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Abnormal tendons are rarely ever repaired to the natural structure and morphology of normal tendons. To better
guide the repair and regeneration of injured tendons through a tissue engineering method, it is necessary to have
insights into the internal morphology, organization, and composition of natural tendons. This review summa-
rized recent researches on the structure and function of the extracellular matrix (ECM) components of tendons
and highlight the application of multiple detection methodologies concerning the structure of ECMs. In addition,

we look forward to the future of multi-dimensional biomaterial design methods and the potential of structural
repair for tendon ECM components. In addition, focus is placed on the macro to micro detection methods for
tendons, and current techniques for evaluating the extracellular matrix of tendons at the micro level are intro-
duced in detail. Finally, emphasis is given to future extracellular matrix detection methods, as well as to how
future efforts could concentrate on fabricating the biomimetic tendons.

1. Introduction

Tendon is a uniaxial connective tissue component of the musculo-
skeletal system, a unique form of connective tissue that links muscle to
bone, which is capable of withstanding tension [1,2]. The physiological
function of tendons is to transmit force between muscles and bones,
which is mediated by the tenocyte extracellular matrix (ECM) compo-
nents within the tissue ultrastructure [3]. According to clinical data,
primary disorders of tendons (tendinopathies), due to overuse, age
related degeneration and inflammation [4,5]. Injured tendons are rarely
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ever repaired to the natural structure and morphology of normal ten-
dons, but instead often result in the formation of scar tissue [6].

In recent years, great strides have been made in the area of tendi-
nogenesis and differentiation towards tendon cells due to a greater un-
derstanding of the tendon stem cell niche, development of advanced
materials, improved scaffold fabrication techniques, and delineation of
the phenotype development process [7]. However, the putative repaired
tendon loss the mechanical function to a large extent. Collagen fibrils
diameter stops increasing to form a heterogeneous feature but remain
the same size as the immature tendon tissue consisted of small
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Fig. 1. Schematic diagram of the structural hierarchy of tendons showing the organization of collagen bundles [13,20,21]: collagen molecules aggregate into
collagen fibrils; collagen fibrils gather to form collagen fibers; collagen fibers combine to form fascicles. Below the schematic diagram, images corresponding to
different levels are also displayed. (A) The fibril shown in the upper part is unwound, resembling a rope, and the D-period is almost invisible; whereas the fibril shown
in the lower part is less unwound (arrowhead) with a clear D-period. Scale bars = 500 nm [22]. (B) Part of the fibrils in the left image show a significant crimp (spiral
morphology) (arrowhead) and are tangled together. The image on the right shows that the collagen in the mouse tail tendon is straight. Scale bars = 1 pm [22]. (C)
The upper part is the transverse section of the tendon, showing the endotenon sheath enveloping the tendon fascicles; the lower part is the longitudinal section of the
tendon, and the collagen crimp is clearly presented. Scale bars = 100 pm. (D) Transverse section of a whole tendon [11]. Reproduced and modified with permission of
Elsevier and John Wiley and Sons, respectively. Fig.1 A and B were taken by atomic force microscopy, C was taken by upright light microscope.

homogeneous collagen fibrils [8]. The reason that adult tendon regen-
eration does not recapitulate embryonic tendon tissue development is
not well understood. Hence, understanding intrinsic morphology, or-
ganization, and composition of tendon is essential to comprehending the
architectural phenomena and the biomechanical cues of the tendon after
damage occurs. This, in turn, is important for optimizing the method of
tissue engineering and stem cell differentiation [3,9,10].

Analyzed using different kinds of measurement and imaging tech-
niques, the structure and function of adult tendon ECM components
under health and normal conditions are summarized here. Additionally,
the structure of different components of the ECM of tendons during
embryonic and postnatal tendon development are displayed, paying
particular attention to the collagen fibrillogenesis that forms a func-
tional and mature tendon. The ultrastructure of abnormal tendons, as in
the case of tendinopathies and aging, are also elaborated. These efforts
are intended to enhance the understanding of tendon structure and to
provide assistance when designing regenerative strategies.

2. Architecture of the mature tendon

A tendon is a fibrous soft connective tissue structure that acts
passively and is relatively inelastic with high tensile strength [11].

Tendons have a hierarchical organization (Fig. 1). A connective tis-
sue sheath called the epitenon encloses the periphery of the tendon. The
subunits of the tendon are the fascicles, which consist of numerous
collagen fibers that are bound together. Fascicles are irregular in shape
and vary in diameter, ranging from 150 to 500 pm [11], having a
complex interweave arrangement [12]. Surrounding the fascicles is a
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connective tissue compartment termed the interfascicular matrix (IFM),
also called endotendinous connective tissue (endotenon), which con-
tains blood vessels and nerves [13]. The endotendon divides the tendon
into the fascicle subunits and connects with the epitenon.

Tenocytes secrete the ECM and growth factors to maintain tendon
homeostasis. According to the location distribution of fibroblasts, the
cells distributed in the IFM area are termed interfascicular tenocytes,
while the cells distributed in the fascicle area are termed intrafascicular
tenocytes. Fluorescence staining against connexins 32 and 43 showed
positive results in mature tendon cell-cell junctions [14].

The subunits of collagen fibers are fibrils, the diameter of which
ranges from a few nanometers to about 500 nm. In mature tendons, the
diameter of collagen fibrils exhibits a bimodal distribution [6], which is
intended to provide tensile strength and counteract fibril slip [15].
Specific inter-molecular cross-links bind adjacent microfibrils together,
thereby keeping collagen fibrils stable [16,17]. Fibrils are densely
packed, and individual glycosaminoglycan chains usually run orthog-
onal to the fibril axis, passing from one fibril to another [17]. Collagen
molecules align longitudinally and interlace with an adjacent molecule.
This arrangement results in the periodicity of fibrils, showing a nearly
67 nm-wide band of D-spacing (also termed D-period) [18,19]. The
value of D-spacing is considered to be independent of species and to
exhibit a 10-nm wide distribution, with the difference of D-spacing
being less than 1 nm in a single fascicle [19].
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Fig. 2. Schematic of tendon architecture. Collagen fibers, proteoglycans, and glycoproteins (COMP and elastic fiber) distribute in the tenocyte ECM and interact with

adjacent components. Reprinted from Ref. [27] with permission.

3. Distribution and structure of mature extracellular matrix
components

The ECM of the tendon includes collagen and non-collagenous
components. Collagen is the most abundant component of the ECM of
the tendon, accounting for 60-85% of its dry weight [8,23]. A highly
aligned collagen component enables the tendon to bear a certain degree
of tension and has sufficient tensile strength, while the non-collagen
component, scattered in the collagen-rich hierarchical structure,
makes the tendon viscoid, and the expression of the non-collagenous
component changes with time (Fig. 2). For a certain tendon, the inter-
nal force is not uniform when it is subjected to longitudinal force, which
leads to the tendon composition varying longitudinally within a tendon.
In addition, the component content of the tendon differs due to different
types of stress. For example, the tendon region mainly subjected to
tensile force has a highly aligned arrangement of collagen fibrils and
low-level proteoglycan expression. Non-collagen components increase
the water content of tissues to some extent, and studies have shown that
non-collagen components almost exclusively account for the biological,
structural, and composite changes that occur after birth to adapt to
functional changes [24]. Hence, the basic importance of the
non-collagen matrix has been emphasized [25].

