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Abstract

Surgical reattachment of tendon to bone is a clinical challenge,
with unacceptably high retear rates in the early period after
repair. A primary reason for these repeated tears is that the
multiscale toughening mechanisms found at the healthy
tendon enthesis are not regenerated during tendon-to-bone
healing. The need for technologies to improve these outcomes
is pressing, and the tissue engineering community has
responded with many advances that hold promise for eventu-
ally regenerating the multiscale tissue interface that transfers
loads between the two dissimilar materials, tendon, and bone.
This review provides an assessment of the state of these ap-
proaches, with the aim of identifying a critical agenda for future
progress.
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Introduction

Tendons and ligaments attach to bone across the
enthesis, a multiscale tissue interface that transfers
loads between these two dissimilar materials, and that
dissipates stress concentrations. The enthesis achieves
these functions through a fibrous material system with
spatial, functional gradients in composition, structure,
and mechanical properties (Figure 1) [1]. This func-
tional grading is continuous, with smooth transitions
across the four histological regions that were once

thought to be distinct zones: tendon/ligament proper,
unmineralized fibrocartilage, mineralized fibrocartilage,
and bone [2]. Histologically, cellular morphology, matrix
composition and structure, and mineral content differ
substantially across the enthesis [2]. The anisotropic
tendinous and ligamentous regions are composed of
elongated fibroblasts embedded in a highly aligned
collagen 1 matrix. The fibrocartilaginous regions,
consisting of unmineralized and mineralized portions,
contain ovoid fibro-chondrocytes and hypertrophic
chondrocytes in a matrix rich in proteoglycans and
collagen type II. Bone mainly comprises collagen I fibers
and a mineralized matrix populated with osteoblasts,
osteocytes, and osteoclasts [2]. Collagen alignment
varies across the enthesis, from highly aligned in the
tendon, to less aligned in the fibrocartilaginous regions,
to an intermediate level with increasing mineralization
near the bone.

At the macroscale, tendons function as biological springs
with non-linear stress—strain curves and a modulus of
~200 MPa under tension [1]. In contrast, bone is
relatively brittle with a modulus of ~20 GPa [3].
Connecting two tissues with such a high mismatch in
mechanical characteristics is a challenge, as stress con-
centrations arise at their interface [1,3]. The enthesis
solves this mechanical problem through a multiscale set
of mechanisms, including macroscale optimization of
attachment footprint area, microscale spatial gradients
in mineral content, and nanoscale interactions between
collagen molecules and mineral crystals. This robust
attachment is so effective that failure rarely occurs
within the enthesis: in adults, rupture tends to occur at
the tendon/ligament midsubstance, while bony avulsion
is typical in adolescents [1,4].

So why do so many older people have chronic problems
in tissues such as the rotator cuff? The answer lies in the
inability of the enthesis to regenerate: the intricate,
multiscale mechanical mechanisms that optimize
enthesis mechanics are not recreated after surgical
repair of tendon to bone [5,6]. The lack of regeneration
results in unacceptable post-surgical outcomes.
Focusing on the rotator cuff, 20% of young patients and
up to 94% of elderly patients experience re-tearing after
surgery [1,5,6]. Most of these failures occur as sutures
pull out of the repaired tendon in the days immediately
following repair [7]. The healing process produces scar
tissue and poor mechanical behavior, rather than
regenerating a healthy enthesis [1,3—5]. Unfortunately,
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Multiscale mechanisms of attachment between tendon and bone.

non-surgical therapies have also failed to improve
outcomes.

Our current understanding of multiscale enthesis me-
chanics and observations of poor tendon-to-bone healing
motivates the need for regenerative therapies. These
therapies must consider recreating the macro-, micro-,
and nano-scale features of the native healthy enthesis.
This includes the aforementioned, continuous spatial
gradient in composition, structure, and cell phenotype,
necessary for mitigating stress concentrations and
maintaining a functional attachment. Tissue engineer-
ing techniques must therefore consider implementing
these gradients, either directly in the biomaterial or
through the promotion of cellular activity. The purpose
of this short review is to summarize the multiscale
biomechanics of the tendon enthesis and consider
recent progress in the development of biomaterial- and
cell-focused strategies used to promote regeneration at
each scale.

