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Abstract: Tendinopathy afflicts many professional athletes and the elderly. However, due to the unique cellular and histological
composition of tendons, healing is frequently unsatisfactory. The clinical physical therapy and surgical interventions often fail to meet
patient expectations. In recent years, bioengineering technology has undergone rapid development, with a significant number of studies
in the biological field focusing on bioengineering technology to explore emerging treatments for diseases. Therefore, bioengineering
technology has the potential to become an important part of future tendon healing therapies. The present article will describe the
sources of scaffolds, biological factors and bioengineering strategies, with a focus on their current applications in laboratory and
clinical contexts.

Keywords: Tendinopathy, bioengineering, pathophysiology, scaffolds, cells, cytokines

Introduction

Tendons represent dense connective tissues responsible for linking bones and muscles. Moreover, they facilitate the storage
and transmission of forces to the skeletal system during movement. Tendinopathy is defined as a broad spectrum of clinical
tendon disorders, which are characterised by the presence of pain, swelling, loss of function and impaired performance. It is
one of the most common musculoskeletal disorders on a global scale, affecting a wide range of individuals, including athletes,
workers and the elderly. Tendon rupture is the most prevalent acute tendon injury and occurs predominantly during sporting
activities. Chronic tendon injuries represent a prevalent clinical problem, primarily attributable to repetitive mechanical
loading and advanced age.' Individuals afflicted with tendinopathy encounter a diminished quality of life, a condition
precipitated by discomfort and functional impairment.” The healing response following tendon injury is often delayed and
ineffective due to the hypocellular and oligovascular nature of tendon tissue. Some theories have been advanced in an attempt
to elucidate the mechanism of tendon healing failure. The earliest theory proposed that mechanical factors lead to insufficient
tendon repair and progressive cell death after injury to the tendon, which promote degeneration of the tendon. It has been
hypothesised that inflammatory factors play a role in the development and progression of tendinopathy. It is hypothesised that
vascular ingrowth and neurogenic inflammation may also be contributing factors to the development of pain and functional
impairment in the affected tendon.® Currently, common treatments for chronic tendon injuries include immobilization,
physical therapy, nonsteroidal anti-inflammatory drugs and local glucocorticoid injections. On the other hand, tendon ruptures
generally necessitate surgical intervention. Whilst the aforementioned treatments have been shown to enhance the function of
the diseased tendon and alleviate pain, it remains challenging to restore the highly organised extracellular matrix of the tendon
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to its pre-injury state. This challenge gives rise to the possibility of re-injury, and the repaired tendon tissue is often unable to
achieve the same level of function as it did prior to injury.** By combining cell biology and materials science, tendon tissue
engineering is expected to be a promising therapeutic strategy to promote injury tendon repair. Materials commonly used in
tendon tissue engineering to construct scaffolds, biological factors that can be incorporated into the scaffolds and bioengineer-
ing strategies that can improve the properties of biomaterials to fit the specific structure of the tendon will be described later,
respectively.

The Composition and Structure of Tendon

Tendons connect muscle to bone and are important organs for transmitting force in the musculoskeletal system. Tendon is
a highly organized low-cell connective tissue composed of highly oriented fibers formed in a layered structure.
Tropocollagen, a triple helical peptide chain, accumulates into microfibrils. These microfibrils then form collagen fibrils,
which then form subfibres. The final step in this process is the formation of fibres, which then form fascicles. The
fascicles are wrapped by the epitenon, forming form the tendon. When epitenon extends between the fascicles, it is called
the endotenon. The endotenon is a thin mesh of connective tissue covering each fascicle. The outer tendon is a loose
sheath of connective tissue containing the tendon’s vascular, lymphatic, and nerve supply. The connective tissue also
reduces friction during movement®’ (Figure 1).

The tendon is a kind of oligocellular tissue, mainly composed of type I collagen and water with very few cells. The
extracellular matrix constitutes a significant component of tendon. The dry weight of tendon constitutes approximately
30% of its total mass, with collagen accounting for 70% to 80% of this dry weight. The predominant types of collagen in
tendon include type I and type IIL® Type I collagen constitutes 95% of the total collagen in tendon. The tendon’s triple-
helix structure consists of two al chains and one 02 chain, organised into a highly hierarchical arrangement. This
structural organisation enables the tendon to stretch and absorb forces in response to mechanical stimuli.’ Type II
collagen is present in low concentrations in tendons and is found in high concentrations in the area surrounding the
tendon-bone junction. Type II collagen may help maintain the flexibility and resistance of tendons after injury.'® Type III
collagen has been shown to produce fibres of a smaller size and lower organisation. It is imperative for the alignment and
ductility of the initial collagen fibrils."" Type IV collagen is found mostly in the basement membrane of tendon vessels.'
Type V collagen constitutes the fundamental structural element of type I collagen fibrils, serves as the template for their
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Figure | Composition and structure of tendon. TDSCs from three sources and tendon ECM constitute the tendon microenvironment together. The tendon ECM is mainly
composed of type | collagen and type Il collagen. Other components help maintain the homeostasis of the tendon microenvironment.
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formation, and plays a pivotal role in regulating fibre diameter.'® Type VI collagen may be involved in the attachment of
cells to extracellular matrix (ECM) molecules. Type X collagen is abundantly found in fibrocartilage, tendon-bone
junctions. Collagen types XII and XIV play a role in the regulation of collagen fibrils ogenesis by providing specific
molecular bridges between collagen fibrils and other matrix components. Collagen type XII stabilizes collagen fibrils
structure during development or healing, whereas collagen type XIV restricts the diameter of collagen fibrils.'* Elastin
fibers are located within the collagen fiber network and comprise approximately 1-2% of the dry mass of the tendon,
allowing tissue repair after ligament stretch and deformation under loading.'

Tenoblasts and tenocytes are responsible for 90-95% of the cellular component of tendons and are arranged along the long
axis of the tendon. In addition to the aforementioned cells, the presence of synoviocytes, chondrocytes, endothelial cells,
pericytes, and tendon-derived stem cells (TDSCs) has also been identified. Tenocytes are a type of fibroblast that is found in the
tendon. These cells are specialised in maintaining and repairing the tendon, and they can respond to external signals in the
environment. This response involves the remodelling of the microenvironment according to stress and strain. The process of
remodelling is mediated by matrix metalloproteinases (MMPs) and tissue inhibitor of matrix metalloproteinases (TIMPs).'¢ '8
Tenoblasts cells are defined as immature tendon cells that retain the capacity for division, thereby enabling the repair of minor
tissue damage. It has been established that both tenoblasts and tenocytes possess the capacity to synthesize collagens and other
ECM components, in addition to being able to catabolize metabolic proteins. Therefore, both play an important role in the
assembly and remodeling of ECM." TDSCs have colony-forming ability, self-renewal capacity and multidifferentiation
potential. They can differentiate into tendon cells, adipocytes, chondrocytes, and osteoblasts.?’ The absence of specific markers
in TDSCs complicates the determination of their precise origin and location. Furthermore, given the disparities in cell source and
cell isolation procedures, there is a divergence in the expression of markers for TDSCs.*! An early study proposed CD44, CD146
and Strol as surface markers of TDSCs.?* Nestin was identified by scRNA-seq as a key marker of TDSCs. Nestin" cells have
been identified as playing a pivotal role in the endogenous tendon injury repair process. Inhibition of nestin expression has been
demonstrated to impede tendon healing, resulting in a randomised arrangement of cells and misalignment of collagenous
progenitor fibres. > The cell population of Tppp3* Pdgfra’ was defined as TDSCs by Tyler Harvey et al. They demonstrated by
inducible lineage tracing that Tppp3 " cells can generate new tendon cells and self-renew upon injury.>* Walia et al summarized
three potential sources of TDSCs: tendon bundles, epitendon and perivascular.**

