
tissue stem cells (endothelially

Primary monocytes and lymphocytes,
differentiated)

Cells derived from tissue digestion or
explant outgrowth (human or animal),
mesenchymal stem cells of different
origins

Model cells

Generate new tendon cells through

maintenance of tissue homeostasis,
self-renewal. Secrete paracrine

and energy production
Attributed to fast matrix turnover

factors for immunomodulatory
during tendon healing

effects
Specialized blood or lymphatic

Activation of the inflammatory
response upon recognition of
vascular functions

Function
DAMPs

Anchored around collagen fibers within Tendon ECM remodeling,

the FM
Within the IFM non-collagenous elastic

throughout tendon. Proposed locations
region

in endotenon, epitenon, and

Specialized stem cells niches
perivascular region

Throughout tendon
Mainly within IFM

Location

Highly proliferative. Express the widely accepted
tendon markers (e.g. SCX). Include different
subpopulations (e.g. expressing TPPP3 and

least five subpopulations expressing COL1A1/2
PDGFRA)

Spindle-shape, elongated, fibroblast-like with at
Round-shape, higher metabolic activity than
tenocytes, including a population CD146+
Resident dendritic cells, macrophages and

lymphocytes
CD31 + and CD45-

Characteristics

Progenitor Cells

Cell Population
Tenocytes
Tendon Stem/
Immune Cells
Endothelial Cells

Main cell populations in tendon and common cell types used to model tendon.
IFM Cells

Table 2



M. Gomez-Florit, CJ. Labrador-Rached, Rui M.A. Domingues et al.

A Indirect co-culture

B Insert-assisted

Advanced Drug Delivery Reviews 185 (2022) 114299

C Direct co-culture

co-culture

. / ’

Biochemical cues (e.g. growth factors or cytokines)

p 0.

D Topographical cues E Mechanical stimulation
~ > —

Q

IS

©

f ot

>

a

0

S

175

Fig. 4. Tendon 2D models to study cellular crosstalk. (A) Indirect and (B) insert-assisted co-culture are mainly used to study cellular crosstalk through soluble factors
(paracrine signaling) [142,148]. While in indirect co-culture the effect of conditioned medium from one cell culture in a second separate cell culture is studied, using insert-
assisted cultures a permeable membrane in the form of a well-plate insert separates the cell cultures, achieving a more realistic cellular interaction since released factors from
both cultures get diffused. These models possess the advantages of being simple and able to recreate cell dialogue but lack cell-to-cell contact. On the other hand, using (C)
direct co-culture models (with or without gradients created using a removable barrier) both cell types are cultured together, which allows cell-to-cell interactions in addition
to paracrine signaling. However, multiple culturing parameters (e.g. cell densities, media) need to be optimized. Moreover, the incorporation of (D) topographical cues (SEM
images, scale bar 100 pm; fluorescence images, scale bar 100 pm with 20 pm inserts, adapted from [149]) or (E) mechanical stimulation (arrow in fluorescence image
indicates the loading direction, adapted from [150]) in 2D models has been shown to influence cells behavior. Moreover, the supplementation of the culture media with
different factors (e.g. inflammatory mediators) or modulating the oxygen partial pressure (p 02) can be applied to mimic tendinopathy.

[119] and T cell activation [132], respectively. However, these cell
lines derive from leukemia patients, decreasing their repre-
sentability in the onset of tendon diseases. On the other hand,
the vascular system might be represented by the incorporation of
endothelial cells, such as human umbilical vein endothelial cells
[107,133,134]. In alternative, endothelially differentiated adipose
tissue-derived stem cells (ASCs) have shown the capacity to form
endothelial structures [135-137].

Due to the low availability of human tendon samples, cells
obtained from animal tissues constitute a common and more avail-
able alternative to study organ, cellular and molecular changes
over the entire course of tendon diseases as well as to study possi-
ble tendon repair strategies. Cells obtained from different animal
tissues typically used for in vivo tendinopathy research, ranging
from small rodents (mice, rats) to large animals (rabbits, horses)
[14,138], have also been generally used for in vitro modeling. How-
ever, as occurs with the extrapolation of results from studies with
animal models, caution must also be taken on the possible conclu-
sions derived from in vitro studies using animal cells. For example,
a recent work comparing animal and human tenocytes side-by-
side has shown significant differences in cellular and molecular
features and response to inflammation among them [139].

Therefore, the availability and representability of cells used to
build tendon in vitro models represents a dichotomy that needs
to be rationally considered when selecting a model cell to fit the
purpose for each specific research question.

5.2. 2D models

The use of cells cultured on flat plastic surfaces has been vastly
explored in research due to its practicality, simplicity, and accessi-
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bility. These models allow for the optimization of culture
conditions and the evaluation of the effects of one specific
parameter at a time. Typical studies of cellular crosstalk in 2D have
mostly involved co-cultures systems using standard clear
polystyrene culture plates in different configurations. Co-culture
systems can recapitulate the relationships among different cell
types in the native tissue, which is of particular interest when
aiming to understand the mechanisms of cellular communication
[142]. Moreover, the supplementation of the culture media with
different factors mimicking a particular condition (e.g. inflamma-
tory mediators to mimic tendinopathy) or modulating the oxygen
partial pressure can be easily applied using these models to study
the effects of the stimulation of one cell type in another cell type at
a time. In this section, we discuss how the use of different typical
2D models (Fig. 4) influences cellular response, with the aim to
highlight its main scientific findings but also its modelling
limitations.