In general, the expression levels of ECM components in the tendon
differ with respect to maturity changes (embryo, young, mature, old);
different types of tendons, such as flexor tendons, achilles tendons, ro-
tator cuffs, and patellar tendons, have different expression levels of ECM
components due to different mechanical stimulations. Liquid chroma-
tography tandem mass spectrometry (LC-MS/MS) is used to measure the
quantitative expression of different components [26]. Here, the main
components of the ECM of the tendon are introduced, but it is worth
noting that in addition to these components, the proteome data provided
by Clegg et al. appear to demonstrate that there are many infrequent
types of collagen that also exist in the tendon. This finding likewise
applies to glycoproteins and proteoglycan families [25].

3.1. Collagens

There is some controversy about the fibril length in adult tendons.
Direct structural investigations of fibrils in mature tissue favor conti-
nuity [28-30]. These fibrils have been observed to bend back on
themselves to form a hairpin ring, curving back on themselves twice or
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Table 1
General classification of collagen types in tendons. Reproduced from [34,38].

Classification Collagen Supramolecular structure
types
Fibril-forming collagen I, III Striated fibrils (67-nm periodicity)
V, XI Striated fibrils, retain N-terminal
regulatory domains
FACIT collagen XII, XIV Associated with fibrils, other
interactions
Beaded filament-forming VI Beaded filaments, networks

collagen

branching (one fibril separates into two fibrils) [30]. However, ac-
cording to the results of mechanical tests on rat tail tendons, collagen
fibers have been demonstrated to be discontinuous [31,32], and long
discontinuous fibers have been shown to be composed of 5-10 mm-long
short fibrils [30,33].

The collagen network follows circadian rhythms. While tendon fi-
brils are divided into three groups according to diameter (<75 nm;
75-150 nm; > 150 nm), the trimodal distribution of tendon collagen
changes with time and follows a periodicity of 24 h. The relative position
of collagen fibrils with a diameter greater than 75 nm remains un-
changed, while the position of those with a diameter less than 75 nm
constantly changes. The smaller diameter (<75 nm) fibrils wrap around
the larger diameter (>75 nm) fibrils and make contact with different
larger diameter fibrils [24]. The synthesis and degradation of collagen
via circadian rhythms affect the whole collagen pool and maintain the
homeostasis of collagen.

The main collagen types in the tendon can be divided into several
classes: fibrillar fibril-forming collagen, non-fibrillar fibril-associated
collagen with interrupted triple helices (FACIT) collagen, and beaded
filament-forming collagen (Table 1) [34-37].

Collagen type I is the most abundant, accounting for 97-98% of the
total collagen content in the tendon, while collagen type III accounts for
only 1-1.5% of the total collagen content [13,39-41]. Type I collagen is
heterotrimeric and comprises two al chains and one a2 chain, deter-
mined by Col1A1 and Col1A2 independently, nearly all parallel to the
tendon axis. The crystallographic determination of the supramolecular
structure of type I collagen has revealed the stacking topological struc-
ture of collagen molecules: hypertwisted and discontinuous
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Fig. 3. Schematic of the collagen structure. (A) The homotypic and heterotypic collagen fibrils are synthesized by fibril-forming collagens. (B) Short collagenous
(COL) domains of FACIT collagens are interrupted by non-collagenous (NC) domains, and FACIT collagens adhere to the surface of collagen fibrils. (C) Beaded
filament-forming monomers are polymerized into dimers, after which two dimers are polymerized to form tetramers, and the tetramers subsequently form different

polymers. Reproduced and modified from Ref. [38] with permission.

right-handed quasi-hexagonal microfibrils crossed with adjacent mi-
crofibrils to form a crystal superlattice [42,43]. Type III collagen is
highly expressed during embryonic development [44,45] and is thought
to play an important role in regulating the diameter of collagen I fibrils
[34,46].

Type V and XI collagen are located in the core of collagen fibrils [47].
While aggregating with type I collagen to form the heterotypic collagen
fibril, the partially processed N-terminal propeptide of collagen V and XI
protrudes in the gap region, leading to the surface irregularity of the
fibril [35] (Fig. 3A). The expression of COL11A1 results in an abnormal
fibril structure with an obvious smaller diameter in the tendon and to the
disruption of the parallel arrangement of fibers, indicating that collagen
XI mainly plays a role in the development process [48].

Type VI collagen is enriched in pericellular regions. This type of
collagen can be assembled into different polymers: beaded micro-
filaments, broad-banded structures, and hexagonal lattices [34]
(Fig. 3C). The absence of collagen VI leads to the abnormal arrangement
of fibrils, a decrease of the cross sectional area, and a decrease of me-
chanical properties [49-51]. This indicates that when the pericellular
environment is interrupted, the sequestering of small leucine-rich pro-
teoglycans will be affected and the formation of fibrils will be disturbed
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[36,50].

Collagen XII and XIV are also considered to have a synergistic effect
on collagen fibril formation, with the former alleged to stabilize the
collagen fibers, and the latter assumed to limit the diameter of collagen
fibrils. Both types are classed as FACIT collagens and adhere to the
surface of the collagen fibrils (Fig. 3B). They also provide a molecular
bridge facilitating the interaction of collagen fibrils and other molecules
in the ECM, such as the proteoglycans decorin and fibromodulin [52].
Collagen XII can be covalently linked to glycosaminoglycan chains [38],
and the abnormally reduced expression of Col12al influences tenocyte
organization, destroys the connection between cells, and leads to the
deformation of the tendon hierarchy and to the decrease of mechanical
properties [53].

3.2. Proteoglycans

Proteoglycans (PGs) are also important components of the tendon
ECM. The core of a proteoglycan is a protein, and more than one type of
glycosaminoglycan (GAG) side chains are connected to this core protein
[11]. GAGs are highly negatively charged unbranched polysaccharides,
small amounts of which absorbs water into a gel. PGs in the tendon
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Fig. 4. Schematic of SLRP in the ECM of tendons and SLRP—collagen interaction. (A) Class I SLRPs. (B) Class II SLRPs. Red rectangles show the identified collagen-
binding regions with high affinity, while the green rectangles correspond to collagen-binding regions with low affinity. Blue chains show the glycosylations. (C)
Possible SLRP regulation of collagen fibrillogenesis. Reprinted from Ref. [57] with permission.

include two classes: small leucine-rich proteoglycans (SLRPs) and large
aggregating PGs.