The non-collagenous ECM of tendons consists of proteoglycans (PGs), glycosaminoglycans (GAGs) and
glycoproteins.® Proteoglycans are the most abundant nonfibrous proteins in tendons. Proteoglycans are usually divided
into large proteoglycans such as versicans, aggrecans and small leucine-rich proteoglycans (SLRP). Among them, such as
versicans and aggrecans, provide resistance to compression by increasing the water content of the tendon and facilitate the
diffusion of nutrients and metabolites. Decorins, as the main proteoglycans of tendon, belong to SLRP, which also includes
biglycans, lumicans and fibromodulin. SLRP are involved in stabilising collagen fibrils and regulating the diameter of
collagen fibrils during tendon development. Biglycans and lumicans play a major role at the early stages, while decorins and
fibromodulin play a major role at the later stages. Decorins and biglycans may have complementary roles.'* Glycoproteins
mainly include fibronectin, laminin, platelet-responsive proteins, lubricin and tendonogenic protein.?**® Fibronectin and
laminin mostly assist in the connection of the vessel wall and basement membrane to other components.>” It is evident that
platelet-responsive proteins (TSPs) play a pivotal role in the regulation of vascularization. These proteins have the capacity
to influence the interaction between cells and proteins, as well as the interaction among proteins within the ECM.*® It has
been hypothesised that lubricin may promote inter-bundle sliding, and that tendonogenic protein C is involved in tendon
adaptation to compressive mechanical forces.”’ Tendon regulatory proteins are markers of mature tendon cells.*
Hyaluronic acid (HA), an integral component of GAG, has been demonstrated to enhance tendon cell activity and adhesion,
in addition to regulating ECM synthesis and proliferation.*' Recent findings have revealed that, in a manner analogous to
that observed in hard matrices, stem cells exhibit a propensity to differentiate towards the bone lineage. Similarly, in soft
matrices, stem cells demonstrate a tendency to differentiate into adipocytes. The stiffness of the ECM in tendons has been
shown to play a crucial role in the tendonogenic differentiation of stem cells.*® It is evident that the composition and
structure of the ECM provide a biomechanically active physical scaffold for tendons to perform the mechanical function of
force transmission. In addition, the biochemical microenvironment that is facilitated by the ECM is conducive to tissue

development, healing and regeneration, thereby ensuring tendon biological function and maintaining homeostasis.**
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Risk Factors for Tendinopathy

Among the extrinsic factors that have been demonstrated to be significantly associated with tendinopathy, the deleterious
effect of high loading or the application of relatively small loads over many repetitive cycles on tendons has been found
to be of particular significance. This has been observed in professional athletes participating in sports such as running,
basketball, field hockey and volleyball.**>® Tennis elbow is more common in tennis players. The overall incidence of
tennis elbow has been reported to be anywhere from 35% to 51%.%”® Long-term highly repetitive movements or poor
workplace ergonomics at work are also high-risk factors for tendinopathy. Rates as high as 18% and 41% have been
reported in spine surgeons and coal miners, respectively.’® The use of statins, fluoroquinolones and hormone replacement
therapy have negative effects on tendons.?

Intrinsic factors, including age, nutrition, anatomical abnormalities, muscle weakness and high body mass index
(BMI), are significantly associated with tendinopathy.*® There are reports suggesting that metabolic disorders, including
obesity, diabetes mellitus, hypercholesterolemia and hyperuricemia, may potentially result in tendon damage.*'***
Genetic factors have been demonstrated to play a role in the development of tendinopathy. Variants in the genes TNC
and COL5AL1, which encode important structural components of tendons, have been shown to be contributing factors in

the development of Achilles tendinopathy.****

The Pathophysiology of Tendinopathy

The healing process after a tendon injury ideally involves three successive, yet overlapping, stages. (O During the inflamma-
tory phase, the initial response to injury is characterised by the influx of inflammatory cells into the affected area. Within the
initial 24-hour period, monocytes and macrophages were predominant, engulfing necrotic tissue. Tendon-derived cells migrate
to the wound, and the tissue begins to synthesize type III collagen.*> Many chemokines are released to mediate the
inflammatory response, stimulate the proliferation of fibroblasts and tendon cells, and stimulate the angiogenesis process.’
@ During the proliferation phase, the accumulation of fibroblasts and type III collagen reached the peak, and the concentration
of water and glycosaminoglycan in the tissue remained high.*> 3 During the remodelling phase, collagen fibres began to
orient longitudinally along the tendon’s long axis. The ratio of type III to type I collagen, collagen cross-linking, and
concentrations of glycosaminoglycans, water, and DNA returned to normal levels.*® MMPs have been identified as pivotal
factors in the process of tendon remodelling. MMP-9 and MMP-13 have been shown to be exclusively involved in collagen
degradation, while MMP-2, MMP-3 and MMP-14 have been demonstrated to be involved not only in collagen degradation,
but also in collagen remodelling.*” However, the process of tendon self-repair can take years, and the repaired tissue has
weaker biomechanics than the original, uninjured tendon.*® To prevent tendon injury and promote repair, it is important to
understand the factors associated with tendinopathy. The following will introduce the various factors that influence the
development and progression of tendinopathy (Figure 2).

Inflammation and the immune system. A study has revealed significant infiltration of mast cells and macrophages in samples
of early human tendinopathy.*’ Macrophages play a key role in regulating inflammation and tissue repair.”® A recent spatial
transcriptomics study demonstrated that the increased presence of macrophages in the diseased tendon resulted in alterations to
the microenvironment of TDSCs, thereby promoting their differentiation into bone and cartilage formation. Concurrently, this
process impeded the tendon’s normal healing process.”’ Macrophages have been observed to promote cell proliferation and
collagen deposition; however, their presence may also result in a reduction in the ultimate tensile strength of the Achilles
tendon.”> Macrophages are now generally classified into two distinct types: M1-type and M2-type macrophages.” Despite the
fact that certain researchers have utilised single-cell analysis to demonstrate the existence of numerous subtypes of macrophages,
the majority of studies in the domain of tendon bioengineering tend to simply divide macrophages into M1 and M2 subtypes.**>>
The initial phase of tendinopathy is characterised by the infiltration of M1 macrophages. It was observed to be at a higher
concentration within 14 weeks, up to 18 times the normal concentration. The M1 macrophage phenotype has been observed to
engulf debris and apoptotic cells during the early phase of injury. However, this process has also been shown to result in the
damage of surrounding healthy tissues and the release of pro-inflammatory cytokines, such as IL-1, IL-6, IL-12 and tumour
necrosis factor-o. (TNF-0)).”® > The M2 macrophage phenotype manifested predominantly in the middle and late stages of
tendon injury, which was observed to increase significantly after 28 days of injury.”® The M2 macrophage phenotype has been
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Figure 2 The main signaling pathways leading to the pathogenesis and progression of tendinopathy.