In order to exemplify the potential of 2D models, we focus our
discussion in the study of tendon inflammatory microenvironment
in vitro [129,131]. For example, using an indirect co-culture setup
(Fig. 4A), primary human tenocytes were cultured with media
derived from human peripheral blood-derived mononuclear cells
(PBMC) pre-activated with anti-CD3/CD28 (which released high
levels of pro-inflammatory cytokines) [129]. Tenocytes showed a
significant increase of IL-6 release and an enhanced expression of
adhesion molecules like intercellular and vascular adhesion mole-
cules (ICAM1 and VCAM1), compared with tenocytes cultured with
media from unstimulated PBMC. A similar setup was used to eval-
uate the effect of conditioned media obtained from exogenously
damaged healthy tendon explants in healthy primary tenocytes
[131]. The conditioned media upregulated healthy tenocytes gene
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expression of inflammatory cytokines (IL1B, IL6), chemokines (IL8,
CCL2 and CCL5) and adhesion molecules (ICAM1) involved in T cell
recruitment, which was also observed after stimulation of teno-
cytes with IL-1B (mimicking tendinopathy), in comparison with
unstimulated media. Furthermore, the supernatants of these IL-
1B-activated tenocytes promoted the migration of CD4 + and
CD8 + T cells compared with fresh culture media [131]. The use
of indirect co-cultures in these studies allowed to show that the
inflammatory response in tendon is likely mediated through sol-
uble factors released from immune cells and confirmed the poten-
tial role of tenocytes during the activation and amplification of the
inflammatory response, through tenocyte-mediated recruitment of
T cells into tendon after tissue damage. Interestingly, direct co-
cultures (Fig. 4C) of T cells with tenocytes lead to a significant
increase in CD69 expression and IFN-y release, indicating a more
effective activation of T cells [131]. This effect primarily required
direct contact between T cells and tenocytes, since it was substan-
tially reduced when cultures were performed with cells separated
by membranes in insert-assisted systems (Fig. 4B). Moreover, these
“recruited” T cells feedbacked tenocytes, upregulating the expres-
sion of inflammatory mediators and chemokines and increasing
the collagens type Ill/type I ratio, compared with insert-assisted
cultures. Also, the direct culture of primary human tenocytes
(stimulated with media from activated PBMC) with monocyte-
derived macrophages induced a partial macrophage M1 polariza-
tion [129]. These findings suggested that tenocytes might be fur-
ther triggered by the T cells-derived mediators to release soluble
factors, which activate the neighboring macrophages. To deter-
mine whether these effects were contact dependent, tenocytes
and macrophages were cultured using an insert-assisted system,
which also induced greater production of inflammatory markers
and M1-like macrophages polarization, indicating that the commu-
nication between these cells occurs in a paracrine manner [129]. In
contrast, only the direct co-culture of these cells increased collagen
type I production compared with monocultures and insert-assisted
cultures [129], highlighting the role of the signaling triggered by
the direct contact between tenocytes and macrophages in collagen
production, which has been related to tissue fibrosis typically
occurring in tendon diseases [143]. In summary, the use of differ-
ent 2D culture models with indirect or direct contact has allowed
to shed light on the importance of both the cell-to-cell contact
and paracrine signaling mechanisms, which depend on the specific
cellular and molecular response to damage in the tendon inflam-
matory microenvironment. Additionally, these works also high-
light the importance of selecting the adequate 2D model to study
different aspects of cellular crosstalk.

Direct co-culture systems have also been used to study the
crosstalk between human TDCs and pre-osteoblasts under osteo-
genic medium conditions [144]. Co-cultures increased the expres-
sion of bone-related markers -e.g. osteopontin and the runt-
related transcription factor 2-, the activity of alkaline phosphatase
(ALP) and matrix mineralization, when compared to individual cul-
tures [144]. This work highlighted the importance of direct cell-
cell interactions when recreating cellular crosstalk at the enthesis,
although other important biochemical and biophysical cues should
be introduced to increase the biological significance of the in vitro
microenvironment context.

In general, the use of in vitro 2D co-culture models provides the
practical advantages of simple assay handling, sample replication
and reproducibility, although they possess some intrinsic limita-
tions (Table 1). On one hand, while indirect or insert-assisted co-
cultures allow to study the effect of soluble factors (paracrine sig-
naling) of one cell type in another cell type, they lack the essential
cell-to-cell contact that occurs in living tissues. Alternatively, even
though the use of direct co-cultures mimics more realistically cel-
lular interactions, the analysis of the results at cellular type level is
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more complex since it requires an additional step of cell sorting.
Additionally, for both insert-assisted and direct co-cultures, the
analysis of the specific origin of paracrine effectors is challenging
since both cell types release soluble factors in the same media.
On the other hand, the complexity of tendon microenvironments
where different cell types and soluble factors interact in a complex
three-dimensional ECM with defined anisotropic hierarchical
architecture is not reproduced by these 2D models. Because the
correct combination of tissue specific biophysical, biochemical
and biological cues is required for its function and homeostasis,
the recreation of tissue hallmarks in vitro is also fundamental to
increase the significance of results [145]. In particular for tendon,
in the absence of tendon ECM mimetic topographies, tenocyte cul-
ture on typical flat culture plastic surfaces lead to fast phenotype
drift [116]. In fact, unlike healthy tendon tissue, alteration in cell
morphology occurring in tendinopathy due to the loss of structural
organization increases tenocyte proliferation rate and poor quality
of produced matrix [116,146]. Moreover, this type of 2D models
lack the mechanical stimuli that are responsible for the activation
of various mechano-sensitive signaling pathways vital in tendon
homeostasis [147].

5.3. 2D models with additional functional complexity

The tendon microenvironment is complex, not only consider-
ing cellular diversity and spatial distribution but also its structure
and function. As tendon tissue is mainly composed of longitudi-
nally aligned type I collagen, substantial fiber misalignment
works as a physical indicator for the highly sensitive tenocytes
that homeostasis is disrupted. Moreover, prolonged or excessive
elongation of collagen fibrils leads to the breakdown of connected
molecules and collagen disfunction [151]. Therefore, some 2D
models have been adapted to include an extra level of complexity
to account for the cell gradients at tendon interfaces, its physical
cues from the ECM, including collagen fiber orientation and
topography, or even mechanical stimulation during locomotion
(Fig. 4).

5.3.1. Cellular gradients

Tendon interfaces are characterized by a gradual transition
between tissues with different composition, cell populations, and
mechanical properties, as previously discussed. While the crosstalk
in direct co-cultures of osteoblasts and tenocytes can provide use-
ful insights on their phenotype modulation, more realistic plat-
forms would include a fibrocartilage interface as a transition
region mimicking the enthesis. A simple method to recreate this
cellular gradient in culture systems is using temporary barriers
for cell compartmentalization that can be removed to allow cell
migration and direct contact (Fig. 4C) [111,152-154]. For instance,
an in vitro model was developed to encompass three distinct yet
continuous regions using a detachable agarose hydrogel divider
between primary osteoblasts and fibroblasts obtained from
explants of the anterior cruciate ligament [111]. Once the divider
was removed, migration of both cell types allowed for their direct
contact, creating a transition zone, while remaining localized in
their respective regions of origin. Co-culture resulted in decreased
cell proliferation rates, ALP activity and osteoblast-mediated min-
eralization whereas it increased fibroblast-mediated mineraliza-
tion [111]. The expression of interface-relevant markers such as
type Il collagen, ACAN, and cartilage oligomeric matrix protein sug-
gested that cellular crosstalk may induce cell transdifferentiation
and eventual fibrocartilage formation that bridges both tissues
[111]. In summary, recreating the cellular distribution might pro-
vide new insights on how cellular crosstalk affects MT] or enthesis
regeneration after injury.
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5.3.2. Topographical cues