Macroscale enthesis mechanics and
regeneration

As tendon inserts into bone, it exhibits a splayed ge-
ometry that avoids the Williams-type free edge singu-
larity associated with the bi-material interfaces. The
Williams free edge singularity, a stress concentration
that arises at the intersection of an elastic material and a
rigid substrate, is a power-law singularity at which
stresses approach infinity as the distance from the edge
approaches zero [8]. By incorporating a splayed geom-
etry, entheses can eliminate this singularity, and can also
distribute stresses more evenly across the interface in a
way that is highly conserved across species and muscle
sizes [9]. Stress concentrations depend strongly upon
fiber orientations and recruitment, and these, too,
appear optimized across different entheses to improve
attachment mechanics [5]. Mouse rotator cuff enthesis
experiments and computational models showed that
different entheses enable differential reorientation and
recruitment fibers to balance strength and toughness

across a wide range of shoulder motion, with tradeoffs
seeming to emphasize toughness over strength in the
extremes of these motions.

During healing, macroscale enthesis features are not
regenerated, with weak isotropic scar tissue replacing
the native enthesis. Few tissue engineering strategies
have focused on recreating macroscale features such as a
splayed geometry or complex fibrous architecture. Ap-
proaches have included the use of decellularized
entheses as scaffolds, 3D-printed tendon-bone or
ligament-bone structures, and multiphasic biomaterial
scaffolds [10—13]. Each of these has shown some suc-
cess in promoting the desired cellular responses and, in
some cases, enhanced mechanical properties in vitro;
however, i vivo results have been disappointing. In
many cases, approaches have failed because of the
mismatches in length scales at the tissue interface.
Repair techniques have also considered macroscale
attachment mechanisms. Suturing techniques and
tissue grafts remain the gold standard for clinical repair
of connective tissue interfaces in rotator cuff, anterior
cruciate ligament, and Achilles tendon, leaving much
room for tissue-engineered strategies that improve
clinical efficacy.

Microscale enthesis mechanics and
regeneration

At the microscale, the tendon enthesis consists of a
spatially graded, fibrous architecture of collagen fiber
bundles, with a monotonically increasing gradient of
minerals as it inserts into the bone. Recent work has
described the three-dimensional arrangement of these
fibers and the location of the mineral crystals. Collagen
fibers that are predominantly aligned at the tendon end
become less aligned through fibrocartilage, leading to a
region between tendon and bone that is less stiff than
either tendon or bone [3,14]. This region of compliant
tissue contains mineral at concentrations just below the
steric percolation threshold, i.e., the point at which the
mineral phase forms a mechanically contiguous
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structure across the collagen fibril. These mineral
platelets may also absorb energy via their mobility,
further contributing to the overall toughness of the
enthesis [15]. Additional mechanisms of toughening at
this scale include the interdigitation of fibers into the
bone, which may increase load-bearing area and intro-
duce stress concentrations that toughen the enthesis
through stochastic failure [16].In porcine entheses,
tendon fibers uncoil into thinner fibers at angles of up to
15° before interdigitating into bone over a length scale
of ~500 ums, again showing the compliant toughening
band between tendon and bone seen previously in
human shoulders [1,9,14]. This transition has been
confirmed through numerous modeling studies that
address factors such as the relevance of transversely
isotropic models, and the critical role of competing
gradients of mineral percolation and fiber organization
[1,17]. The percolation threshold is critical because it
simultaneously marks the point at which mineralization
starts to have a substantial effect on microscale fiber
stiffness, and also the point at which it loses its mobility.
At the microscale, levels of both mineral deposits and
roughness of the bony end of the enthesis leads to
microstructural heterogeneity that toughens the
enthesis and distributes failure stochastically at the
macroscale, resulting in toughening of the insertion
[15,18].

This microscale structure is not regenerated upon
healing or repair, and its origins in development are thus
of key importance. The microscale structure is built and
maintained by a distinct population of cells, with a
gradient in cellular phenotype from tendon to bone.
"This arises from the fetal origin of the enthesis, which is
a distinct pool of cells that express the transcription
factors Scleraxis (Scx) (associated with tendon devel-
opment) and Sry-related HMG box 9 (Sox-9) (associ-
ated with cartilage development) [19]. Postnatally,
these cells are activated by hedgehog (Hh) signaling
(leading to the expression of Glil) to form and miner-
alize a fibrocartilaginous enthesis. This cell phenotype,
when studied using scRNAseq and lineage tracing ap-
proaches, revealed six resident cell types, including
enthesis progenitors and mineralizing chondrocytes, all
derived from Glil-lineage cells [20]. These Glil-lineage
cells demonstrate clonogenicity and multipotency and
improved healing when delivered to injured entheses
[20—24].

In light of these gradients, microscale-targeted thera-
pies that enhance tendon-to-bone healing are particu-
larly interesting. Although no tissue-engineered
technologies have yet succeeded in fully reconstituting
the tendon enthesis, many highly promising technolo-
gies can be found in the literature, with too many
exciting advances to list in this short review.