Abbreviations: PGE2, Prostaglandin E2; cAMP, cyclic Adenosine Monophosphate; PKA, Protein Kinase A; CEBP, CCAAT/enhancer-binding protein; IGF-1, Insulin-like
Growth Factor |; CREB, cAMP-response element binding protein; IL-1, Interleukin-1 beta; ERK1/2, Extracellular-regulated kinase 1/2; BMP2, Bone Morphogenetic Protein
2; Smad, Sma and Mad related protein; PPARy2, Peroxisome Proliferator-Activated Receptor gamma 2; TGFB I, Transforming Growth Factor Beta |; mTORCI, mechanistic
target of rapamycin complex |; NFk B, Nuclear Factor kappa-B; Wnt5b, wingless-type MMTYV integration site family, member 5B; JNK, c-Jun N-terminal kinase; Wnt5a,
wingless-type MMTYV integration site family, member 5A; RhoA, Ras homolog gene family member A; ROCK, Rho-associated coiled-coil containing protein kinase; CXCLI3,
C-X-C motif Chemokine Ligandl3; CXCRS5, C-X-C chemokine receptor type 5; HMGBI, High Mobility Group Box |; RAGE, Receptor for Advanced Glycation End
Products; B-Catenin, Catenin beta; EGRI, Early Growth Response .

shown to secrete TGF-B1, a key factor in promoting the cartilage differentiation of mesenchymal stem cell (MSC), thereby
enhancing the tendon-to-bone healing process. However, it is important to note that TGF-B1 also plays a role in the formation of
tendon adhesion by recruiting MSC to form fibroblasts. The secretion of TGF-B1 by the M2 macrophage phenotype also
contributes to the termination of the inflammatory response during tendon healing.®® %> The secretion of exosome by M2
macrophage phenotype has been demonstrated to stimulate FAP differentiation, thus reducing excessive fibre deposition and fat
accumulation.®® Despite the capacity of M2 macrophage phenotype to stimulate the synthesis of new matrix, the resulting tissue
exhibits disparities in terms of structure, composition and material properties when compared to normal tendons.** The presence
of mast cells in the injured tendon, in conjunction with their capacity to secrete nerve growth factor (NGF), has the potential to
induce the growth of nerves into the healing tendon. This process, in turn, can result in the occurrence of neurogenic inflammation
and the subsequent secretion of vascular endothelial growth factor (VEGF), which plays a pivotal role in the promotion of
neovascularization.®> Alim hypothesised that, following a tendon injury, mast cells receive transmitters secreted by nerve
endings. These mast cells then secrete mediators that can further activate neurons, creating a cycle that leads to persistent
inflammation and pain in tendinopathy. The glutamate signalling process may play an important role in this cycle.®® A number of
inflammatory factors have also been identified as contributing to the development of tendinopathy. An earlier study mentioned
that pro-inflammatory factors secreted by infiltrating macrophages in diseased tendon tissue may lead to matrix destruction by
expressing and accumulating MMPs. TNF-a promotes the production of PGE2, MMP-1, MMP-3, MMP-8 and MMP-13 by
activating the IL-21 signalling pathway. This leads to pain and ECM breakdown.®” Some studies have observed the upregulation
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of IL-17 and IL-33 in tendinopathic tissues, while IL-17 and IL-33 increased expression of type III collagen, which may inhibit
the conversion of type III collagen to type I collagen.®*® It is thought that the upregulation of TGF-B1 in diseased tendons
promotes the upregulation of plasminogen activator inhibitor-1 (PAI-1). PAI-1 inhibits the action of tissue-type plasminogen
activator (tPA) and urokinase plasminogen activator (uPA), which leads to scar formation in the tendon.”

Mechanical injury. Theories positing the primary cause of tendon injury include the accumulation of micro-damage in
collagen fibres of the tendon, precipitated by excessive utilisation or recurrent stretching of the tendon during exertion or
physical activity. The up-regulation of MMPs has been identified as a potential contributor to collagen fibre degradation. The
formation of micro-damage may induce tendon cells to release MMPs, which further degrade the tendon matrix, thus
preventing effective repair of the micro-damage.”' " A report mentions that patients with tendinopathy often make inadequate
adjustments to their mechanics in order to maintain function and minimise pain. Examples include reducing ankle dorsiflexion
and limiting ankle and foot activity. These functional biomechanical defects lead to excessive, repetitive overload of the
Achilles tendon, which further aggravates tendinopathy.”* C S Bestwick et alproposed that the maximum tensile load of the
tendon may result in ischemia, and that the subsequent recovery of normal perfusion may enhance the production of reactive
oxygen species (ROS). High temperature during tendon movement may also stimulate mitochondria to produce ROS, damage
and induce apoptosis of TDSCs.” It has been previously documented that both the synthesis and degradation of tendon
collagen are elevated following exercise, with collagen degradation being predominant during the initial 24-36 hours and
synthesis being predominant during the subsequent 36—72 hours. It has been demonstrated that repetitive training in which the
rest period is insufficient can result in a net degradation of the tendon matrix. This, in turn, can lead to tendon injury.”® The
occurrence of acute tendon rupture and chronic tendinopathy is greatly increased by the accumulation of micro-damage to
tendon collagen fibres.””””® Overloading may also lead to differentiation of TDSCs in the non-tenogenic direction as well as
degenerative changes that impede tendon healing, which may be induced by high levels of PEG2, while Chen et al suggested
that overload-induced calcific tendinopathy is regulated by the mTORC] signaling pathway.”**® It cannot be ignored that
some studies have also suggested that appropriate mechanical stimulation can help heal tendon injuries.*!

Metabolic factors. Diabetic patients tend to be in a pro-inflammatory state, which will likely cause chronic inflammation
leading to tendinopathy. Kwan et al mentioned that the pro-catabolic response of healthy tendon cells is attenuated in high
glucose environments, which may lead to inflammation after prolonged exposure of tendon tissues to microinjuries and result
in degenerative tendon changes.®* Within a high glucose milieu, the proliferation of TDSCs is suppressed, while apoptosis is
elevated and cellular autophagy is impeded.® > An earlier study noted that type III collagen expression was downregulated in
injured tendons of diabetic rats, which may lead to impaired tendon tissue healing and reduced biomechanical properties.**-*
In tendons from diabetic patients, accumulation of advanced glycosylation end products(AGEs) in the ECM of tendon cells
impedes collagen fiber slippage and promotes aging with heterotopic ossification of tendon tissue.*® Shivam et al found that
AGEs inhibit mitochondrial function of tendon cells and inhibit their proliferation, limiting the ability of tendon cells to
synthesize the ECM and disrupting tendon homeostasis.”” AGEs also increased ROS expression.’’ The accumulation of ROS
will interfere with cell function, leading to the loss of self-renewal ability and stemness of TDSCs. Furthermore, it is predicted
that this process may also induce apoptosis or promote osteogenic differentiation of TDSCs.> ** And the damaged tendon has
a lower resistance to oxidative stress relative to the healthy tendon, which may make the damaged tendon more susceptible to
ROS damage.” Hypercholesterolemia also reduces tendon biomechanical properties and impairs healing by upregulating pro-
inflammatory factors and interfering with MMPs.”®