As explained, tenocytes reside within the highly aligned colla-
gen fascicles and exhibit an elongated shape [36,37]. Tendon
ECM architecture has been extensively studied over the past years
leading to a better understanding on its role on cellular behavior,
tissue properties, and overall functionality. Previous studies have
demonstrated that aligned topography of nanofibers positively
affects attachment, shape, gene expression, and matrix deposition
of tendon cells since it recapitulates the native ECM organization of
tendon [115,155,156]. Furthermore, aligned topographies have
been shown to induce tenogenic differentiation of stem cells and
prevent their phenotypic drift [147,157]. Thus, cell culture settings
incorporating aligned and misaligned (random) fibrous meshes on
2D surfaces have been developed to mimic the architecture of
healthy or diseased tendon (Fig. 4D). For example, polymer meshes
with varying fiber diameter and alignment were used to evaluate
the response of human tenocytes as a model for tendon repair,
where unaligned fibers represent the first stages of repair and
aligned fibers that of complete healing [158]. It was found that
unaligned nanoscale fibers (390 + 140 nm and 740 + 160 nm) pro-
moted cell growth and collagen synthesis, while in the mature
repair model consisting of wunaligned micron-sized fibers
(1420 + 370 nm) these behaviors were significantly reduced
[158]. Moreover, recent studies have shown that the macrophages
inflammatory response in tendons could be mediated by substrate
topography [149]. In a similar topography driven approach on elec-
trospun fiber meshes, human tenocytes were either stimulated
with pro-inflammatory cytokines or co-cultured with macro-
phages using inserts [149]. Substrate topography influenced cell
behavior, changing tenocytes elongated morphology acquired on
aligned meshes towards a round-like shape and reducing the
expression of transcriptional regulators of the tenogenic pheno-
type on random meshes. Furthermore, inflammatory conditions
in insert-assisted co-culture with M1 macrophages not only down-
regulated pathways responsible for ECM synthesis but also
increased the production of matrix-degrading proteins [149].
These findings were enhanced in the random mesh topography,
suggesting that tendon cells were predisposed to degenerative
ECM remodeling pathways due to its recapitulation of fibrotic tis-
sue. Indeed, subtract topography differently modulated macro-
phage crosstalk with tenocytes showing an enhanced
downregulation of tendon markers on randomly oriented fibers
[149]. Interestingly, it has been further shown that disorganized
surface topography alone drives pro-inflammatory signature in
macrophages [119]. Hence, although these are still flat cell culture
surfaces, the topographical cues from their fibrous nature have
granted 2D models with more realistic culture environments,
which in return promises more biologically relevant results.
Beyond the tendon inspired topographies based on the replication
of its healthy or diseased ECM state and produced by a variety of
different fabrication methods [116,149,159,160], the testing of
multiple non-nature related micro-topographies created with
machine learning technologies, such as on the TopoChip [161],
might also lead to improved high-throughput screening platforms
to study tendon cells crosstalk.

5.3.3. Mechanical stimulation

Mechanical stimulation is necessary for the maintenance of ten-
don homeostasis [162,163]. In general, the use of uniaxial dynamic
loading regimens is known to contribute for the maintenance of
physiologic tenocytes phenotype and to promote the expression
of tenogenic markers in stem cells [164-167]. Moreover, efficient
recovery after tendon injury in animals has been correlated to
the application of mechanical stimulation, i.e. exercise training,
mostly due to increased collagen and ECM synthesis by tenocytes
[151]. Actually, cells respond to mechanical stimuli through com-
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plex mechanotransduction processes that can modulate the ana-
bolic (ECM synthesis) and catabolic (MMPs expression and ECM
degradation) pathways [33]. Nevertheless, to study the effects of
mechanical stimulation, cells need to be seeded or encapsulated
in stretchable materials (Fig. 4E). For example, human tendon stem
cells seeded on fetal bovine serum-coated flexible silicone dishes
were cyclical stretched at a frequency of 1 Hz and 8% strain, which
resulted in a strong upregulation of tendon-related genes mediated
through extracellular signal-regulated kinases (ERK1/2) and p38
pathways [168]. Using a similar setup but at 10% strain, tenocytes
aligned perpendicularly to the applied load and maintained their
phenotype [164]. Recently, polycaprolactone (PCL) nanofiber
membranes with aligned and random orientation seeded with
macrophages and/or tenocytes were clamped within a custom-
made bioreactor able to provide static and dynamic loading
[119]. In this work, dynamic loading (7% cyclic strain at 1 Hz for
8 h followed by 16 h of rest) significantly upregulated the expres-
sion of the M1-marker C-C motif chemokine receptor 7 (CCR7)
while not affecting the M2-marker mannose receptor C-type 1
(MRC1), compared with static loading (1% constant strain) or static
culture. Nevertheless, the direct co-culture of macrophages and
tenocytes on aligned substrates under dynamic mechanical loads
reduced the pro-inflammatory macrophage population while
increasing the proportions of M2-like (MRC1 + ) cell phenotypes,
a behavior that was also observed in vivo [119]. Herein, mechanical
stretching seemed to provide a mechano-protective effect to
inflammatory triggers, not only by the increase in M2-like cell sub-
populations but also by the reduced translocation of NF-kB p65
subunit to the nucleus of tenocytes [119]. Interestingly, the activa-
tion of the NF-kB pathway has been associated to impaired tendon
healing [169]. In a different work using PCL nanofiber random
membranes, mechanical stimulation at 5% strain at 1 Hz induced
cell and ECM alignment and tenomodulin deposition in bone-
marrow MSCs, in contrast to static conditions (Fig. 4E) [150].

In order to simulate the tendon-to-bone healing environment
after tendon reconstruction with postoperative loadings, murine
pre-osteoblasts and tendon-derived fibroblasts were cultured onto
collagen-coated six-well plates [110]. Cyclical loading applied for
1 h twice a day for 3 days with a frequency of 1 Hz and 3% strain
decreased the expression of type I collagen, ALP, and osteocalcin
in monocultures of both cell types but increased their expression
and protein deposition in co-culture [110]. Moreover, the bone-
related gene bone morphogenetic protein-2 was increased under
mechanical loading independently of culture conditions [110].
The addition of mechanical stimulation into 2D models has
allowed to better understand the tendon development, cellular
crosstalk during inflammation or the beneficial effects of postoper-
ative loading (rehabilitation) for patients. Actually, many different
systems have been devised to apply mechanical stimulation to cul-
tured cells and scaffolds, which has been extensively reviewed
recently [170]. However, a main drawback associated with
mechanical loading is that stimulation protocols widely differ
between studies (strain from 0 to 10% and frequency between
0.0167 and 1 Hz) [170], which make comparisons among studies
difficult to establish and might in some cases also lead to deleteri-
ous effects. For example, prolonged tenocytes mechanical loading
resulted in increased cell detachment and spheroid formation
[110]. Therefore, research efforts should be made in order to clearly
stablish the optimal mechanical stimulation conditions to induce
specific effects in tendon cells, while also considering that different
tendons have different mechanical behaviors and requirements
(i.e. energy-storing and positional tendons [21-23]).

Overall, the use of adequate topography or mechanical stimula-
tion in 2D models allows a better representation of the tendon
microenvironment (Table 1). Indeed, the use of culture systems
on meshes with aligned and misaligned topographies reproduces
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the observed cellular trends in healthy tissues and in tendinopa-
thies. The inclusion of mechanical loadings sets a step towards
what tendon tissue experiences during joint movement. Moreover,
the combination of adequate topography and mechanical stimula-
tion better recreated the tendon microenvironment [133,171]. Yet,
the entire compilation of biological, chemical, and physical cues of
tendon tissue 3D microenvironments [124,172] cannot be closely
recapitulated in 2D, which has motivated the search of new tools
to build more accurate and biologically representative models.