SLRPs, classified as class I (includes biglycan and decorin, Fig. 4A)
and class II (includes fibromodulin and lumican, Fig. 4B), are most
abundant in tendons, with decorin accounts for roughly 80% of the total
proteoglycan content of the tissue [54]. And these content can be
improved through resistance training [55]. These proteoglycans are
known to regulate collagen fibril assembly and are postulacted to
transfer mechanical force between fibrils [56]. Via steric hindrance,
directly connecting two collagen monomers or creating interfibrillar
links during fibril growth, SLRP-collagen interactions lead to the
juxtaposition of collagen molecules [57] (Fig. 4C). Decorin (DCN,
PGS2), a horseshoe-shaped protein that non-covalently binds to specific
regions of collagen fibers (I, VI, XII, XIV) [55], is the most abundant
SLRP in the tendon. The expression of decorin is rhythmic, corre-
sponding to the circadian rhythm of collagen fibers synthesis [24]. The
GAG side chain of two decorins respectively attached to two collagen
fibrils can interact and form an interfibrillar bridge to connect the
neighboring fibrils. Decorin exists in the IFM and in the fascicles [58],
and is supposed to limit the lateral growth of collagen fibrils [57,59].
Biglycan (BGN, PGS1) and decorin compete for the binding site of
collagen fibrils and are necessary for maintaining the fibril structure of
collagen [60]. Similarly, lumican (LUM) and fibromodulin (FMOD)
share binding sites different from the class I SLRPs [58]. Decorin and
lumican have been demonstrated to lead to larger interfibrillar spaces
and decreased fibril diameters in vitro [61]. Hence, it is proposed that
these four SLRPs can inhibit the lateral fusion of collagen fibrils.

Aggrecan, lubricin, and versican are large aggregating PGs. Their
large core protein contains a number of domains that can generate many
specific interactions [62,63]. In the compressive regions of the tendon,
the expression level of aggrecan and lubricin increases [64]. Aggrecan
slows down collagen gelation as well as collagen fibrillogenesis [63].
Lubricin (also termed superficial zone PG, PRG4) is preferentially
expressed in the epitenon and endotenon. It has a role in lubricating the
tendon surface while tendon gliding with each other and preventing
cellular adhesion to the tendon surface [58,65]. Versican localizes in the
IFM and predominantly distributes pericellularly supporting cell-shape
changes that required for cell proliferating and migrating [66]. Versi-
can mainly exits in the dermis of skin and in the media of the aorta that
interacting with elastic fibers increasing viscoelasticity of pericellular
matrix [67,68]. And lower level appears in tendon which G3 domain
containing a C-type lectin region is associated with fibulins 1 and 2 [69].
It has been demonstrated that versican promotes collagen fibrillogenesis
as well as upregulates collagen compaction and reorganization mediated
by cells [63].
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3.3. Glycoproteins

Carbohydrates covalently link to proteins to form glycoproteins.
Cartilage oligomeric matrix protein (COMP), also termed
thrombospondin-5 (TSP-5), is an abundant component in the tendon
[70]. Knockout or mutation of COMP genes are associated with cartilage
abnormalities but no tendon abnormalities [71,72]. The five subunit
“arms” of COMP are arranged around a central cylinder [73]. This
multi-domain modular structure of COMP contribute to its interaction
with ECM proteins [74,75]. For example, COMP brings free collagen I
closer to each other and promotes its further assembly [74]. COMP has
also been shown to bind with lubricin both non-covalently and cova-
lently by in vitro experiments [76]. In addition, COMP also interacts
with growth factors and acts as a “lattice” to facilitate their use by cells
[771.

Tenascin-C (TNC) is a hexameric, multimodular ECM glycoprotein.
Tenascin-C binds to fibronectin, collagen, and fibrillin-2, as well as to
proteoglycans, although the binding sites for these molecules have not
yet been fully mapped [78]. Tenascin-C is widely distributed and highly
expressed in embryonic tissues, but its distribution in mature tissues is
limited and its expression is relatively low [79]. Under the conditions of
wound healing, pathology, or high mechanical force, tenascin-C has
relatively high expression [80,81]. Therefore, it is assumed that
tenascin-C may have an effect on tissue elasticity [79]. Additionally,
tenascin-C has also been described as a modulator of cell adhesion.

Fibronectin (FN) consists of a dimer bound by a disulfide bond. Each
of its subunits comprises 29 to 31 modules, the connections of which
have been likened to “beads on a string.” The well-organized secondary
and tertiary structures of these modules can be defined by nuclear
magnetic resonance and crystallography, and the module-module in-
teractions are likely to maintain a compact quaternary structure [82].
Alternative splicing produces many different forms of fibronectin so that
fibronectin regions can be exposed for binding to collagen, heparan
sulfate, and integrins on the cell surface [81,83].

Elastic fibers have anti-fatigue elastic properties and serve the
function of energy storage [58]. It could associate with molecules such
as decorin and biglycan. The thin sheath of elastic fibers is localized
between and surrounds the fascicles in rat tail tendons [84]; while in
bovine flexor tendons, elastic fibers are widely distributed between and
within the fascicles (specifically localized around cells) both longitudi-
nally and perpendicular to the tendon fibers [22]. When paralleling to
the tendon fibrils, the elastic fibers form the same crimp conforming to
the collagen fibers of the tendon. Elastic fibers consist of a central cyl-
inder of elastin (ELN) enveloped by scattered fibrillin-1 and fibrillin-2.
Elastin represents approximately 1-10% of the dry weight of the
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tendon, as well as 10% of the tendon’s volume [84]. Elastin has a wide
range of intermolecular cross-links and endows tissues with elasticity.
Although fibrillin-1 and fibrillin-2 are co-located with elastin most of the
time, fibrillin-1 is occasionally found independently [22], whereas
fibrillin-2 has been found to be more distributed in the interior of the
fascicle [67].

4. Distribution of ECM components varies in different regions of
mature tendon

This section discusses the differences in the content and distribution
of ECM components in mature tendons. According to function, tendons
can be classified into energy-storing tendons and positional tendons,
both of which are discussed in detail in 4.1. According to the internal
structure of the tendon, the composition of the ECM in the IFM and in the
fascicle is different, which is discussed in detail in 4.2. Further, the
tendons that connect bone and muscle are called the enthesis and the
myotendinous junction (MTJ), respectively. These tendons have an ECM
composition that is more varied than in ordinary tendons, a feature that
is discussed in detail in 4.3 and 4.4.

4.1. Different compositions of collagen fibrils in energy-storing tendons
and positional tendons

Although all tendons transfer muscle-generated force to bones, spe-
cific tendons can also reduce the energy consumption of exercise by
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stretching and recoiling. According to different functions, tendons can
be divided into two categories: the positional tendon, and the energy-
storing tendon. Positional tendons, which are more stiff, are relatively
inextensive under physiological loads, whereas energy-storing tendons
are characterized as more extensive [41,85]. Therefore, the two types of
tendons show different stress—strain curves [86]. Relevant data have
shown that energy-storing tendons can withstand pressure of up to 90
MPa and can stretch as much as 16% under strain, whereas positional
tendons can only bear pressure of 20-30 MPa and cannot stretch more
than 3% under strain [85,87].

The results of confocal microscopy and scanning electron microscopy
have demonstrated that in the positional common digital extensor
tendon (CDET), the extension of fascicles occurs via sliding between the
fibers inside the fascicles; in the energy-storing superficial digital flexor
tendon (SDFT), on the other hand, fascicles have a large degree of
rotation (Fig. 5) [88-90]. This rotation indicates that the spring-like
helical component in the energy-storing SDFT provides superior recov-
erability and fatigue resistance to tendon fascicles [90]. The fibril di-
ameters of positional fascicles are often larger than in energy-storing
fascicles, but the mature pyridinium-type cross-links are always rela-
tively fewer in positional tendons [41,91,92]. Although the total
collagen content of the two types of tendons are similar, the level of
collagen type III in energy-storing tendons is higher. Hence, it is sug-
gested that the matrix turnover ability of cells varies in energy-storing
tendons and positional tendons [41]. This highlights the need to
distinguish the composition of the ECM from a functional perspective in
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the study and reconstruction of different tendons.