Degenerative changes. Recent research has revealed that damaged fetal tendons of sheep have the capacity for
complete regeneration. Protein analysis has demonstrated that fetal secreted proteins exhibit a substantial discrepancy
with those of adult sheep. Furthermore, the inflammatory response in adult sheep tendons is predominantly oriented
towards defence, as opposed to tissue remodelling, in comparison to that observed in the fetus.”” Kristen showed that
SCX-profile cells in neonatal mouse tendons play a key role in the post-tendon injury. Whilst complete functional
recovery and tendon-specific differentiation are of key importance, it has been demonstrated that SCX lineage cells in
adults differentiate towards cartilage after injury to the tendon. Furthermore, in the absence of tendon cells, exogenous
aSMA cells will persist and cause scarring.”® With aging, tissues in adult individuals gradually lose the possibility of
complete regeneration after tissue injury.”® In addition to replicative senescence, persistent inflammation has also been
demonstrated to induce senescence. This may be due to decreased immune function, increased oxidative stress and focal
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death due to inflammation.”®'®® Kannus et al conducted a study of tendon specimens from 891 patients, revealing that
97% of the subjects exhibited degenerative changes.'®® Concurrently, the mRNA expression levels of SCX and TNMD in
degenerative tendons were significantly reduced, and the distribution of type I collagen was reduced while the distribu-
tion of type III collagen was relatively increased, which could lead to the down-regulation of biomechanical properties of
tendons.'**'% Disruption of tendon microstructure also increases with aging.'®® The above factors lead to a greater
tendency for tendon microdamage and tendinopathy. Cellular senescence produces a senescence-associated secretory
phenotype (SASP), which encompasses a range of interleukins, inflammatory factors, chemokines, protease and growth
factors such as IL-6, IL-8, and CXCL1, etc. The SASP contributes to the maintenance of cellular senescence, with
evidence suggesting a role for autocrine and paracrine functions in this process. For instance, the presence of IL-6 and
IL-8 has been demonstrated to mediate cell cycle arrest.'”” The family of cytokines known as transforming growth
factor-beta (TGF-P) has been observed to induce normal cellular senescence via paracrine secretion.'®® SASP also
promotes chronic inflammation, induces inflammatory infiltration of tendons and leads to senescence of immune cells,
which diminishes the body’s ability to regulate inflammation and clear senescent cells.'” Aging also induces senescence
and depletion of the stem cell pool. The proliferative and migratory capacities of senescent TDSCs are down-regulated,
which may lead to impaired tendon healing.''® Senescence of TDSCs also leads to up-regulation of aberrant differentia-
tion and inability to maintain their differentiated state, which may affect the healing of tendon tissue."'"''? A study
revealed that, in the aftermath of tendon injury, adipocyte infiltration around the injured tissue manifested at a higher
frequency in aged rats than in young rats.''> A number of studies have observed that aging tendons appear to accumulate
more fat.''*''"® However, one study found that senescence inhibited the lipogenic differentiation of TDSCs by down-
regulating PPARy signaling, which may represent that fat accumulation in senescent tendons is not associated with
abnormal differentiation of TDSCs.'"”

The combination of these reasons, as well as genetic factors and drug use interferes with the healing of tendon tissue,
making it difficult to convert the damaged tendon tissue from a randomly arranged type III collagen morphology to a
regularly arranged type I collagen morphology, and preventing the restoration of biomechanical and tissue-secondary

morphology in healthy tendons.''®

Current Clinical Therapy for Tendinopathy
The prevailing clinical approach to tendinopathy is currently focused on the management of symptoms, with surgical
intervention typically reserved as a definitive measure. The utilisation of non-steroidal anti-inflammatory drugs (NSAIDs)
is conventionally employed to alleviate short-term (7-14 days) pain arising from tendinopathy.''*™'?! Corticosteroids
injection has been utilised in the treatment of tendinopathy for decades. Its primary function is the alleviation of short-term
symptoms, with a duration of efficacy spanning up to approximately six weeks.'?*'** Furthermore, PRP injection has been
observed to contribute to the alleviation of pain.'** In addition, topical glyceryl trinitrate treatment has been demonstrated
to be efficacious in the management of short-term pain (6 months) in patients diagnosed with tendinopathy. A subsequent
follow-up investigation revealed that the beneficial effects of the treatment were sustained for a period of three years in
patients who had previously undergone local trinitrate treatment. This finding suggests that topical glyceryl trinitrate
treatment may facilitate tendon healing in addition to providing analgesia.'*>*'?® Tendon injury has been observed to be
accompanied by the growth of new blood vessels. As demonstrated by clinical trials, the injection of sclerosing polidocanol
into the neovascularization area can be an effective treatment.'”'?® The utilisation of physical therapy methods, including
ultrasound treatment, eccentric exercise, low-intensity laser therapy, shock wave therapy and low-frequency electrical
therapy, is frequently employed to alleviate symptoms. However, the efficacy of these methods remains frequently
ambiguous.'?*13°

It is evident that existing therapies are accompanied by a certain degree of adverse effects. For instance, the utilisation of
NSAIDs has been demonstrated to elevate the likelihood of gastrointestinal complications.'*® It has been documented that
the utilisation of corticosteroid injections may result in Achilles tendon rupture. It is not considered to be the case that
corticosteroids injected into the affected area can help reduce the risk of further surgery being required.'>”'*° In cases
where non-surgical treatment has failed, surgical intervention is considered a last resort for the management of tendino-
pathy. Surgical interventions for tendinopathy encompass the excision of the degenerative tendon, the removal of adhesions
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surrounding the tendon, the decompression of the tendon and the implementation of multiple longitudinal tenotomies.
However, it should be noted that surgical procedures can often be challenging to achieve patient satisfaction.'*®!4%!4! 1n
summary, bioengineered scaffolds that can provide the appropriate biomechanical strength and biological signals to guide

the repair process within a short timeframe after injury represent a new potential treatment.

Commonly Used Carrier and Scaffold Materials

The bioengineering of tendon is based on the development of biomaterials and biological factors. They are integrated by
various bio-engineering technologies to better repair the damaged parts of the body(Figure 3). The biomechanical
strength of a scaffold is an important factor in its application to tendon repair. The uniaxial tension method is generally
used in the study to obtain the Young’s modulus and stiffness of the scaffolds. The ultimate tensile strength and
maximum load are obtained by applying uniaxial tension until fracture occurs.'** The performance of bioengineering
carriers or scaffolds varies according to the properties of the materials they are made from. The following summarises the
advantages, disadvantages and application directions of the materials commonly used in various tendon bioengineering,
divided into natural and synthetic materials (Table 1).

Natural Materials
Natural biomaterials such as collagen, fibrin, silk and HA are widely used as carriers and scaffolds in tendon tissue
engineering because of their high biocompatibility and promotion of cell attachment and differentiation.

Collagen

Collagen is the most abundant protein in the human body and type I is the most abundant and studied for biomedical
applications. Collagen is the main component of tendons and therefore the first natural material used to make tendon
scaffolds. It has good cellular and cytokine binding sites, which support cellular activity. Uniaxial stretching of collagen
scaffolds that have been mechanically stimulated and treated promotes tendon regeneration.'’® The most commonly used
collagen is derived from animal tissues. To ensure immunogenicity, the collagen must be physically or chemically cross-
linked to remove antigens and pathogens. This process weakens the collagen’s mechanical properties and accelerates its
degradation.'”" Therefore, it is necessary to blend type I collagen with other synthetic or biopolymers to enhance its

mechanical strength.'”?

Qian et al utilized collagen in combination with filipin to create scaffolds in a rabbit tendinopathy
model, which ensured the mechanical properties of the scaffolds and improved healing at the tendon-bone interface.'” In
addition to producing hybrid scaffolds, studies have developed electrochemically aligned collagen. This process uses an
electric field to arrange collagen molecules in an orderly fashion, thereby enhancing the material’s mechanical properties to
a level comparable with that of normal tendons.'”* Collagen can also be used to coat the scaffolds to increase their
biocompatibility. Yuan et al produced poly(lactic acid) (PLA) scaffolds with collagen and chondroitin sulphate coatings
using electrostatic spinning. These scaffolds exhibited excellent alignment and tensile mechanics, enabling them to better
mimic natural tendons. Furthermore, the human bone marrow mesenchymal stem cells on the scaffolds demonstrated a
higher rate of cell spreading and proliferation. The expression of SCX and TNMD also appeared to be increased'”
(Figure 4a). Some studies have also explored sources of collagen other than animal tissue. Dafha et al attempted to increase
the yield of collagen fibres by extracting them from coral tissue. They implanted the extracted collagen fibres into alginate
hydrogel and experiments in rats revealed that the scaffold was biocompatible, safe and promoted tissue repair.’