5.4. Bioengineered 3D models: Leveraging on tissue engineered
systems

The addition of complexity by designing 3D structures to host
cells has several advantages when recreating tissue environments
(Table 1). Cellular components in any tissue are exposed to physi-
cal factors given by the architecture and composition of its ECM,
the presence of multiple cell populations, and a large variety of
released soluble factors that create spatial concentration gradients.
Different 3D culture systems have gained momentum in recent
years, allowing to get more representative mechanistic insights
of innate tissue cellular interactions [145,173]. These strategies
rely primarily on the use of biomaterials as structural support for
cells to more accurately replicate native 3D microenvironments.
The relevance of 3D microenvironments has recently been proved
using 3D-cultured hTSPCs, which exhibited better tenogenic differ-
entiation and tendon regeneration ability than the cells cultured on
2D surfaces [174]. Moreover, the recent advances in tissue engi-
neering and biofabrication tools are being leveraged for the fast
patterning of different types of cells and ECM into a given living
3D structure [175]. Because understanding tissue development
and architecture under physiologically relevant microenviron-
ments is key for building functional in vitro models, some of these
3D bioengineered constructions have been used as improved tools
to further comprehend the interplay between tenocytes and other
cells types in tendon tissue remodeling and repair. However,
despite the remarkable advances seen on the development of bio-
engineered tendon systems, which could be easily adopted to fab-
ricate 3D in vitro models with increased physiological relevance,
beyond the collagen-based systems (further discussed below), very
few studies have explored this existing knowledge to date. In order
to highlight the potential of available biofabrication tools to pro-
duce 3D tissue engineered systems recreating multiple aspects of
tendon tissues and foster their assimilation in the establishment
of advanced in vitro tendon models, in the following sections we
discuss the potential of these systems and their fabrication strate-
gies, not only to study cellular crosstalk but also to improve the
current drug discovery pipelines for tendon therapies.

5.4.1. Cell sheets

A potential technology to produce tissue-like constructs is cell
sheet tissue engineering, which takes advantage of ECM deposition
by the cells themselves, preserving cell-to-cell contact to produce
self-assembled microtissues [176]. Although it might be arguable
if cell sheets can be considered true 3D systems, we have included
it in this section given that they incorporate the 3D context of
newly-deposited ECM. The construction of cell sheets typically
relies on coating 2D culture dishes with temperature-responsive
polymers which can transition from hydrophobic to hydrophilic
[176] (usually poly(N-isopropylacrylamide), although a variety of
polymers have been proposed, reviewed here [177]). High cell den-
sities are seeded on these surfaces, where cells can grow and
deposit ECM that self-assembles into a tissue-like structure. After
thermal-induced increase in hydrophilicity, these tissue-like con-
structs can be detached from the surfaces conserving the cell-to-
cell network and self-assembled ECM, including adhesive proteins,
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which allows to stack multiple sheets to build thick constructs
[176]. More recently, loading magnetic nanoparticles in cells has
allowed to recover the cell sheets with the aid magnetic forces
[178,179]. This technology has been used to build different
tendon-mimetic ECM-rich constructs with different cell sources
for in vitro and in vivo applications [180-183]. An obvious key fac-
tor for cell sheet engineering is the selection of the adequate cell
source in terms of differentiation and availability, which is partic-
ularly relevant in tendon field due to the scarcity of tendon-derived
cells. For example, although human TSPCs expressed higher levels
of tendon-related markers than SCX-transduced human MSCs on
2D cultures, both cell types showed similar ability to produce com-
pact tendinous sheets with spindle-shaped cells and collagen type |
fibrils [182]. Moreover, human TSPCs from aged/degenerative ten-
dons were less competent than cells from young/healthy tendons
to form 3D cell sheets, which was suggested as an interesting
model to investigate the molecular and cellular mechanisms of
tendon aging and degeneration [120]. More recently, these type
of cell sheets were rolled up to form 3D rod-like tissue structures,
which could be applied to develop tendon organoids [184]. Despite
various works have produced tendinous 3D cell sheets showing the
characteristic proteoglycan-, glycosaminoglycan- and type I
collagen-rich ECM of tendon [178-183], their production is lengthy
and, more importantly, they fail to closely recapitulate the aniso-
tropic architecture, cell alignment and compartmentalization
observed in this tissue. The use of the topographical cues reviewed
in the previous section together with macromolecular crowding, a
strategy to enhance and accelerate native ECM synthesis and depo-
sition adding macromolecules in the culture media (readers are
addressed to recent works and reviews [185-187]), may constitute
possible strategies to overcome some of these limitations and build
more biomimetic cell-based tendon constructs. Additionally, stack-
ing of cell sheets produced with different cell types [188,189]
might constitute a possible strategy to mimic the cellular crosstalk
between extrinsic and intrinsic tendon compartments.

5.4.2. Collagen structures

Since tendons are mainly composed of type I collagen, this tis-
sue derived polymer has been widely used to create 3D constructs
suitable for cell seeding or encapsulation. Collagen-based hydro-
gels became popular among tendon research community because
it allows the easy production of anisotropic cellular constructs
(in contrast to the typical isotropic hydrogels) [190-194]. These
anisotropic systems typically consist of low-density collagen gels
with encapsulated cells, which are restrained during culture by
the use of different mechanical retention systems to harness cellu-
lar contraction and guide their alignment along the axis of tension
(Fig. 5A-D). However, it is worth mentioning that fibrin, which
shows similar contractile behavior, has also been used as alterna-
tive to collagen for developing similar tendon constructs
[195,196]. Some studies have shown that compared to collagen,
fibrin leads to improved tenogenic expression and ECM organiza-
tion by tendon progenitor cells [196], and might therefore be con-
sidered as a better alternative for in vitro tendon modeling.

In one example of collagen based systems for in vitro modeling,
tenocytes extracted from healthy human hamstring tendon were
first cultured in 3D collagen lattices and then incubated with sol-
uble factors released by the human mast cell line HMC-1 [95].
Tenocytes showed higher proliferation (a characteristic of tendino-
pathies) and expression of cyclooxygenase-2, a key enzyme in the
release of the pro-inflammatory molecule prostaglandin E2 (PGE2).
These effects were attributed to the presence of TGF-B in the mast
cells secretome, providing evidence of the contribution of mast
cells in the development of tendinopathies. Moreover, when pro-
duction of PGE2 both in mast cells and tenocytes was blocked,
PGE2-induced downregulation of type I collagen was averted and
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Collagen structures Fibrous scaffolds Bioprinted constructs