4.2. Different expression levels of tendon ECM components in the IFM and
fascicles

Fascicles and the IFM contain different kinds of matrix components,
and many proteins exhibit different abundances between matrix phases.
The IFM has a more complex proteome than the fascicle matrix, an
observation supported by the results of laser-capture microdissection

MTJ
Myomatrix
Fn, Lam, Col, MMP, TIMP, Tsp

|

and mass spectrometry [93]. Clegg et al. separated the tendon into the
IFM and the fascicle and evaluated them respectively. The mechanical
properties of the isolated IFM and the individual fascicle indicate that
mechanical adaptation is localized to the IFM. The immunohistology of
decorin (DCN), fibromodulin (FMOD), lubricin (PRG4), and tenascin-C
(TNC) of the fascicle and the IFM in the SDFT and the CDET shows
that PRG4 and TNC are mainly present in the IFM of the tendon, but are
rarely found in the fascicle. Elastin is also preferentially located in the
IFM. During postnatal development, the proteome of the fascicle

Tendon matrix
SLRP, Col, Lam,Tsp, MMP, TIMP
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Fig. 7. The schematic of the myotendinous junction (MTJ). The composition of the ECM is gradually different in the myomatrix, the MTJ matrix, and the tendon

matrix. Reprinted with permission from [97].
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Fig. 8. A scheme of NGC model and LC model. In the NGC model, the fibroblast forms ruffled protrusions or depressions called fibripositor. Collagen fibril nucleation
and growth starts within fibripositor. Individual fibrils then coalesce into bundles when they are excreted into the ECM. In the LC model collagen precursors pre-align

in secretory compartments or the ECM and form a bundle simultaneously.

remains unchanged under loading, while the IFM proteome begins to
change. In conclusion, it is suggested that adaptation depends only on
the evolution of IFM components [25].

4.3. The transition from collagen type I to collagen type II in the enthesis

Tendon-to-bone interface is a functionally graded tissue which
means transitioning from about 200 MPa tensile modulus at the tendon
end to about 20 GPa tensile modulus at the bone [5], across just a few
hundred micrometers [26]. As a transitional tissue, the enthesis has a
complex hierarchical structure—four distinct zones along the longitu-
dinal direction: tendon proper, unmineralized fibrocartilaginous tissue,
mineralized fibrocartilage, and bone [94]. From tendon to bone, the
collagen fibril component of the enthesis gradually changes from type I
to type II [26] (Fig. 6). The unmineralized fibrocartilaginous tissue zone
contains abundant proteoglycans, while the mineralized fibrocartilage
zone contains varying amounts of bone minerals and the osteogenic
collagen type X [95].

4.4. ECM components vary in the finger-like processes of the
myotendinous junction

The myotendinous junction (MTJ), where tenocytes connect to
muscles through the ECM, is easily injured. Muscle and tendon fibers
interdigitate through finger-like processes in the narrow region of the
MTJ. This finger-like structure increases the contact area, facilitating the
transfer of muscle contraction to the tendon [96]. The MTJ has a
composition similar to the ECM in tendons and is mainly composed of
collagen and many other non-collagen ECM components [54]. Compo-
nents in the ECM guide the connection between muscle fibers and
tendon collagen fibers, regulate the signal of both tendon progenitor
cells and muscles, and regulate the maturation of the MTJ [96]. How-
ever, the different proportions of the various components lead to
different intensities of the MTJ and tendons (Fig. 7). An abnormal MTJ
can lead to muscle dysfunction, indicating that this connection plays a
key role in muscle function [97]. Swimming training has been shown to
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promote tissue reorganization and to increase the length of sarco-
plasmatic invaginations and evaginations [98].

According to the current findings, these tendon components do have
differences among different positions, but data varies from different
species. In order to provide better strategies for better recovery of ten-
dinopathy patients, further study should be needed to find out whether
there are similar situations in human tendon.

5. Characteristics of tendon ECM components during growth
and development

The results of polarized light microscopy and transmission electron
microscopy (TEM) showed that the diameter of collagen fibers in newly
born tendon tissue was small and uniform. On the 7th day after birth, the
tendon tissue structure was determined and showed a trend of difference
in terms of collagen fibril diameter. In a rat post-natal Achilles tendon
model, on day 14, two different ranges of collagen fibril diameters were
clearly observed. On the 56th day, the parallel arrangement of collagen
fibers and the bimodal distribution of collagen fibril diameters could be
observed [6]. In general, with the development of tendons and the
deposition of new fibers, the tissue structure becomes more dense and
regular [99].

The expression of collagen type L, III, and V and TNC are higher in the
immature tendons of horses than in mature tendons, while decorin
expression increases with age.[99] During development, the mechanical
properties of mouse tail tendons exhibit obvious changes, with their
ultimate stretching ability becoming greater and the occurrence of in-
elastic deformation becoming less frequent. However, the expression
change ratio of collagen type I and elastin, related to mechanical
properties to a great extent, cannot keep up with the changes in me-
chanical properties [84].

Collagen fibrillogenesis model indicates the mature structure of
fibrillar collagen. From the embryonic stage to the neonatal stage to the
adult stage of the collagen structure, the change and distribution of the
diameter of tendon collagen fibers, as well as the change of tendon
length, has caused researchers to reconsider the process of collagen fiber
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formation. The force exerted by muscles on one end of the tendon micro-
filament is transferred through the macro length in the whole tendon by
some unknown mechanism. Therefore, it is necessary to determine the
length change of collagen fibrils. From infancy to maturity, how the
collagen fibrils become thicker and longer and whether the fibers are
continuous are still unsolved problems. Many molecules are involved in
collagen fibrillogenesis in the developing tendon, such as collagen type
III, XII, and XIV, SLRPs, COMP, cytoskeleton actin, and scleroaxis [13].

The secretion process of type I collagen is in focus since it is the main
component of the tendon [13]. Procollagen monomers go through many
post-translational modifications after been translated. After C- and
N-propeptide folding and C-propeptide disulfide bonding, monomers are
folded and assembled to form the procollagens. Procollagens possess a
triple helical collagenous conformation containing non-collagenous C-
and N-terminal propeptides [34]. Procollagen molecules are transported
from the rough ER to the Golgi apparatus by vesicular tubular clusters
(VTCs). Due to the long length of procollagen, its accumulation in the
Golgi apparatus will cause morphological changes and volume expan-
sion of the Golgi body. However, as procollagen is discharged from the
vesicles on the Golgi membrane, secretory vesicles, called
Golgi-to-plasma membrane carriers (GPCs), are formed [100], resulting
in the contraction of the Golgi membrane area, which is suggested to
increase the concentration and accumulation of procollagen and to
facilitate longitudinal alignment. Typical non-collagen-related vacuoles
are spherical, with a diameter varying from 50 to 100 nm [101], while
the length of GPCs ranges from 300 to 1700 nm [100].