Fibrin

Fibrin is a biopolymer similar to collagen. It is highly biocompatible, but has poor mechanical strength. It is therefore
usually used in combination with other, stronger scaffolds.'®® Zhao et al found that knitted poly(L-lactic-co-glycolic acid)
(PLGA) has a porous structure that allows tissue to grow inwards, and that its mechanical strength compensates for the
shortcomings of fibrin in this respect. They therefore incorporated fibrin gel into knitted PLGA scaffolds, which
effectively promoted cell attachment and growth within the scaffolds, as fibrin can serve as an effective delivery
matrix.'*® It has been mentioned that fibronectin gels exhibit better biological, structural and mechanical properties in
cell-based tendon tissue engineering constructs compared to collagen gels, and may be a better alternative to collagen in
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Table | Advantages and disadvantages of natural materials and synthetic materials

Type Materials Advantages Disadvantages Degradation Rate Ref.
Natural Collagen Collagen has high mechanical strength, good biocompatibility The immunogenicity from the terminal peptide is difficult to Several weeks to [142-144]
materials and neatly arranged collagen fibers can induce directional cell remove, and the degradation rate is faster several months
migration and tendon differentiation
Fibrin Fibrin has good biocompatibility and bioabsorbability Cell migration is dependent on cell proteolytic activity due to 8 days [145-148]
the smaller mesh size and stronger interaction of fibrin matrix
Silk Silk fibroin has excellent biocompatibility and high mechanical | The biodegradation of natural silk fibroin in tendon 2 years [142,149,150]
properties environment is extremely slow. It will induce foreign body
reaction
Hyaluronic Hyaluronic acid has good biocompatibility, antibacterial, anti- The biomechanical properties of hyaluronic acid are low Several days to [142,151]
acid inflammatory and anti-adhesion effects several weeks
Gelatin Gelatin contains many arg-gly-asp (RGD) sequences that The biomechanical properties of gelatin are low 7~10 days [152,153]
promote cell attachment and a matrix metalloproteinase (MMP)
target sequence that is suitable for cell remodeling. Compared
with collagen, gelatin has better solubility and lower antigenicity
Chitosan Chitosan has good biocompatibility, biodegradability, The mechanical properties and processability of chitosan are Several weeks to [142,154]
antibacterial ability, anti-adhesion properties and non-toxic poor. In addition, the combination of chitosan with other several months
properties synthetic polymers can cause allergic reactions and
biodegradation defects
Alginate Alginate solution has anti-adhesion effect. Injectable alginate The adhesion of natural alginate cells is poor 10~14 days [155-159]
hydrogel can trigger cross-linking of alginate and in-situ gelation
with the help of cations such as calcium ions released by
tissues, without external stimulation (such as ultraviolet light)
Decellularized | The ECM of acellular tendon has good cytocompatibility The decellularization process can lead to the loss of 4 weeks [160-162]
tendon ECM | because of its high similarity to natural tendon in terms of mechanical properties of natural tendons from acellular
bioactive components and collagen arrangement. The retained | tendon ECM. The source is limited
growth factors can promote cell growth and differentiation
Synthetic PLA PLA has high mechanical strength and processability.PLA and its | PLA has poor toughness, slow degradation rate and its 10 months~4 years [163,164]
materials degradation products are non-toxic hydrophobicity leads to lower cell affinity
PGA PGA has better cytocompatibility and higher mechanical The degradation rate of PGA was faster 6~12 months [142,165—
strength than PLA 167]
PLGA PLGA has excellent mechanical properties, adjustable PLGA is less hydrophilic and more expensive to produce Several weeks to [14,21,68,168]
degradation rates and non-toxic degradation products several montbhs, it
can be regulated by
LA / GA ratio
PCL PCL has easy processing and high ductility PCL has slow degradation and poor biocompatibility >3 yeasrs [42,81,169]
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improving the biocompatibility of scaffolds.'’® More recent studies have explored the use of platelet-rich fibrin in
tendons. This material has a denser fibrin network and a slower degradation rate. It also contains growth factors that may
benefit cell proliferation, inflammation and ECM deposition.'”” Daigo et al used platelet-rich fibrin scaffolds in a rabbit
model to repair patellar tendon defects. The ultimate failure load and stiffness of the scaffold group were found to be
relatively higher after 12 weeks, and the ultimate breaking load of the repair group reached 78% of that of the healthy
control group of the same age at 20 weeks.'”® Wong et al prepared a platelet-rich fibrin gel and implanted it into an
Achilles tendon defect in rabbits. This was found to improve tendon healing and collagen deposition in the repaired
tissue, as determined by imaging and histological observations. Imaging and histology revealed that the scaffold
improved tendon healing, and that the collagen fibres of the repaired tissue were cross-linked and aligned along the
long axis of the tendon.'”’

Silk

Silk is one of the strongest fibrous proteins in nature and consists of 60—-80% of sericin and 15-35% of sericin. Compared
with other natural materials, sericin has high tensile properties, and it possesses excellent biocompatibility, adjustable
biodegradability, and mechanical properties.'® Chen et al utilized sericin to fabricate well-arranged scaffolding struc-
tures. The ordered scaffolds promoted the proliferation and tendon-like differentiation of the attached stem cells.'®!
Compared with pure sericin scaffolds, incorporating gelatin methacryloyl (GelMA) into sericin scaffolds enhanced cell
attachment and tendon repair. It also promoted the proliferation of MSCs, the production of vascular endothelial growth
factor (VEGF) and the expression of tendon-related genes. This provides an advantageous microenvironment for stem

a b
////’/ 9

Seeding MSCs

COLI-CS/PLLA
coaxial nanofiber

SF+GelMA
= co-electrospinning

Static culture Mechanical stimulation

v
i
i
'
i

Coaxial electrospinning |:>

Enhanced tendon regeneration

Normal coL1 -CSI PLLA

SG sheet preparation Day3 Sheet application ~ Week 28week 4

Day 1 \ Day 3

Tendon injury construction Tendon tissue collection
and analysis

Col1

GelMA sG7
Control Injury injection “MSGs +W&Cs +MSCs

b 2
N ‘é‘ & &

&
Control Injury MSC injection  GelMA+MSCs SF+MSCs SG7+MSCs

's %0
‘9/,%,, .
gz ”’1

Masson's Trichrome
positive intensity at the lesion
(vs Control, %)

Col3

2 weeks

- £ 180

z — 25
g s 2
& =2 &
i ® S0
B £is 100
£« H Z % .
7 % 10 . 3 60 . 2
2 2 R g
= 2 = 4

0. £ o [}

Nomal PLLA COLI-CS/PLLA Normal PLLA COL1-CS/PLLA Normal PLLA COL1-CS/PLLA

Figure 4 Continued.

International Journal of Nanomedicine 2025:20 hetps: 12539



Chen et al

—e—PLGA —=03 CTSPLGA =05 CTSPLGA e PLGA —- 0.3 CTS/PLGA —4—0.5 CTSPLGA

pH value
w & o 9
I
2

0 2 4 6 8 0 1 2 3 4
Degradation time (week) Degradation time (week)

TCP PLGA 0.3 CTS/PLGA 0.5 CTS/PLGA

G na ro o o a0 o

. =TT %u E..,
- s o] DDy = b b
Ee ol £w ‘—.—s —4‘:o|||| ['—o—— -| £ 2
£ |2 2 - gm — Fhes
., [_IH o ’—”—\ [ .—_...‘ oxa3 [-_.—_.| o = go £
§ . Ew y R £ w R
: % o—--,-"rcrs |——- ~-~| I/\ g gw
in i 9 ? H I
: g F— elTALL AL LT 4 :
H H - Smad3) e e— — 3 A e r T
HE - ‘ ‘p 1 ‘ Culture time (day) 2 e st I e v tat
& Vcomoirla po P8O &  ContalPLA PCO PBO |..._ —— |B,m,| |——-—|
IL-6 IL-8 IL-18
- o -
o g8 = 3 )
= ,_\ - Ea iz —= g =
1 e N VT < <8 < -
5 o8 - g o 5. Zu i z. h
- & o6 g ? v E E [
oo : i i P H ¢
o = N H £ £ . g2
A ni i lem il i
3 & q GA_ e G = o GA. GN A GN
© 0% Control pLa_pco P8O % Control pLa_pCo PBO 2 orol PLA PCD PBD  Control PLA PCD PBD AN L v W et W e st
TGF-f COL-I COL-3
w“ - =X - Sul == S = :
_ y < < <
£ 0e » o5 g o8 - §,. Z H _ H
¢ ] 1 H H — ERD
Eo o o i Y tu — :
i = i g i £ H i
02 S 02 = 3 g 3 € r—l
3 3 ]
%o fo . E ) K]
i