Phalloidin

Fig. 5. Examples of 3D tissue engineered systems with potential for tendon in vitro modelling. Collagen hydrogels mechanically retained using (A) sutures and needles
(adapted from [194]) or (B) custom campling device (adapted from [190]) induce (C) collagen (polarization microscopic image) and (D) cell alignment (phalloidin staining),
adapted from [194]. Moreover, (E) using confocal reflectance, it was possible to observe of collagen fiber development on cell-seeded collagen hydrogels clamped for 6 weeks
(E-left), which was comparable to native tendon tissue (E-right) (adapted from [190]). (F) Electrospinning was used to produce continuous and aligned nanofiber threads
(PCL-based) as elementary unit of the 3D assembly, mimicking the collagen fibers in native tendon. (G) Yarns consisting of (Gi) 6, (Gii) 9 and (Giii) 12 fibers, which were later
utilized to produce (Giv) braided and (Gv) woven 3D scaffolds mimicking tendon hierarchy (adapted from [203]). (H) Wet spinning was used to produce scaffolds for the
tendon-to-bone interface. (Hi) While wet spinning of PCL/gelatin produced aligned fibers to mimic tendon, (Hii) the addition of hydroxyapatite nanoparticles in the blend
rendered more random fibers to mimic bone side (adapted from [210]). (I-J) SEM images of PCL melt electrowriting scaffolds with (I) straight fibers or (J) serpentine
architecture, which could be used to mimic tendon health and disease, respectively (adapted from [214]). (K) Bioprinting of an MT] construct, in which different polymers and
cells encapsulated in hydrogels were used to address the different mechanical and cellular characteristics of muscle (polyurethane-PU + C2C12 cells) and tendon (PCL + 3 T3
cells), adapted from [224]. (Ki) Fluorescently labeled constructs after 7 days in culture (green: C2C12 cells, red: 3 T3 cells, yellow: interface region). (Kii) At the muscle side,
C2C12 cells formed highly-aligned, multinucleated myotube structures (red: desmin, blue: DAPI). (Kiii) At the interface region, depicted by the dotted line, differential
expression between the two cell types is observed (red: desmin, green: type I collagen, blue: DAPI). (Kiv) At the tendon side, 3 T3 cells secreted type I collagen (green:
collagen, blue: DAPI). (L) Biofabrication of multicompartmental hydrogel fibers (Li) using a static mixer integrated with a coaxial microfluidic device extruding mixed streams
of alginate (yellow) and gelatin methacryloyl (GelMA, red) through a sheath flow of CaCl, solution to crosslink alginate and form the matrix of the fiber before UV light
exposure to crosslink GelMA striations, adapted from [238]. This setup was used to fabricate (Lii) unidirectional structures consisting of (Liii) individual fibers with
compartmentalized microfilaments (using a 3 elements static mixer). (Liv) The organized internal microstructure of the fibers directed cellular alignment, while the
robustness of the fibers enabled their bioassembly, toward formation of biomimetic hierarchical structures (F-actin/DAPI staining was used to assess the morphology of
C2C12 cells cultured in multicompartmental fibers).

the contractile activity of tenocytes was enhanced. Remarkably, interactions in tendon and the compartmental tissue-tissue inter-
this molecular pathway might possibly influence the tenocytes- faces that govern essential spatiotemporal biochemical gradients.
mediated control of cellular contraction, collagen accumulation Recent works have proposed possible strategies to mitigate some

and alignment, which plays an important role in the balance of these limitations. For example, the Stevens group has shown
between tissue repair and fibrosis [197]. Moreover, in another that high-density collagen gels under static tension are able to

study performed on collagen tendon-like constructs, TDCs from undergo a cellular-mediated (tenocytes, ligament fibroblasts, and
rat Achilles tendons were used to determine the presence of an meniscal fibrochondrocytes) hierarchical collagen fiber formation
immune-like tendon cell subpopulation [92]. These collagen con- process that remarkably reconstructs the 3D architecture of their

structs could be easily formed by placing a collagen-cell solution native tissue microenvironment (Fig. 5E) [190]. Nevertheless, it
between silk sutures pinned on silicone-coated petri dishes and has been shown that some of these collagen-based anisotropic sys-
allowing its temperature-dependent gelation [198]. This setting tems may tend to have non-uniform collagen fiber alignment
was used to demonstrate that the inhibition of CX3CL1 signifi- within the constructs [192], suggesting that better bioengineering
cantly reduced cell migration, a key process for wound healing alternatives are required to recreate the anisotropic biophysical
[92]. Further stimulation with pro-inflammatory cytokines IL-1R8 cues of tendon cell niches. Also, reinforcement of collagen with
and TNF-a upregulated the expression of genes encoding for other biomaterials like silk has allowed to increase its mechanical
inflammatory and ECM-degrading proteins, as well as CD68 and properties [199]. On different approach, structural tissue compart-
CXCL1 markers, which confirmed the immune-like phenotype of mentalization was recreated in a “semi-bioengineered” tendon
the recently discovered “tenophages” [92]. Although these models model using tendon explants (mimicking the intrinsic tendon core)
emulate the collagen-rich environment of tendon tissues, typical surrounded by a collagen hydrogel with encapsulated cells
soft collagen gels fail to recreate the inherent biophysical cues of (CD146 + TSPCs or macrophages, mimicking an extrinsic compart-
native fibrous tissues that are known to critically modulate cell ment) [130]. This “tenostruct” allowed cell communication and

14



M. Gomez-Florit, CJ. Labrador-Rached, Rui M.A. Domingues et al.

migration between compartments and the analysis of crosstalk and
cellular behavior in the specific compartments.

5.4.3. Fibrous scaffolds

Multiple bioengineered tendon analogs have been developed
based on both natural and synthetic fibrous material platforms,
including e.g. collagen, chitosan, silk fibroin and PCL [200-202].
Over the last years, different fiber formation techniques have been
developed for the fabrication of fibrous scaffolds including electro-
spinning, wet spinning or melt electrowriting (reviewed here
[201]). Among these, electrospinning technology has several
advantages for tendon modeling because it enables the relatively
easy production of different hierarchical fibrous materials in the
form of random and aligned meshes where the elementary fiber
diameters can be tuned form tens of nanometers up to a few
micrometers, representative of the topographical features sensed
by resident tenocytes (in the range of collagen fibrils). Moreover,
in combination with textile techniques, electrospinning has been
widely explored to fabricate biomimetic hierarchical structures
as a mechanical support and 3D template for tendon cells and for
inducing the tenogenic commitment of progenitor/stem cells
(Fig. 5F-G) [115,151,203-207].

The modulation of fibers dimensions and composition in scaf-
folds has great potential to develop models of tendon interfaces,
where gradual transitions of architecture and physical properties
are observed from one end to the other. For example, an ideal
model for the MT] would consist in a 3D system with distinct
mechanical profiles mimicking the compliant muscle and the stiff
tendon. To address this need, a continuous PCL/collagen and poly
(I-lactide)(PLLA)/collagen co-electrospun triphasic scaffold was
developed [208]. This scaffold exhibited regional variations in
mechanical properties with moduli in the range of 4.490-
27.62 MPa and similar strain profiles to native tissue, although
actual strain values at the muscle-to-bone interface are different,
with failure occurring at higher strain levels than in this polymeric
scaffold [208]. The scaffold was seeded with 3 T3 fibroblasts and
the embryonic precursors of muscle cells, C2C12 myoblasts, which
formed myotubes upon seeding. Even if each cell type was seeded
separately along the scaffold, the platform remains a viable option
to study the crosstalk between both cell types. Nevertheless, this
model of tendon-to-muscle has the limitation of having a random
topography unrepresentative of the organized longitudinal struc-
tures of both muscle and tendon.