Procollagens can be cleaved from the C- and N-terminals to form rod-
like tropocollagen proteins, 300 nm in length and 1.5 nm in diameter,
which could form the collagen fibrils with D-spacing spontaneously
[13]. Birk and Kadler proposed different models for the time and place of
procollagen cleavage (Fig. 8). According to Birk’s model, the procolla-
gen wrapped in GPCs moves directly to the cell membrane, fuses with
the fibril-forming channel, and excretes procollagen out of the cell.
Then, in the fibril-forming channel, procollagen is cleaved by extracel-
lular proteases to form tropocollagen [102]. In Kadler’s model, the
cleavage of procollagen occurs in GPCs, after which the tropocollagen
proteins are secreted from the cell through the fibril-forming channel
and form fibripositors [100,103,104].

Both Birk’s and Kadler’s models support the nucleation, growth, and
coalescence (NGC) model and the liquid crystalline (LC) model, which
are theories about the arrangement of collagen fibrils after cellular
secretion [19]. In the NGC model, the tropocollagens are secreted from
the cell and targeted to the fibripositors. Fibripositors’ tip act as the core
to guide the deposition of nearby tropocollagen and to make the
tropocollagen fuse laterally and vertically in the ECM [105]. Therefore,
the collagen fibrils can gradually become laterally thicker and longitu-
dinally longer. The D-spacing of collagen fibrils also comes from the
visual display of the fusion gaps of the tropocollagen. The NGC model
has been verified by some experimental results. Starborg et al. observed
a single collagen fibril being secreted from the cell plasma membrane
recess [106]. The lateral fusion of fibrils and the tip-to-tip fusion of fi-
brils have also been observed [100,107]. In addition, in the NGC model,
the formation of D-spacing is affected by extracellular factors. Therefore,
according to the different extracellular environments, D-spacing is
suggested to possess a large difference between bundles and a small
difference within bundles, which is supported by Ming Fang’s experi-
mental data [19]. The LC model was proposed and supported by
Giraud-Guille et al. [108-110] LC model suggest another mechanism for
the generation of liquid crystalline-like assemblies in extracellular
matrices. Giraud-Guille’s group assumed that procollagen processing
occurs with molecules already in highly ordered liquid crystalline ar-
rays, and fibril assembly is a process of compaction and sliding of pre-
aligned molecules which might be responsible for the D-spacing of
collagen fibrils [110].

In the process of new fibril formation, such as embryo development
or wound healing, the end of the fibril often appears in the plasma
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Fig. 9. Schematic of collagen fibril growth. Adapted with permission
from Ref. [14].

membrane recesses [106]. Then, collagen fibrillogenesis continues in a
series of extracellular compartments defined by the fibroblasts [52], and
the fibrils are enveloped by the cell membrane. After the formation of
collagen fibrils, for collagen fibril growth, linear and lateral fusions will
lead to the bulk of fiber bundles. Kalson et al. presented a model of
fibrous tissue growth (Fig. 9). On the one hand, during the embryonic
period, the number and length of collagen fibrils increases, and their
diameter slightly expands. Collagen fibrils form a helical crimp structure
during embryogenesis and continue to exist postnatally. After birth,
growth in the volume of tendons mainly occurs due to the increase in the
length and diameter of collagen fibrils. On the other hand, the number of
fibroblasts increases in the embryo, after which the number remains
constant. The location of cells is relatively fixed during the growth and
development process after birth. As a result, existing cells play a role in
positioning, and collagen fibrils grow in the position (coarsening or
lengthening) delineated by the cells [14,52]. Due to the lateral binding
of fiber intermediates, in chick embryos, the diameter and length of fi-
brils can increase by 10 times or more until the 17th day [13]. Enzymatic
fibril cross-link, a trivalent mature bond, is generated from
enzyme-catalyzed lysine reactions on telopeptides. Except for lysines,
fibril cross-links can also be formed from allysines and histidines [92].
Cross-linking maturity of the tissues affects mechanical behavior of
tendon [27]. For example, crosslinks within energy storing fibrils ap-
pears to limit molecular sliding, making the fibril structure resistant
[111].

6. Characteristics of ECM components in abnormal tendons

Age-related changes occur at specific substructure locations and
might be ignored by measuring the performance of the entire tendon
[112]. With the increase of age, the number of fascicles have different
trends in different regions of tendon [12]. In aged tendons, the structure
and composition of ECM remained normal in morphological analysis,
and the gene expression related to collagen turnover was similar to that
of normal tendon, whereas the proliferation of tenocytes decrease and
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the migration potential of tenocytes is impaired [113]. Advanced gly-
cation end-products (AGEs) accumulate in the aged tissue, while the
formation of cross-links may influence the normal function of tendons
[92,112]. The mRNA expression of a variety of types I, III, and V and
proteoglycan decreases in old animals. Besides, the expression of
aggrecan and biglycan mRNA in painful tendons is higher than that in

Table 2
Burgeoning detection methods of the structure of ECM components of tendons.

Detection methods Scale rank Objects of Special research
(as the study direction
indicator of
resolution)

Fluorescence labeled Optical scale  Collagen Measuring
collagen hybridizing fibril fluorescence to
peptides (CHPs) quantify denatured

collagen

Birefringence 0.2 mm Collagen, Elastin distribution
Measurements elastin [84]

high-resolution 1.9 pm Enthesis, the interface of
microcomputed tendon enthesis [26], the
tomography (uCT) structure of normally

mineralizing avian leg
tendon [148]

Immunofluorescence 1pm-100 pm  Cell-cell Common method, the
and laser confocal contacts of interface of enthesis
imaging tenocytes, [26]

enthesis

Synchrotron X-ray 100 nm-1 0 Collagen sub-structural

diffraction pm fibril mechanisms occurring
during stress
relaxation [140]

Serial sectioning 500 nm Collagen Secretion of the fibril
transmission electron fibril, [106], tenocytes and
microscopy tenocytes matrix buckling in

tendinopathic region
[117]

Serial block face- 100 nm-1pm  Tenocytes, 3D reconstruction of
scanning electron collagen cell [14], circularity of
microscopy (SBF- fibril fibrils [24]

SEM)

Focused ion beam- 50 nm-1 pm Collagen Fibrils can be
scanning electron fibril extremely long and
microscopy (FIB- likely continuous
SEM) [30], mineralized

collagen fibril [148]
Time-series TEM 200 nm Collagen Circadian regulation
fibril of the tendon collagen
ECM [24]
SHG microscopy 20 nm Collagen Do not require
fibril staining and also can
be coupled directly
with fluorescence
labeling of other
components [149]
Atomic force 1 nm-1 pm Collagen Examining fibril D-
microscopy (AFM) fibril spacing distribution

[19], the binding of
immunoglobulin
receptors and collagen
1 [143], abundance of
collagen-bound
proteoglycans [17],
mechanical measure
of collagen fibrils
loaded to failure [92]

Cryo-TEM 1 nm Collagen VI Nanostructure of
collagen VI
microfibrils [150]