00 o "
nt N G g GN GYanot GA G
Control PLA PCD PBD Control PLA PCD PBD. Control PLA PCD PBD Control PLA PCO PBD W pon st MG RO

Figure 4 Application of common biomaterials in tendon regeneration. (a) PLA scaffold coated with collagen and chondroitin sulfate is used to repair rat Achilles tendon; *p
<0.05, ¥p < 0.01, “normal” refers to native rat Achilles tendon. (b) The nanofiber scaffold combined with GelMA and SF promoted tendon tissue regeneration in vivo; SG:
SF+GelMA,; the dotted squares indicate the lesion area; **p<0.01. (c) PLA-dicumarol conjugates-electrospun nanofiber membrane (ENM) (PCD) reduces the deposition of
collagen type Ill through the Cx43/TGFpB/Smad3 signalling pathway and alleviates peritendinous adhesions; *p<0.05, **p<0.01, ***p<0.001. (d) Alkaline chitosan-coated PLGA
significantly reduced the inflammatory response in vivo caused by degradation products; *p<0.05, **p<0.01. Reproduced with permission.

cell growth'® (Figure 4b). As a bioscaffold material, sericin proteins exhibit excellent mechanical strength and high
thermal stability. They can also improve the adhesion and proliferation of human fibroblasts. Furthermore, sericin
proteins possess inherent tendinopathy repair properties. Following the local injection of an aqueous filaggrin solution
into a rat model of tendinopathy, filaggrin was found to promote tendon injury repair by enhancing tendon cell activity
and proliferation, upregulating the expression of SCX, TNMD, TNC and core proteoglycans, enhancing collagen
production and attenuating oxidative damage. Filaggrin was also found to possess anti-nociceptive and anti-allergic
effects.'™

Hyaluronic

Hyaluronic acid (HA) is a glycosaminoglycan mainly found in the ECM. HA has unique viscoelasticity and good biocompat-
ibility and non-immunogenicity, and it has also been suggested that it has some anti-inflammatory properties.'**'® HA can
enhance the activity of tendon-derived cells and significantly induce the expression of type I collagen, without increasing the
expression of type III collagen.'®*® HA degrades in a very short time. Therefore HA requires chemical modification to enhance
biodegradability.'"®” Honda et al tried direct injection of HA into completely torn rabbit infraspinatus tendon. Four and eight
weeks after surgery, the ultimate load-to-failure was significantly higher in the HA group than in the control group (45.61 £9.0
N vs 32.42+9.4 N at 4 weeks, 90.7 = 16.0 N vs 66.97 £ 10.0 N at 8 weeks).'*® Many applications of HA have been motivated
by the anti-adhesion effect of tendons. Chen et al suggested that mixing HA with platelet-rich plasma and adding HA to the
anti-adhesion membrane could reduce adhesions by decreasing the entry of foreign fibroblasts into the tendon injury. In this
study, functional assays and histological observations revealed that the composition of HA mixed with platelet-rich plasma ata
certain ratio assisted by nanofibrous core shells reduced tendon adhesion formation and inflammation and promoted tendon
healing.'®® Miescher et al implanted HA into DegraPol scaffolds and found that, compared to scaffolds without HA, adhesion

was significantly reduced by around 50% after HA was added, converging with healthy tendons.'*’
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Gelatin

Gelatin is a naturally occurring polymer produced by the partial hydrolysis of collagen. It is less antigenic than natural
collagen and has modifiable functional groups due to the absence of specific amino acids, such as tyrosine, tryptophan and
phenylalanine, which mediate immunogenic responses.'®’ As a product of denatured collagen, gelatin resembles natural
collagen chains, and its lower cost compared to purified collagen, as well as its greater stability to organic solvent solubility,
are properties that make gelatin suitable for industrial-scale scaffold manufacturing.'*? However, like collagen, gelatin has
the disadvantage of weak mechanical properties.'®* In tendon tissue engineering, gelatin can be used to coat scaffolds or be
composite-processed with scaffold materials. This improves the biocompatibility of the scaffold, supports the delivery of
cells and proteins, and promotes collagen production and reduces inflammation, facilitating tissue healing.'”* A study by
Lim et al suggests that mixing polycaprolactone (PCL) with gelatin and using the electrostatic spinning technique produces
aligned nanofibres with properties similar to natural tissue collagen, as well as diameters similar to the collagen protofibres
found in natural tissues. This improves the biocompatibility of the resulting scaffold.'®' Gelatin provides a cell adhesion
matrix when compounded with a bioinert hydrogel system.'®® Tough hydrogels are hydrogels that sacrifice biocompatibility
and degradation rates for improving mechanical properties and are often difficult to apply directly in bioengineering. Yuan
et al prepared gelatin-based tough hydrogels into which gelatin was implanted and excellent biocompatibility, in vivo self-
degradation, and resemblance to natural tissue constituents were obtained.'”® The gelatin derivative GeIMA hydrogel is a
commonly used material for tendon bioengineering. The biological properties of GelMA are favourable for cell attachment,
proliferation and spreading. The photocrosslinking properties of GelMA also enable microfabrication of the hydrogel,
producing a unique morphology and 3D structure.'>? Yang et al integrated GeIMA into PCL scaffolds to address the poor
bioactivity of PCL scaffolds due to their lack of cell attachment and tissue integration.'”? Another study found that
encapsulating PCL scaffolds within GeIMA hydrogels provided a suitable microenvironment that enhanced the tendon
differentiation of TDSCs.""’

Chitosan

Chitosan (CS) is derived from chitin, the second most abundant natural polysaccharide in the shells of organisms such as
crabs, lobsters, turtles, shrimps, and insects. CS is a natural material that is biodegradable, non-toxic and biocompatible.
It has potent antioxidant and antimicrobial properties, and degradation of CS results in the production of harmless
aminosaccharides that can be fully absorbed by the body. CS is a cationic polymer and can therefore be combined with
other synthetic or negatively charged natural materials to form composites, or with negatively charged mucins on cell
membranes to promote adhesion.'”®!'?? Hydrogels are commonly used in tendon tissue engineering. However, tendon
movement can cause the hydrogel to displace and fragment. Freedman et al therefore achieved adhesion to tissues by
incorporating CS on one side of the hydrogel.>*® In addition to being used to promote adhesion, CS can also be used to
resist tendon adhesion. The positively charged surface of CS may lead to electrostatic repulsion, and the ability of
fibroblasts to adhere to the electrostatically spun nanofibrous membrane synthesized by PCL and CS was therefore
reduced, thus synergizing the physical barrier effect of the nanofibrous membrane to reduce tendon adhesion
postoperatively.”’" The anti-adhesion effect of CS is not only due to its physical properties, but also to its biological
properties that give it an anti-adhesion effect. The biological properties of CS also contribute to its anti-adhesion activity,
which may be due to the down-regulation of acetylated p65 and p53 expression in tendon by increasing SIRT 1
expression.”’? CS is also biocompatible. By adding CS to collagen and polycaprolactone hybrid hydrogels, the chemical
structure of CS is structurally similar to glycosaminoglycans, and the combination of collagen makes the scaffolds
compositionally similar to the extracellular matrix, which enhances the scaffolds’ biocompatibility and exhibits a slow