Multiscale tendon enthesis regeneration Bousso et al. 3

Representative advances include that of Zhu et al., who
used a combination of transforming growth factor 1
(TGF-B1), insulin-like growth factor 1 (IGF-1), and
parathyroid hormone (PTH) to promote proliferation
and differentiation for improved microscale distribu-
tions of tenocytes [25]; this combination of growth
factors showed synergistic effects, including integrated
fibrocartilage formation and improved mechanical
integrity. In other work, efforts at stimulating the
Hedgehog (Hh) pathway, previously established as a key
regulator of enthesis fibrocartilage formation during
growth and development [26—29], have shown some
efficacy. By genetically activating Smo in SmoCA mice
and using Hh-agonist1.5 as a pharmacological stimulant,
increased mineralized fibrocartilage formation and
integration were seen in mice [26]. In a different
approach, hydrogels were loaded with exosomes derived
from kartogenin-preconditioned mesenchymal stem
cells (MSCs) and used to enhance cartilage formation
and collagen maturation for enthesis regeneration [30].
Similarly, hydrogels containing neonatal tendon pro-
genitor cells delivered to the supraspinatus tendon
increased the number of Sox9+ expressing fibrocartilage
cells and reduced overall scar markers [31]. Several
other approaches have delivered cells and biofactors to
healing entheses in an effort to promote enthesis
regeneration [10,32,33].

In addition to cells and biofactors, organoid technology
holds promise for enthesis regeneration. Organoids can
be used for disease modeling, drug discovery, and
personalized medicine. Although an enthesis-specific
organoid has not yet been developed, cell-loaded
hydrogel microspheres have been used to construct
osteo-callus organoids that, when treated with chon-
drogenic differentiation media, exhibit endochondral
ossification and upregulation of hypertrophic and oste-
ogenic markers that are also found in the developing
enthesis during mineralization [34]. Similarly, cartilage
organoids have been generated using hydrogel micro-
spheres [35], osteoinductive bioceramics [36], and 3D
suspension systems [37]. These studies in bone and
cartilage may possibly be adapted to develop enthesis
organoids.

Despite some success in small animal models, cellular
and biofactor approaches are not yet ready for clinical
translation. A challenge facing the entire field when
delivering growth factors is the avoidance of off-target
effects. Many approaches exist to mitigate this chal-
lenge, but these stand as a barrier to patient safety and,
before that, to FDA approval. Additionally, structural
and material properties are not fully restored by any of
these approaches, compared to intact nonsurgical con-
trols. Additionally, these techniques are not yet opti-
mized to overcome the primary source of enthesis re-

www.sciencedirect.com

Current Opinion in Biomedical Engineering 2024, 31:100547


www.sciencedirect.com/science/journal/24684511

4 Tissue Engineering & Regenerative Medicine: Tendon and ligament regeneration

tearing, which is suture pullout in the early post-surgical
window. These approaches may be further enhanced in
future studies when used in combination with scaf-
folding materials to create hierarchical tissues. A
particularly promising, recent approach to enthesis
regeneration is to use textile-based technology, with
structure and composition inspired by high resolution
tissue imaging, to recreate the fibrous structure and
attachment morphology of the enthesis in a way that can
be augmented by bioactive molecules [38].

Nanoscale enthesis mechanics and
regeneration

Tendon, ligament, and bone organize around hierarchi-
cal collagen structures, from tropocollagen molecules
that self-assemble into collagen fibrils at the nanoscale
to larger tissue structures at the macroscale [39].
Collagen molecules, consisting of three left-handed
amino acid chains, are approximately 1.5 nm in diam-
eter. At the fibril scale, collagen molecules have a D-
band structure with a ~67 nm spacing filled with water
and non-collagenous molecular cross-links [39], which
allows collagen fibrils to absorb and dissipate mechanical
stresses at the nanoscale level [40—42]. The D-band is
composed of two regions called the overlap and gap re-
gions. During mineralization, hydroxyapatite (HA)
minerals replace water molecules within and atop the
gap regions of fibrils. The mechanics of individual
collagen fibers have been studied via micro-
electromechanical system (MEMS) devices, atomic
force microscopy (AFM), and nanoindentation [39,43—
45]. However, because no partially mineralized
mammalian tissues have vyet been tested, in-
terpretations of these data in the context of mineralized
tissues involve models of collagen-mineral arrangement
in partially and progressively mineralized tissues
[14,18], in conjunction with assumptions about nano-
scale collagen-mineral interactions. For example, fibril
mechanics studied using a full atomistic simulation
model demonstrated that the presence of HA minerals
partially reflects mechanical waves and increases stiff-
ness at the interface between the overlap and gap re-
gions. Additionally, increased loading speeds can reduce
mechanical wave speed and Young’s moduli due to the
disruption of hydrogen-bond networks within fibrils
[46]. However, these results are based on assumptions
about fiber—mineral interactions. These interactions are
as important as they are uncertain, because under-
standing how the nano-through macro-scale hierarchy of
fibrils affect overall tissue behavior is pivotal for creating
a bottom-up approach for enthesis regeneration.