X-ray and X-ray 3.15 A-40.0 Collagen Crystallographic
crystallography A fibril, COMP super lattice of

collagen fibrils [42],
the structure of a
recombinant COMP
with growth factors
[75]
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normal tendon tissues, but the mRNA levels of versican and decorin do
not change significantly. Tendinitis tendons are characterized by
disordered collagen distribution, fiber dispersion, increased mucinous
matter and abnormal angiogenesis and neurogenesis [114-116]. In
detail, the fibril diameter shift from large to small in the tendinopathic
regions and the ratio of small-diameter: total collagen fibrils increase
[117]. Besides, compared with normal tendons, tendinopathy leads to
an increased cellularity and abnormal buckling round cellular
morphology [117,118], an increase in the ratio of collagen type III to
collagen type I (might lead to low resistance of tendons) [117,119], and
an increase in the expression of fibronectin, tenascin C, aggrecan, ver-
sican and biglycan [115,120,121]. The high-level expression of decorin
is detected in calcified tendinopathy [119]. In the ruptured tendon,
there are no significant changes in aggrecan, biglycan, and versican
mRNA levels, but decorin mRNA is significantly decreased [122]. High
levels of COMP are present in tendons after physical exercise [81],
whereas the relative abundance of COMP in torn tendons is lower than
in normal tendons [123]. Although researchers have long been con-
cerned about the huge differences in the expression of ECM components
between abnormal tendons and normal tendons, the research on the
microstructure of ECM components in abnormal tendons is still limited
to the number and diameter of collagen fibers [12,117], and there are
few studies on the microstructure of non-collagenous matrix in
abnormal tendons.

Tendon overuse and age-related intrinsic tissue degeneration can
lead to tendinopathy. Exercise can cause tendon tears or ruptures.
Repair of abnormal tendons follows a typical wound-healing process,
including the early inflammatory stage, followed by cell proliferation
and tendon structural remodeling [124]. The healing process of tendons
leads to the formation of fibrotic scars. In addition, the structure and
mechanical properties of the healing tissue are not as good as those of
normal tendons [8]. After rotator cuff repair, the ultrastructure of ten-
don-bone interface cells is different from that of normal cells [125].
Normally, scar-tendon formation provides morphological and mechan-
ical support so that tendons can perform the role of transmitting force
through muscle and bone. However, excessive scars will lead to tendon
adhesion and limit tendon slipping, which further reduce tendon func-
tion and lead to chronic complications. The ECM is essential for tendon
healing because it provides chemotactic signals to fibroblasts, leuko-
cytes, and endothelial cells and acts as a reservoir of cytokines. It is
worth noting that injured adult tendons do not show optimal healing
through regeneration, while fetal tendons can heal without scar for-
mation [126]. Mice fetal fibroblasts and adult fibroblasts have been used
as seed cells to promote tendon regeneration. The results showed that
the expression level of tendon-related genes in fetal fibroblasts was
higher, and that the fetal fibroblasts led to higher levels of collagen
deposition and better microstructure repair [127].

7. The interaction between tendon stem cells and ECM
components

A cluster of stem cells known as tendon stem/progenitor cells
(TSPCs) exists in the tendon [128]. TSPCs differentiate into tenocytes to
regulating the tendon homeostasis [129]. In the process of growth and
development in vivo, TSPCs gradually renew into tenocytes, accompa-
nied by changes in cell characters. Embryonic TSPCs are rounded and
assembled in a crowd, while cells in newborn tendons show an obvious
wavy orientation corresponding to crimped collagen fiber bundles.
Adult tenocytes exhibit a star shape in the transverse section. Cell
overlap was observed in embryonic and newborn stage cells in the
longitudinal axis, while the cell membrane of adult tenocytes contacted
each other and almost no longer overlapped. The distance between cells
becomes larger and the cell per unit volume of tissues becomes small-
er—that is, the cell density becomes smaller. Besides, the cell volume
remains relatively unchanged, but the cell surface area becomes larger.
Additionally, the cell membrane extends out to form processing and



S. Zhang et al.

connects with adjacent cells to form cell-cell contacts. The mature cell
processes are longer than in the previous period, but the cell-cell con-
tacts in mature tendon are the same as those in embryo. The interspace
between one star-shaped cells and several other star-shaped cells forms
channels and encapsulates the fiber bundles (Fig. 9), guiding the posi-
tion of fascicles [14]. When isolated and cultured in vitro, TSPCs can not
only exhibit stem properties like mesenchymal stem cells (MSCs), but
also highly express collagen type I, TNC, and FN [128].

The interaction between TSPCs and ECM is very complex, and the
influence between them is dynamic and cyclical [130]. The mechanical
stimulation of TSPCs leads to the gene expression level fluctuation of
ECM components, thus affecting the structure and characteristics of
ECM. In vivo, mechanical stimulation results in deformation of ECM,
and the force is transferred to tenocytes through the hierarchical
structure of ECM, leading to the gene expression changes of tenocytes
[131]. This process involves quantitative and qualitative changes in the
ECM, mediated by specific enzymes that are responsible for ECM
degradation, such as metalloproteinases [132]. When TSPCs are stimu-
lated by mechanical stimulation in vitro, the expression of ECM com-
ponents fibromodulin, lumican and versican are up-regulated
significantly and convincing, the expression of decorin and biglycan is
unaltered, while whether the protein levels of collagen type I and III is
influenced by mechanical stimulation need to be further clarified [133].

In turn, TSPCs are also regulated by the composition and structure of
the ECM niche. biglycan and fibromodulin, PGs highly expressed in the
ECM matrix, have been demonstrated to serve as the niche of tendon
stem cells, affecting the self-renewal and differentiation of TSPCS. The
TSPCs from biglycan and fibromodulin double-knockout mice have a
faster proliferation rate and the possibility of forming bone-like tissue,
the arrangement of collagen fibers secreted by these TSPCs were more
disordered as well. In the ECM absence of biglycan and fibromodulin,
TSPCs are speculated more sensitive to BMP-2, thus the fate of TSPCs
changes [128]. COLase and ELNase were used to incubate intact tendon
tissue in vitro, respectively. Incubation with COLase showed a tendency
to inhibit the expression of collagen I in tenocytes, while ELNase may
induce COL synthesis after ELN degradation [134]. Changes in the
structure and composition of ECM may also interfere with the local
release of growth factors and cytokines, thereby affecting cell prolifer-
ation, differentiation, migration and adhesion [129,130]. Tendon
derived acellular matrix can promote the tenogenesis of TSPCs by
regulating specific transcription factors, scleroaxis and Runx 2 [9].
Therefore, maintaining the integrity of ECM is conducive to maintaining
the stem cell function of TSPCs. Besides, under artificial intervention,
tendon stem cell differentiation is modulated by the topography of the
microenvironment constituted by biomaterials [3]. The artificial scaf-
folds induce and regulate cell adhesion, proliferation, migration, and
support cell implantation, and influence the mechanical bearing ca-
pacity of cells. The differentiation of the stem cell to the tenocyte lineage
could be promoted by native tendon sections [135], the mimicking
topography of the natural tendon environment [136], or the decellu-
larized tendon matrix [9]. Study had proved that the microfibers’
diameter, stiffness, and alignment can regulate 3D cell shape and enable
control of mesenchymal stem cells differentiation and tissue formation.

8. Current evaluation techniques of tendon components

In the process of research on the ECM of tendons, researchers use a
variety of methods to detect different component organizations
(Table 2). Detection methods can be either macro-scale or micro-scale.

At the macro-scale, photography, videography, and ultrasound im-
ages have been used to record the fascicle-level structure, showing
sliding inside the tendon in response to strain [137]. Tendons are
evaluated by computerized MRI 3D seed-growing techniques [138].