degradation rate.>*

Sodium Alginate

Sodium alginate (SA) is derived from brown algae found in the ocean. It has a structure similar to glycosaminoglycans
and is both hydrophilic and water-soluble. It thickens under neutral conditions and forms hydrogels in the presence of
multivalent cations. Therefore, it has been proposed to promote in situ gelation of injectable alginate hydrogels with the
help of calcium ions released from tissues rather than through external stimulation.'> SA is important in bioengineering
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due to its biocompatibility as well as non-toxicity, mild gelation properties, and affordability.”** Whether SA is
compounded with other materials to prepare hydrogels or SA is cross-linked with other materials and then wet-spun
to construct fiber-aligned scaffolds can enhance its biocompatibility.”*>*°® Although SA hydrogels are beneficial in
restoring the histological properties of damaged tendons, the biomechanical strength and tissue continuity that hydrogels
can provide make them unsuitable for use in cases of tendon tears. Therefore, loading SA hydrogel onto PCL electrospun
fibre scaffolds can optimise the hydrophobicity of PCL with the help of the hydrogel, while maintaining the biomecha-
nical strength provided by the PCL. This is an effective solution.?’” It has also been suggested that SA aqueous solution
has the effect of preventing adhesions after tendon surgery.'*® Jayasree et al used SA coated on scaffolds composed of
PCL nanofibers and reduced protein adsorption which may lead to lower cell and fibrous tissue attachment, therefore the
anti-adhesion utility of SA needs further investigation.?*®

Decellularized Tendon ECM

Decellularised ECM is a low-immunogenic scaffold material because cells, nucleic acids and antigens are removed,
while ECM components such as collagen, elastin and proteoglycans, as well as a variety of cytokines, are retained. This
reduces foreign body reactions, inflammation and immune responses after implantation.”’ Natural decellularized tendon
ECM is a suitable option for tendon defect reconstruction. A key advantage of using natural decellularized tendon ECM
for repair is that the typical arrangement of type I collagen fiber bundles in decellularized tendon ECM promotes stem
cell recruitment, tendon differentiation of precursor cells for tendon repair.”'” Tao et al prepared dense tendon anti-
adhesion membranes using decellularised bovine tendon-derived ECM. These membranes reduced tendon adhesions
when applied to injured tendons and promoted tendon cell proliferation. This may be due to the release of growth factors
that were retained during processing.'' Nodoka et al mentioned that the use of decellularized ECM from tendon-muscle
junctions(TMJ) induced MSCs to express TMJ marker genes and proteins.?'? It was also found that loading senescent
TDSCs into young decellularized tendon ECM decreased the senescence-associated B-galactosidase activity of senescent
TDSCs and upregulated the expression of stem cell markers.”’> However, the dense collagenous structure of the
decellularised ECM in tendon tissue hinders cellular infiltration. It is therefore possible to dissolve the ECM to form a
solution and combine it with a variety of biomaterials. This compensates for the lack of mechanical properties of the
ECM by combining it with biomaterials that have high mechanical strength.*'*

Gene Vectors

Viral vectors, such as adenoviruses, adeno-associated viruses, retroviruses and lentiviruses, are the most commonly used
vectors for gene delivery. These vectors offer high transfection efficiency and stable gene expression.?'® Patrick Bolt et al used
an adenovirus vector to deliver the BMP-14 gene to a rat model of an Achilles tendon tear. Two weeks later, there were more
tendon cells in the virus-transfected healing site, and the tensile strength was 70% higher than in the control group.*'® Sys
Hasslund et al delivered growth and differentiation factor 5 (GDF-5) to a mouse model of flexor tendon plasty via a
recombinant adeno-associated virus. In vivo experiments showed that lower doses of GDF-5 were more effective at inhibiting
adhesion without affecting repair strength.?!” However, viral vectors have several disadvantages, including immunogenicity,
insertion mutagenesis, carcinogenicity and a limited capacity for gene packaging. Consequently, alternative delivery systems
such as plasmids, exosomes, inorganic nanoparticles and liposomes have been proposed.”'® Genbin Wu et aldelivered the
TGF-B1 gene silencing plasmid into the chicken tendon defect model. The plasmid prevents tendon adhesion and promotes
tendon function repair by silencing the TGF-B1 gene.?'® Although non-viral vectors show great potential, further development
is needed to overcome problems such as biological barriers and poor transfection efficiency.

Synthetic Materials

Compared to natural materials, synthetic materials have controlled degradation rates, can be fabricated into complex
shapes, and offer better cell attachment, delivery of soluble molecules, and greater mechanical strength. Furthermore,
synthetic materials can be produced at a low cost in large quantities and have a longer shelf life.**° But synthetic

materials have limited biocompatibility and are not favorable for cell proliferation and adhesion.??'*?
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Polylactic Acid (PLA)

PLA is a polymer produced by the chemical reaction of biofermented lactic acid. Due to their non-toxicity, biodegradability
and bioabsorbability, PLA and its copolymers have received much attention in biomedicine. PLA has a high tensile strength
and Young’s modulus. It also has good flexural strength and superior cell adhesion to PGA, PLGA and PCL.® However, the
low toughness, slow degradation rate and hydrophobicity of PLA limit the use of PLA.*** Therefore PLA needs to be blended
or copolymerized with components to achieve the desired properties. 166 The defects caused by the hydrophobicity of PLA can
be improved with the help of collagen, which is highly biocompatible. In one study, collagen yarn was composite prepared
with PLA yarn, the former provided excellent biological properties to improve tissue healing and inward cell growth, while the
latter provided the required mechanical properties, the hybrid scaffolds could reach a tensile strength of 354.0+36.0N. The cell
coverage on the scaffolds was significantly higher than that on the pure PLA yarn, and the cell attachment pattern tended to be
similar to that of the natural attachment on the ECM.?** Coating the PLA scaffolds with a chitosan-collagen hydrogel
increased their biocompatibility, and tendon cells were observed to attach and spread well on the coated scaffolds. An outer
alginate gel coating was also applied to prevent peritendinous adhesions and reduce protein adsorption on the coated scaffolds
compared to the uncoated ones.”*> Adhesions after tendon surgery can hinder tendon gliding, but anti-adhesive nanofibrous
membranes can be used to improve this. Hadda et al prepared a nanocomposite membrane by blending polylactide (PLA) with
polyether urethane (PEU), which has a suitable degradation rate, biocompatibility and mechanical properties. Mechanical tests

226

showed that the copolymer membrane had suitable ductility.”” Another study used PLA coupled with biscoumarin to

fabricate nanofibre membranes. This reduced tissue adhesion and fibroblast activity, inhibited TGF production, and had

no effect on the biomechanical strength of the repaired tendon®’

(Figure 4c). However, it has been suggested that the
degradation of polyesters such as PLA in vivo can cause a foreign body reaction. The PLA barrier can also lead to the
formation of peritendon granulomas and adhesions. Therefore, Liu et al prepared ibuprofen-loaded PLA fibrous membranes
using electrostatic spinning. This enhanced the anti-inflammatory and anti-adhesion effects by reducing macrophage

infiltration.*8

Polyglycolic Acid (PGA)

PGA is a hydrophilic polyester with a higher mechanical strength than PLA. Its high stiffness makes it suitable for use in
tendon-bone healing, and it is primarily used to make porous scaffolds and sutures. Its high initial cell growth rate,
relatively fast degradation rate and high porosity favor intercellular contacts at high cell densities, which will promote
high synthesis rates of extracellular matrix.'® Earlier, Yokoya et al suggested that PGA is suitable for the repair of
tendon-bone junctions.”?* Romeo et al developed a nanofibre scaffold polymerised using PGA and PLCL, and the
ultimate load of sheep infraspinatus tendons treated with this scaffold increased significantly. After 12 weeks, the
ultimate failure load was almost 75% of that of a non-surgical tendon. Collagen fibres were also observed extending
to the calcified fibrocartilage area and adhering to the humerus.”*° However, the high degradation rate of PGA leads to a
rapid decrease in mechanical strength 2—4 weeks after implantation, and its degradation product, ethanoic acid, leads to

an increase in local acid concentration, which can lead to tissue damage. ¢!