Fibrous scaffolds made of different polymers have also been
used to create constructs mimicking the tendon-to-bone by spa-
tially controlling the tenogenic differentiation of ASCs using differ-
ent biochemical cues (e.g. growth factors or hydroxyapatite)
(Fig. 5H) [209-212]. In one study, PDGF, which is upregulated dur-
ing tendon repair, was immobilized on aligned and misaligned
PLLA nanofibers to analyze how topographical and biological cues
affected the tenogenic differentiation of ASCs. The immobilization
of PDGF enhanced the proliferation and tenogenic differentiation of
ASCs regardless of fiber topography. Yet, ASCs on PDGF-
immobilized aligned nanofibers exhibited a tenocyte phenotype
with more elongated and spindle-shaped morphology and a
greater aspect ratio compared with unaligned fibers. Also, the
gradient-wise immobilization of PDGF spatially controlled the phe-
notypic differentiation of ASCs into tenocytes, as confirmed by
their expression of tenogenic markers [209]. This setup is interest-
ing for the advancement of tendon models given that it recreates
the spatially-controlled matrix-bound signaling mechanisms of
growth factors presentation rather than following the typical inef-
fective culture media supplementation with soluble growth fac-
tors. Moreover, besides the widely demonstrated role of scaffolds
topography and mechanical stimuli on the maintenance of
tenocytes phenotype and induction of tenogenic differentiation
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of mesenchymal/stromal cells, co-culture of ASCs, tenocytes and
endothelial cells was also shown to further potentiate these effects
[133]. These data suggest that the heterocellular signaling cross-
talk occurring under relevant tendon architecture is important
for the tenogenic potential of engineered tendon constructs and
should therefore be considered when designing 3D organotypic
in vitro models of this tissue.

Despite the proven potential of electrospinning to fabricate
scaffolds closely replicating the hierarchical fibrous architecture
of tendon tissues, it presents two main limitations. On one hand,
the control over 3D fiber geometry and deposition is still limited.
A potential alternative technology to address this issue is melt
electrowriting that can accurately and continuously “write” micro-
scaled fibers with different geometries in 3D (linear and crimped
geometries represented in Fig. 5I-]) although this technology is
typically limited to constructs of 1 mm thickness and to fiber dime-
ters between 5 and 50 pm (in the range of collagen fibers)
[213,214]. On the other hand, cells are usually manually seeded
on the biomaterial’s surface prior to the in vitro maturation steps.
Thus, before a significant de novo matrix is secreted and deposited
(a process that requires long culture periods), cells reside in a far
from physiological microenvironment lacking some important bio-
chemical and biophysical cues of the pericellular space provided by
the dense tendon ECM niches, which can lead to cell phenotype
drifts or loss of function [215,216]. The development of new engi-
neering strategies to mitigate the disruption of these important
signals will improve the biological significance of cell responses
in eletrospun-based models. The use of composite living fiber sys-
tems [155,217], consisting of defined cell-laden hydrogels and ten-
don mimetic fiber cores, or combination of electrospun scaffolds
with macromolecular crowding culture concepts [185-187], might
represent possible approaches to be explored in order to improve
the physiological relevance of these models.

5.4.4. Bioprinted constructs

A wide range of bioprinting strategies and technologies have
been devised in recent years with the goal of improving our capac-
ity to fabricate biologically and physiologically relevant spatial
architectures with multiple cells and/or biomaterials, which might
eventually lead to 3D living constructs emulating the functions of
human tissues [173]. The most widespread 3D bioprinting tech-
nologies are extrusion-based systems that basically consist of
deposing cell-laden bioinks (cell-laden biomaterials) in a layer-
by-layer fashion to obtain a 3D tissue-like structure [218]. The pos-
sibilities that 3D bioprinting techniques have brought to the field
of tissue engineering, enabling the controlled deposition of materi-
als, cells and bioactive cues in the 3D space, might be leveraged for
the fabrication of tendon-like constructs and of complex structures
of its interfaces. Of particular interest for in vitro modeling applica-
tions is the ability of these technologies to enable the fast and
automated production of sample replicates, including the possibil-
ity for direct in situ fabrication of miniaturized 3D constructs in
multiwell plate formats [219,220], representing therefore obvious
advantages in terms of assay throughput and reproducibility. A
general limitation of bioprinted tendon constructs aimed at trans-
plantation for tissue regeneration is the inherent characteristics of
typical bioink materials, which mainly consist of soft polymer
hydrogels processed under biocompatible conditions. In order to
overcome these limitations, multimaterial fabrication strategies
that combine the use of acellular mechanical support components
(e.g. biodegradable aliphatic polyesters such as PCL or PLLA) with
cellular components (bioinks) have been proposed [173]. Although
miniaturized constructs used for in vitro assays are not aimed to
restore load-bearing functions of damaged tissues, these multima-
terial fabrication strategies might be leveraged not only to better
recreate the 3D microstructure, gradients and biophysical cues of
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tendon tissue and its interfaces, but also offer the possibility to
directly fabricate living constructs within its own perfusable biore-
actor [221-223], allowing to perform screening assays under more
physiologic-like conditions.

The field of tendon tissue engineering has made use of these
techniques for the development of tendon constructs with the
potential to be used as relevant 3D in vitro models. For example,
using the integrated organ printing technology, different polymers
were used for each tissue of the tendon-to-muscle interface
(Fig. 5K) [224]. Elastomeric polyurethane was used for the compli-
ant muscle while stiffer PCL was used for tendon, leaving a 10%
overlap printing region to create an interface. Moreover, each sec-
tion was co-printed with C2C12 myoblasts and 3 T3 fibroblast-
laden bioinks, respectively. In addition to presenting the gradual
mechanical pattern from elastic to more plastic properties, after
7 days of co-culture in the construct, the expression of the MTJ-
associated genes, focal adhesion markers as well as the expression
of relevant markers in each tissue side was increased [224]. These
hybrid constructs have the advantage of being biologically and
mechanically customizable, having control over shape, size, and
architecture. Although designed as potential implantable replace-
ments for injured tissues [224], they might be also well-adapted
for studying cellular crosstalk in MTJ]. However, typical extrusion-
based bioprinting multi-material systems still have several limita-
tion on their potential to recreate the intrinsic heterogeneity and
the length-scales of complex hierarchical microstructures, like
those of the tendon tissue and its interfaces [173].