At the micro-scale, the common structural and organizational
detection method are histological techniques, as well as the combined
techniques of confocal and multiphoton microscopy with fluorescence
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staining, allowing the stretching process of the tendon to be observed
[139,140]. High-resolution microcomputed tomography (uCT), polar-
izing light microscopy, and other methods are also used [26]. A fluo-
rescently labeled collagen hybridizing peptide (CHP) microplate assay
could be used to measure the amount of denatured collagen on a series of
specimens [86]. Second harmonic generation (SHG) enables in situ
imaging of fibrillar collagen architecture in connective tissues. Recently,
Circular Dichroism SHG (CD-SHG) microscopy has been implemented to
take advantage of collagen chirality to improve 3D visualization. It
measures the normalized difference in the SHG signal obtained upon
excitation by left versus right circular polarizations [141].

Since the evolution of micro-scale detection methods in recent years,
more details are discussed. Atomic force microscopy (AFM) measures
both tissue structure and mechanics. The differences of collagen fibril
topology from SDFT and CDET have been investigated [21]. Entangle-
ment and distortion of collagen fibrils and the periodicity of the D-period
can be clearly observed using AFM [17,19,21]. AFM can also be used to
detect the fracture mechanics of collagen fibrils [92]. Fibril adheres to
the AFM cantilever by a thin layer of epoxy and can be sandwiched
between the glue pad and the cantilever. Then, a mechanical test can be
carried out after the equilibration time of the specimen [142]. In-
teractions between the immunoglobulin and collagen type I have also
been detected by AFM to study cellular immunity [143].

In recent years, a burgeoning method called “volume electron mi-
croscopy” has been applied to make continuous slices of tendon tissue,
record the images of each slice by scanning electron microscopy, and
then reconstruct the images of serial slices by Amira or other software
[144]. The ultrastructure and morphology of the ECM of tendons can
clearly be observed [32]. Individual mature fibrils are too long to be
recorded by traditional volume electron microscopy, serial sectioning
transmission electron microscopy [30], while the secretion of a
5.1-pm-long single collagen fibril from the cell plasma membrane recess
can only roughly be observed. Serial block face-scanning electron mi-
croscopy (SBF-SEM) is a practical method of serial section reconstruc-
tion. This technique can usually obtain ~100000 pm® volume data on
tendon tissues, and the resolution can reach ~10 nm on the slice plane.
Therefore, the number, shape, and cell-cell interactions of cells in
tendon tissues can be analyzed by this method, as well as the recon-
struction analysis of collagen fibers [101]. The measurement scale of
this method is limited such that the full length of a single mature
collagen fibril in a human tendon cannot be traced [30]. Compared with
SBF-SEM, the measuring scale of focused ion beam scanning electron
microscopy (FIB-SEM) tomography is smaller, in which a sample is
milled layer by layer with a focused ion beam (FIB), and each newly
produced block face is imaged by the scanning electron microscope
(SEM) [30,145,146]. FIB-SEM could be used to detect and analyze a
large volume of fibrils in shorter image stacks, increasing the under-
standing of fibril alignment [147]. However, due to current technique
limitations, both the integrity of the collagen fibers and the morpho-
logical structure of the fiber surface lacks precision. First, it is worth
noting that this method is time-consuming. The collection time increases
with the increase of sample volume so that unexpected situations might
interfere with the data collection. Second, the number of milled layers is
limited, since artifacts are created as the stack gets deeper. Third, the
irregular orientation of a lump of collagen fibrils makes it difficult to be
traced on FIB-SEM scale [30].

Besides, synchrotron X-ray diffraction characterizes tendon me-
chanics at the A- and nm-levels [140]. In another study, X-ray fiber
diffraction data—that is, an electron density map— characterized a
crystallographic super lattice of collagen fibrils [42]. Time series TEM
refers to the extraction of samples at different time points, the imaging of
the samples by TEM, and the analysis of the samples as they change with
time according to the time sequence. However, the sampling can only be
done once in an in vivo study because of the imbalance of the extraction
site and body [24].
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Table 3
Predicted detection methods of the structure of ECM components of tendons.

Detection methods

Scale bar
rank (as the
indicator of

Studies already
exist

Future research
direction

resolution)
Combination of 3D 0.5 pm-1 pm Whole-cell large volume
cryogenic super correlative tendon
resolution and imaging [155] reconstruction and
FIB-milled block- component co-
face EM localization
Immunoelectron 100 nm-200 Exosome labeling Label the
microscopy nm [160,161], component in
labeling tendon ECM
mitochondria
marker [162], cell
activity of
tenocytes [163]
cryo-FIB-ET 10 nm Cell [153], Improve the
mammalian cells accuracy of FIB-
[154] SEM
single-particle Cryo- 10A human The ultrastructure

EM

IAPP (amylin)

of collagen fibrils

fibrils [156]

9. Concluding remarks and future perspectives

For a long time, our tendon reconstruction strategy was based on our
limited understanding of tendon morphology. The limitations of our
understanding of normal tendon, juvenile tendon, and abnormal tendon
structures are likely to affect our reconstruction strategy, thus affecting
the effectiveness of regenerated tendons. Until now, tendons repaired by
artificial intervention could not reach the same level of functionality as
that of healthy tendons. In natural mature tendons, the diameter of
collagen shows a bimodal distribution; while in repaired or artificially
reconstructed tendons, the diameter of collagen is still similar to that of
embryonic tendons, with a small diameter and a single peak distribu-
tion. How fibril thickens in tendons and how to establish interactions are
still unknown. The mechanisms of tendon collagen fibril formation need
to be further studied. Of equal importance is the fundamental role of the
non-collagenous matrix in tendon development and regenerative med-
icine strategies [25]. Besides, the intrinsic 24-h rhythmic pattern of
tendon ECM homeostasis is worthy of noting and being applied in
strategies. Tendon adhesion formation describes the development of
fibrotic tissue between the tendon and its surrounding tissues, which
commonly occurs as a reaction to injury or surgery. A recent review
summarized the application of fibrous membranes, which ability to act
as drug delivery vehicles as well as the combination with other thera-
peutic structures to prevent adhesion formation [151].

The prospects for the future are mainly based on two aspects: one is
how to use more novel detection technologies to further analyze the
components of the ECM of tendons; and the other is how to regenerate
tissue according to the existing recognition of tendon structure.