The behavior of the collagen fibrils themselves is much
better understood, with single fibril experiments and
molecular dynamics simulations showing energy

absorption even at the lowest levels of enthesis hierar-
chy [41,46,47]. Quasi-static behavior of collagen fibrils
at low strains [48,49]is dominated by the interplay be-
tween molecular stretching and hydration, with
straightening of hydrated collagen molecules domi-
nating deformation mechanisms at strains below 10%,
and stretching of hydrated collagen molecules domi-
nating at higher strains and leading to strain-stiffening.
In dehydrated fibrils, densely packed collagen mole-
cules straighten with little stretching, resulting in
moduli greater than hydrated collagen [49]. Collagen
fibers undergo denaturation at high levels of strain that
can lead to stress redistribution and fibril toughening
[39,42,47]. The fibrils are also viscoelastic, with cycli-
cally loaded experiments revealing strain-dependent
energy dissipation [43—45] due to inelastic and
viscous effects [39]. At low strains, uncoiling of tropo-
collagen molecules may occur; at intermediate strains,
molecular sliding mechanism and associated loss of
stiffness may dominate; at higher strains, a steady-state
energy dissipation is present, with the collagen back-
bone stretching and molecular sliding restricted by
crosslinks [35—43]. Viscoelastic behavior is evident in
wave propagation studies of dehydrated and hydrated
collagen molecules, with higher energy dissipation
transverse to the fiber direction under hydrated condi-
tions [41]. These experimental and modeling studies
reveal  strain-rate  dependent, energy-absorptive
behavior of collagen fibrils that can potentially create
spatial heterogeneity in tangent modulus that can lead
to further energy dissipation across hierarchies. How-
ever, the detailed nature of these interactions is still
somewhat speculative due to challenges associated with
multiscale experiments and simulations, and the role of
partial mineralization remains uncertain.

Despite these uncertainties, a number of promising
nanomaterials exist for promoting enthesis regeneration.
These include both natural and synthetic approaches.
Natural materials such as fibrin, collagen, silk fibroin,
chitosan, and bioactive materials have been used due to
their excellent biocompatibility and their fibrous nature,
with fiber dimensions representative of those in the
healthy enthesis. However, these materials often exhibit
substantially lower strength, stiffness, and toughness
than the native enthesis. As reviewed extensively else-
where [50,51], approaches to synthesize functional
fibrous materials include electrospinning, which creates
submicron fibers by extruding polymer solution onto a
collector, and bioprinting [52—54], which creates
micron-scale features through layer-by-layer deposition
of living cells and biomaterials [53—55]. Despite their
attractive nanoscale features, electrospun nanofibrous
scaffolds lack the strength needed for tendon enthesis
applications. Efforts to address this shortcoming include
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composite PEEUU/gel patches comprised of poly(-
ether—ester—urethane)urea (PEEUU) and gelatin [56],
cross-linked using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide and grafted with
kartogenin for induction of chondrocytes. Such dual-
network composite materials increase toughness and
recapitulate nonlinear stress—strain behavior, and have
certain enthesis-like features such as enhanced collagen
organization and promotion of chondrocyte-like cells.
Grafting of bioactive molecules onto nanofibers can also
guide the differentiation of stem cells and the produc-
tion of matrix proteins, as with silk-fibroin nanofibrous
scaffolds with simulated body fluid (SBF) and mineral
gradients [56], which can enhance and strengthen
tendon-bone integration. Nanoscale features are
possible in bioprinting using controlled diffusion, but
this is limited to developing nanoscale spatial gradients
and topography. Although the literature contains many
such examples of successes in recapitulating key nano-
scale details, generating a scaffold that can guide
nanoscale enthesis repair while stabilizing the attach-
ment mechanically during the healing phase remains an
clusive goal.

Conclusions

The healthy tendon enthesis overcomes the mechanical
challenge of attaching two materials with a high me-
chanical mismatch using hierarchical and multiscale
mechanisms that rarely fail. In cases when enthesis or
soft tissue injury occurs, both surgical and natural
healing lead to scar tissues with properties that are
inferior to the natural enthesis. Tissue-engineered ap-
proaches across the nano-through macroscales show
promise for regenerating key features, but critical chal-
lenges remain, including localizing soluble factors,
guiding the hierarchical regeneration of the enthesis,
and providing the healing surfaces with long-term
strength while simultaneously preventing the most
common source of post-surgical failure, suture pull-out,
in the days following repair.
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