One option to better recapitulate the inherent tissue microenvi-
ronmental niche in 3D cell-printed constructs is by using tissue-
and organ-specific decellularized ECM (dECM) as bioink hydrogels
[225]. This type of biomaterials provides a unique spatial distribu-
tion of structural and functional components that characterize the
tissue of origin, allowing to capture the key biomolecular hall-
marks of their healthy and pathological conditions [226]. The envi-
ronmental cues of dECMs are not limited to the tissue-specific
structural proteins and polysaccharides, but also include soluble
factors absorbed within the ECM protein components that partici-
pate in important biological spatiotemporal signaling cascades
[227]. This biological complexity of dECMs, difficult to recreate
with natural and synthetic single-component biomaterials, has sig-
nificantly increased their popularity for applications in tissue
regeneration and also in in vitro modeling [228,229]. A few recent
studies have used bovine [230] and porcine [231,232] tendon
dECM bioinks, showing that the remnant biological signature from
their tissue of origin could induce the tenogenic differentiation of
human bone marrow-derived MSCs. Similar strategies were
applied for printing spatially-graded tendon-to-bone constructs,
consisting of three distinct layers of bioink compositions: tendon
and bone dECM intercalated by a middle layer composed by a mix-
ture of both dECMs [232]. Interestingly, this graded microenviron-
ment, mimicking the transition of native fibrocartilage region,
could elicit a zonal differentiation of encapsulated hBMSCs, induc-
ing their differentiation into tenogenic and osteogenic lineages at
tendon and bone dECM sides, respectively, which were interfaced
by a region where cells showed upregulation of chondrogenic
markers (e.g. collagen type Il and ACAN), suggesting a fibrochon-
drogenic commitment. Although the level of control over construct
microstructure is still far from reaching the architectural length
scales and anisotropic organization of native tissue, this biofabrica-
tion approach might be advantageously explored to build 3D het-
erotypic models of tendon-to-bone interface starting from a
single cell source. This would contribute to improve the physiolog-
ical relevance of cellular crosstalk studies, being an alternative to
e.g., previously proposed in vitro tri-culture models where agarose
hydrogels were used to encapsulate relevant interface cells found
in this tissue post-injury (represented by bone marrow-derived
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MSCs) and to separate from other cells of interest (fibroblast and
osteoblasts) cultured in 2D tissue culture plastic [233]. However,
batch-to-batch variability, problems of printability and poor
mechanical properties are common limitations associated with
dECM ink biomaterials [225], which might hinder their wide appli-
cation in in vitro modeling and point to the need of developing new
tendon specific bioinks.

Despite achieving a better representation of the native tendon
tissue and its interfaces, the discussed 3D constructs lack some
tissue-specific functional cues and cellular patterns difficult to
recreate with conventional bioprinting techniques. For instance,
while integrated 3D bioprinting can tackle the issue of heteroge-
neous cellular distribution, it is generally unable to reach the
required printing resolution at the micro- and nanoscale when
recreating hierarchical architectures [175]. The convergence of
extrusion bioprinting systems with other additive manufacturing
(AM) fiber-based technologies can be explored to refine the struc-
tural complexity and resolution of 3D printed constructs in order
to better replicate the intricate microarchitectures and cellular
diversity of native tissues. One option is the use of microfluidics
printing heads [234], which can be leveraged to recreate the mul-
ticellular composition and compartmentalization [235-237] of the
extrinsic and intrinsic compartments of tendon fascicles, as well as
the biochemical and cellular gradients of tendon-to-bone inter-
faces. Moreover, some recent microfluidic systems allow to bio-
print  hydrogel fiber-based constructs with internal
microtopographies that offer a remarkable control over 3D cellular
orientation (Fig. 5L) [238], which might be advantageously
explored for the automated bioprinting of healthy (ordered) and
diseased (disordered) 3D tendon models. Similar biomimetic mor-
phological and mechanical cues might be obtained by combining
advanced multimaterial bioprinting methods, such as integrating
melt electrowriting with hydrogel extrusion bioprinting [239]. This
would allow the fabrication of hierarchical constructs composed of
stiff polymeric microfibers with well-defined patterns that repli-
cate the collagenous component of tendon ECM while approaching
its topographical length scales (fibers with diameter below 5 pm
have been produced [240]), intercalated by cell-laden hydrogel
inks recreating the soft and highly hydrated nature of the IFM,
which is rich in glycosaminoglycans and proteoglycans [38].

However, in order to have a higher level of fabrication control
allowing to reach the nanoscale dimensions of the elementary
structures of tendon ECM (the dimensions of collagen fibrils),
hybridization of both AM and non-AM fabrication technologies
(e.g. two-photon photopolymerization or tomographic volumetric
bioprinting [241]) will most likely be required. Furthermore, even
highly realistic 3D models may lack other vital features like nutri-
ent and oxygen gradients, and the mechanically active microenvi-
ronment, which are central to the function of all tissues [242],
including tendon. The complex nature of cellular interactions
would require the combination of intrinsic and extrinsic factors
within a single tendon model.

6. Perspectives on future tendon microphysiological systems

The development of a new generation of human tendon micro-
physiological systems will allow not only to obtain a deeper
knowledge of tendon health, disease and healing but also will
enable the development of more adequate therapies that tackle
its etiology and promote tendon regeneration.

The intersection between microfluidic-based technologies and
bioengineering concepts has been leveraged for the development
of multiple tissues and organs-on-a-chip (OoC) [243-245]. These
dynamic miniaturized systems are aimed to recreate the functional
unit of a tissue, mimicking its basic physiological mechanisms in
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highly controlled conditions [246]. Indeed, microfluidic-based
in vitro model systems count with a young but rich history of pro-
gress since their early developments in the late 1990 s [247]. One
of the first landmarks of OoC technology is the lung-on-a-chip that
recreated the epithelial/endothelial interface on stretchable poly-
dimethylsiloxane (PDMS) membranes mounted within microflu-
idic devices also made of this transparent material [243]. Since
then, there has been a surge of different OoC devices, promising
to revolutionize the way how tissue/organ physiology and patho-
physiology studies will be performed in the near future [248]. Most
traditionally, their fabrication has been performed through soft
lithography/replica molding [249] or photolithographic methods
[242]. Commonly, microfluidic devices are created on PDMS plat-
forms due to its multiple advantages such as controlled polymer-
ization kinetics, optical transparency, and biocompatibility
[247,250]. However, microfluidic in vitro models are not restricted
to the use of PDMS-based platforms. A large variety of both natural
and synthetic hydrogels are being explored to develop these sys-
tems, widening the available design space for these devices
[251]. As microfluidics use small amounts of fluids (between 107°
to 107'® L) within the perfusable microchannels, these systems
benefit from lower reagent consumptions, facilitated integration
of sensors, electrical components, or mechanical loading, as well
as portability. Moreover, microfluidic-based co-culture models,
unlike other macroscopic and static systems, allow culture condi-
tions under dynamic laminar fluid flow, which better represents
in vivo biological processes [246,252]. Altogether, these microphys-
iological systems have allowed the generation of precise settings to
tune dynamic fluid flows and spatiotemporal gradients to deliver
nutrients and other chemical cues to multicellular constructions
in a controlled manner, leading to numerous tissue models that
better mimic of their innate behaviors [246].

Remarkably, although microfluidic-based systems have a
unique potential to provide tight control over many of the dynamic
biophysical and biological cues that recapitulate native tissues
physiology, these approaches remain largely underexplored for
tendon in vitro modeling. Beyond the obvious advantages of sam-
ple miniaturization and their inherent cellular compartmentaliza-
tion capabilities, these systems can incorporate different physical
forces, including physiologically relevant levels of fluid shear
stress, cyclic strain and mechanical compression, and permit anal-
ysis of organ-specific responses, including recruitment of circulat-
ing immune cells, in reaction to environmental perturbations
[246]. One of the very few examples where microfluidic systems
have been explored to study tendon physiology has been recently
proposed by Snedeker group [117]. In this interesting study,
microfluidics flow chambers were used to apply tissue levels shear
stress to tenocytes (estimated to be in the range of 2-6 Pa), con-
tributing to clearly demonstrate that shear forces are a key
mechanical stimulus for these cells and are sensed through the sig-
naling activation of mechanosensitive PIEZO1 channels. However,
there are multiple OoC platforms and bioengineering solutions
previously developed that could be easily adapted for tendon mod-
eling. For example, OoC devices consisting of arrays of functional
human 3D tissues and produced using different hydrogel systems
have been applied to model several anisotropic tissues (e.g. cardiac
[253] and skeletal muscle [254]), as well as to study how their
specific biomimetic environmental cues differently impact
immune cell motility [255]. Therefore, it is plausible that similar
approaches could be implemented to bioengineer 3D tendon
models.