9.1. Update of evaluation techniques: multi-dimensional detection and
functional evaluation

Some high-resolution evaluation techniques for cells and other tis-
sues are discussed here. To some extent, these methods can be used for
further decoding of tendon tissue structure (Table 3). Cryo-FIB-ET is a
kind of electron cryotomography, one of the most popular forms of cryo-
electron microscopy [152]. Freezing technology is introduced into
focused ion beam scanning electron microscopy (FIB-SEM) to generate
in situ imaging of macromolecular complexes at near-atomic-resolution
[153]. That is, the structure of the ECM of tendons could be analyzed
with higher precision. However, the maximum thickness of
cryo-electron tomography (cryo-ET) volume is 200-300 nm, which
limits the 3D information to a specific structure [154]. Hoffman et al.
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developed a platform for three-dimensional cryogenic super-resolution
and focused ion beam-milled block-face EM across entire vitreously
frozen cells [155], and this technique could be used for a large volume
tendon specimen. In the study of tendon ultrastructure, this technique
can be used to label the ECM components of tendons by multicolor
three-dimensional structured illumination (3D SIM) and single-molecule
localization microscopy (SMLM), and to reconstruct the tendon struc-
ture by FIB-SEM. The two microscopy detection methods of tendons can
be correlated through component landmarks (such as elastic fibers),
after which the whole three-dimensional reconstruction of tendons can
be carried out. This method enables fluorescence labeling of components
in the context of whole tenocytes and tendon ECM niches, which can
help us to further understand the secretion, localization, and variation of
ECM components in tendons. In another kind of cryo-electron micro-
scopy, single-particle cryo-EM, the structure is determined by compu-
tationally calculating a large number of side projections of proteins
within the ice layer [156]. Due to the variability of collagen
morphology, however, this method is difficult to be applied [152].
FIB-SEM technology is constantly updated and iterated to improve the
resolution and meet the imaging needs of large-scale specimens [157].
In most cases, the lateral resolution of FIB-SEM is better than the depth
resolution, so that the methods based on image processing or depth
learning are used in image analysis to improve the depth resolution
[158].

In order to better study the in situ structure of ECM, a method termed
in situ decellularization of tissues (ISDoT) was developed and could be
used to prepare acellular tendon tissue without affecting the three-
dimensional spatial distribution of ECM networks. Combined with
confocal and multiphoton microscopy methods, the in situ distribution
of ECM specific proteins in tendon cells can be visualized by this method
after immunostaining [159]. For further characterization of the ultra-
structure of the ECM of tendons, especially collagen fibrils, immuno-
labeling with antibodies against the components is recommended before
electron microscopy. Immunoelectron microscopy (IEM), which is based
on the principle of specific binding between antigen and antibody, can
localize, quantify, and semi-quantify antigen at the ultrastructural level.
Immunogold labeling is widely used to locate proteins on exosomes
[160,161], mitochondria in muscle tissue [162], and interchanges of
vesicles in tenocytes [163]. This technique can be used to label the ECM
components of tendons, locate the distribution of these components, and
display the structure by electron microscopy simultaneously.

9.2. Regenerative strategies for 3D reconstruction of tendons

A study explored that a kind of cell surface proteoglycan, glypican-1
(GPC1), specifically enriched on exosomes derived from cancer cells
which can serve as a potential noninvasive diagnostic and screening tool
for the early stage of pancreatic cancer detection, benefiting possible
curative surgical therapy [164]. It is believed that these extrasellar
vesicles derived from tenocytes would provide another strategy by
identifying subtypes of tendinopathy, so that making accurate treat-
ment. By accumulating and recording the images and data of the ECM, a
database can be constructed. Peter et al. constructed a dataset of mice
tail tendons. The mechanical part of the dataset includes the tension and
tensile properties of the tendon; the structural part of this dataset in-
cludes the TEM of the collagen fiber and the derived parameters. This
dataset can provide data support for researchers [165]. With the
development of detection methods and the data acquired, more datasets
can be constructed, and the information stored in them can be used as
templates in the 3D reconstruction of biomimetic tendons in the future.

Series of tissue engineering studies have been used in the treatment
of tendon diseases. However, after tendon injury, cell density and gen-
eral synthetic activity are gradually decreased and the repaired tissue
appears scar-like, leading to incompletely regains the biomechanical
properties [5]. These methods can indeed promote tendon regeneration
in different aspects, but the complete regeneration of the whole tendon
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Fig. 10. Overview of tendon reconstruction strategy. Based on various advanced detection methods, the dataset of the tendon structure was obtained [90]. By
imitating the original composition of the tendon, different biomaterials and matrix components can be used for 3D printing to simulate the state of the tendon ECM.
Different types of scaffolds and microspheres can also be used to simulate the microenvironment of tendon cells in vivo so as to induce mesenchymal stem cells to
differentiate into tendon cells [27]. As a result, the three-dimensional reconstruction of the whole tendon can be completed by combining the differentiated tendon
cells and the ECM of the tendon. Abundant evaluation techniques can be further used to detect the tendon structure after reconstruction. Reprinted with permission.

still needs further optimization of the tendon tissue engineering strat-
egy. In situ injection of formable biodegradable hydrogel has been
shown to treat tendon damage in a minimally invasive way and reduce
the pain of patients. Through an in-depth understanding of tendon tissue
structure, an injectable hydrogel to alleviate symptoms was designed
[166]. Li et al. contributed to the field of tendon-to-bone interface en-
gineering through the generation of a heterogeneous 3D-printed porous
multiphasic scaffold. Three phases of the scaffold, replicating the native
interface, were constructed by imitating different regions of the
tendon-to-bone interface. In this way, cell implantation and matrix
deposition were achieved [167]. Many scaffolds are fabricated by
simulating the topology of tendon cell niche in nano or micro scale. Stem
cells are cultured on these scaffolds to promote tenogenic differentiation
[10,168,169]. Parallel fiber scaffolds with micro grooves can induce
tendon-specific gene expression and tenogenesis of TSPC [170,171].
Wang et al. reported a 3D scaffold with tendon-like mechanical prop-
erties and an anisotropic microstructure. When tendon cells were
cultured on the scaffolds, type-I collagen and decorin were highly
expressed. When implanted into animals, the new tissue formed on the
scaffold was similar to the natural tendon tissue in composition and
structure [172]. It is speculated that ECM components of tendons can
also induce stem cells into tenocytes, but such research is rarely seen.
The mimicry of in situ ECM topography may be a direction for tissue
engineering of tenogenic differentiation in the future.

Study has showed that the ECM constructed by the 3D regeneration
strategy based on 1D fiber-shaped materials, 2D layers and 3D bulk
scaffold materials is more integrated [173]. With the in-depth under-
standing of tendon structure and further innovation in technology,
combining 3D printing and 3D cell culture technology to simulate
tendon in situ structure is the trend of tissue engineering research in the
near future. The workflow of the 3D reconstruction of tendons could be
put into effect (Fig. 10): 1. Determining the tendon structure under
different age, races and living habits can serve as a reference template
for mimic therapy, while the microstructure in the process of growth and
development can be imitated to modify the morphology and structure of
the material when making biomimetic scaffolds in order to expect more
effective results, mimic the cell niche, and facilitate cell regeneration. 2.
Tissue-specific hybrid biolinks include various ECM components derived
from decellularized tissue or are artificially produced, as well as a va-
riety of kinds of biomaterials, maintaining their rheological and gelation
properties while retaining their biologically inducible properties, while
being conducive to 3D biological printing and in vivo functional prop-
erties [174]. 3. Different topography, coating of topography, and the
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multiple culture medium can serve as different cell niches, inducing
MSCs or TSPC differentiation into mature tenocytes. 4. The biomimetic
tissue is implanted to promote tendon-to-bone repair, tendon repair, and
MT]J repair. This kind of biomimetic tissue cans also serve as a substitute
to analyze diverse damaging and/or issues of applied medicine.
Although advanced research is still needed to study the microstruc-
ture of tendon involvement in different situation and verify their
application for tendon repair, it is undeniable that decoding the niche
have promising prospects in the subjects of treatment for tendinopathy.
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