The development of these tendon-on-a-chip models holds pro-
mise to improve not only the research of cell-cell interactions but
also of tendon tissue interfaces crosstalk. Furthermore, the idea of
linking different musculoskeletal systems is a quite attractive
quest, which has been perspectively reviewed elsewhere [256].
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Although engineered solutions exist for some of these systems sep-
arately [254,257-259], their integration in a miniaturized joint-on-
a-chip could provide a focused unit to enable the study of their
synergistic interactions. At a smaller level of complexity, but per-
haps more feasible to implement, bone- and muscle-on-a-chip
could be assembled into a tendon-on-chip model to recreate both
tendon interfaces. Within these systems, multiple parameters
could be tuned to recreate different tendon microenvironments,
including that of inflammation or the ECM hallmarks of tissue
fibrosis. Although promising, there are challenges associated to
multiple tissue-on-a-chip units integration, starting with suitable
protocols for cell culture conditions in small volumes [260], the
complexity of cell seeding protocols and the establishment of dif-
ferent test conditions [261]. Moreover, adequate flow rates and tis-
sue specific vascularization should be optimized given, for
example, the dissimilarities among the hypocellular tendon and
the highly metabolically active muscle.

The development of microphysiological systems is not limited
to the use of plastic-based chip platforms with predefined
microfluidic circuits produced by microfabrication approaches.
Multiple biofabrication technologies can be explored or combined
to produce multi-cellular 3D tissue models with features at differ-
ent length scales difficult to reproduce with other conventional
alternatives [175,262,263]. For example, the concept of integrating
3D bioprinting platforms (in this case, a digital micromirror device-
based bioprinter) with microfluidic printing heads enabled the
design of multi-material models with bioinspired architectures
[264]. By allowing the controlled switching and mixing of tissue-
specific bioinks directly at the printhead, this strategy demon-
strated potential to recreate the gradients and patterns of tendon
tissue interfaces, such as the enthesis and MT] [264]. It is argued
by the author that this fabrication technology has as major advan-
tage the high printing fidelity and speed compared to conventional
vat-photopolymerization 3D bioprinting strategies, such as digital
light processing-based techniques. On this matter, emerging bio-
fabrication technologies such as 3D volumetric bioprinting systems
[265], might also contribute to overcome some challenges related
to the fast biofabrication of complex heterogeneous and perfusable
microfluidic-based models with tissue relevant 3D geometries and
patterns [262]. Nevertheless, the most widespread bioprinting
technology nowadays available in most bioengineering labs is the
extrusion-based printing system [173]. These biofabrication plat-
forms can be explored for tissue/organ modeling following numer-
ous directions. We and others have leveraged on the principles of
matrix assisted 3D free-form bioprinting followed by “locking” of
embedded constructs within support fluid materials for the direct
manufacture of cell-laden devices housing microphysiological sys-
tems with tissue relevant geometries and heterogeneous cellular
patterns, produced without requiring any specialized microfabrica-
tion skills [266-268]. Besides enabling automated sample replica-
tion at high printing fidelity, these versatile approaches have
shown multiple advantages for in vitro modeling, allowing to
design models with more biomimetic 3D geometries and architec-
tures, promoting improved cell-cell crosstalk and tissue morpho-
genesis, and showing increased potential for process and size
scale up [266,267,269].

Beyond the fabrication aspects and their support platforms, the
next generation of in vitro tendon models will certainly also inte-
grate precise genome engineering tools such as CRISPR/Cas9 (re-
viewed here [270]). With these tools, it is now possible to
quickly induce loss-of-function and gain-of-function mutations or
to introduce chromosomal translocations in cells of interest that
mimic the alterations and signaling described, for example, in
tendinopathic cells.

Overall, the design space resulting from the integration of dif-
ferent biofabrication and microfluidic technologies together with
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Fig. 6. Vision for future advanced in vitro tendon models. The combination of state-of-the-art fabrication platforms (fibrous techniques, 3D bioprinting), bioengineering tools
(microfluidic technology, biomimetic ECMs) and relevant cell populations might enable to replicate the hierarchical and fibrous architecture of tendon, its
compartmentalization and cellularity to transition from the typical 2D and 3D models into biologically relevant microphysiological models of tendon health and disease.
The integration of these systems with other relevant tissues-on-a-chip might further increase the complexity and the research landscape to be explored.

relevant tendon cell populations might contribute for the develop-
ment of a new generation of 3D tendon models with improved pre-
dictive power for their in vitro-in vivo extrapolations (Fig. 6). By
recreating microphysiological systems where cell-cell and cell-
matrix interactions occur in more relevant physical and biological
context, these strategies will provide valuable tools for the study of
tendon physiology and pathology, and thus to identify the main
players in tendon healing mechanisms. Therefore, they stand as
promising models to understand molecular phenomena and
develop alternative tendon therapies that promote tendinopathy
resolution and tendon regeneration. Ultimately, this will not only
allow the obvious testing of potential drug candidates, but also
assessing biomechanical stimulation protocols to implement bet-
ter physiotherapy rehabilitation regimes.

7. Conclusions

In this review we overview the existing in vitro models used for
studying the interactions between the different actors of tendon
microenvironments and briefly highlight their main contributions
to the current knowledge on tendon physiology and pathophysiol-
ogy. Engineered in vitro models to study the crosstalk between ten-
don and immune cells have allowed to elucidate some of the
molecular mechanisms involved in their healing process, con-
tributing to consolidate the concept that immune cell are major
players on the coordination of tendinopathy. Moreover, it is now
known that the crosstalk between diverse cell types at tendon
interfaces with bone and muscle are key drivers of the formation
of their characteristic structural and cellular gradients. However,
deeper understanding of these phenomena will require the devel-
opment of sophisticated human in vitro models able to properly
recapitulate the unique hallmarks of tendon tissue microenviron-
ment. Possible directions to be explored for the transition from tra-
ditional 2D models toward complex biomimetic 3D systems for
studying cellular crosstalk were addressed, emphasizing the
potential of available biofabrication and microfluidic technologies
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for developing relevant organotypic models. The integration of
these bioengineering technologies in tendon modeling will allow
to better recreate the hierarchical architecture, compartmentaliza-
tion and cellular patterns of the tissue and its interfaces, as well as
to model the dynamic biological and biophysical cue that govern
tendon homeostasis while increasing representability of human
tissues and reducing the need for animal experimentation. Consis-
tent advances in this field will ultimately contribute for the devel-
opment of improved therapeutic solutions for the challenging
tendon injuries and pathologies.
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