Poly(L-Lactic-Co-Glycolic Acid) (PLGA)

PLGA, as a copolymer of PLA and PGA, improves control over the degradation rate by allowing customization of the
degradation rate by varying the PLA:PGA ratio. However, pure PLGA has poor hydrophilic, mechanical and bioactive
properties, so it is often blended with other biomaterials. Altman et al blended it with filipin proteins used to increase
hydrophilicity in order to provide the necessary mechanical properties. Biological studies have shown the scaffolds to be
biocompatible, resorbable and able to support inward cell growth and tissue remodeling.”*> Making electrospun
nanofibers from blends of PLGA and small intestinal submucosa can also improve the hydrophilicity of PLGA.>*?
Loading the surface of PLGA scaffolds with a hydroxyapatite mineralized coating can improve the strength and stiffness
of PLGA scaffolds without compromising ductility and toughness.*** However, most biodegradable aliphatic polyesters
such as PLA, PGA, and PLGA suffer from the problem of aseptic inflammation due to their acidic degradation products.
Therefore, Shen et al attempted to coat alkaline chitosan on PLGA scaffolds in the expectation that chitosan would act as
an acid neutralizer. It was found that although the cell adhesion ability of PLGA scaffolds decreased after the addition of
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alkaline chitosan, cell migration and collagen secretion could still be promoted, while at the same time the scaffolds
significantly reduced the recruitment of inflammatory cells and the formation of foreign body giant cells**> (Figure 4d).

Polycaprolactone (PCL)

PCL is bioabsorbable and nontoxic to cells or organisms and unlike PGA and PLA, PCL has high ductility but low tensile
strength and Young’s modulus. PCL degrades three times more slowly than PLA. Its hydrophobicity typically results in
poor cell attachment and inadequate tissue integration. PLC scaffolds for tendon repair are generally combined with
electrostatic spinning technology.® Yang et al incorporated gelatin hydrogel into electrospun PCL scaffolds. The hydrogel
provided a highly hydrated environment similar to that of natural tissues and enabled the homogeneous distribution of cells
encapsulated within it. As components of natural ECM, collagen and gelatin mimicked natural tissue microenvironments to
a certain extent, improving the biocompatibility of PCL scaffolds.'”* In another study, a sheep membrane enriched with
collagen, cytokines (such as TGF-B1, bFGF, VEGF and PDGF) and other active ingredients was selected to mimic the
tendon sheath. To improve the mechanical strength of the membrane and confer moderate hydrophobicity, PCL nanofibres
were coated on both surfaces to construct a composite membrane that mimicked the structure of the tendon sheath. This
effectively isolated the exogenous adherent tissues and promoted endogenous tendon healing.”*® PCL can also be used as

constructed nanoparticles to control the sustained release of drugs.?*’

Hydrogel Materials

Hydrogels are three-dimensional networks with a high water content, composed of hydrophilic polymers. They are
similar to natural ECM in terms of their high biocompatibility and the fact that their physical, chemical and biological
properties can be adjusted according to the needs of a variety of sources, such as collagen, chitosan, HA, alginate, gelatin
and elastin, from natural sources, as well as polyethylene glycol (PEG) and polyvinyl alcohol (PVA) from synthetic
sources. The advantages and disadvantages of each type of hydrogel are related to its source. Hydrogels from natural
materials have insufficient mechanical strength and it is difficult to control degradation time, while hydrogels from

synthetic materials have relatively low biocompatibility.**®

Drug Carrier Hydrogel

In bioengineering treatments for tendinopathy, hydrogel materials are typically used for drug delivery and scaffold
fabrication. When delivering drugs, the poor mechanical strength and adhesion of the hydrogel must be considered, as
well as whether it can be used as a drug carrier to release drugs over a long period of time and remain undamaged in the
affected area during tendon activities. For instance, a hydrogel system could be employed to release non-steroidal anti-
inflammatory drugs (NSAIDs) over an extended period at the site of tendon injury via a single injection, thereby
controlling inflammation and pain while promoting tissue regeneration.”>° Benjamin et al prepared a tough viscous
hydrogel consisting mainly of alginate, acrylamide, and chitosan. This hydrogel was found to exhibit significantly
improved adhesion in both in vitro and in vivo experiments. It was shown to adhere to affected areas for at least three
weeks and release drugs on demand for over one week. Furthermore, the hydrogel was capable of releasing drugs for
over one year. In vivo experiments, it was found to adhere to the affected area for at least 3 weeks, release drug on
demand for more than 1 week, and resist mechanical breakdown caused by tissue movement. The hydrogel reduced
friction during tendon movement, alleviating tissue adhesion around the diseased tendon. An increase in M2-polarised
macrophages and tendon stem cells was also observed, contributing to improved tendon healing.°° On the other hand,
Cai et al proposed a self-healing, MMP-2-degradable gelatin methacryloyl microsphere formulation containing Smad3
siRNA-loaded nanoparticles and a hyaluronic acid (HA) hydrogel. An increase in MMP-2 following tendon injury would
promote the release of Smad3 siRNA, reducing the adhesion of peritendinous tissue without affecting the tendon’s
mechanical properties. Even if the tendon movement leads to the rupture of the self-healing hydrogel, the self-healing
hydrogel can restore the original structure after pressure reduction to minimize the rupture-induced inflammation as well
as adhesions.”*® Similarly, Ren et al designed an immediate self-healing hydrogel that can adapt to irregular tendon
wounds, fitting tightly into them. It is equipped with double encapsulation of microspheres and hydrogel to ensure the
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slow release of basic fibroblast growth factor (bFGF). This significantly reduces inflammation and facilitates collagen I
secretion, promoting tendon healing in an injury model.*'

Scaffold Hydrogel

Hydrogels are also often used as scaffolds due to their generally excellent bioactivity on their own. Peyman et al prepared
hydrogels consisting of polyglycerol-functionalised reduced graphene oxide and polyglycerol-functionalised molybde-
num disulfide, which were hybridised in a gelatin matrix. Experiments demonstrated that the group treated with the
scaffold had a better clinical tendon score, and that the presence of sulphur and molybdenum in the hybridised scaffolds
may inhibit the inflammatory response and alleviate peritendinous tissue adhesion during the healing process.
Furthermore, the scaffold’s small pore size prevented exogenous fibroblasts from entering the injured area, while
allowing growth factors such as VEGF to pass through. This stimulated the healing process, reducing inflammation
and adhesions. Accelerated tendon healing and more regular tissue morphology were also observed, and it was found that
tendons treated with the scaffold possessed higher biomechanical properties. However, the toxicity of the scaffold was
not evaluated.>** Xu et al developed a hydrogel consisting of bioactive glass and SA. The bioactive glass promotes M2
macrophage polarisation and enhances angiogenesis, thereby promoting tendon healing. Meanwhile, the SA alleviates the
pain caused by the high local pH resulting from the bioactive glass. Application of this scaffold improves tendon
histological morphology and tensile properties, with no adverse effects due to the osteogenic properties of the bioactive
glass. The osteogenic properties of bioactive glass resulted in heterotopic ossification.'>> However, hydrogels have poor
mechanical properties compared to natural tendons. Fibre-reinforced hydrogel composites (FRHCs) have been proposed
to improve tensile strength, stiffness and toughness by incorporating reinforcing fibres made from natural or synthetic
materials into the hydrogel matrix. Their biocompatibility allows FRHCs to recruit TDSCs, promote their differentiation
into tendon tissue and modulate the immune environment. The aligned fibres can also mimic the arrangement of natural
tendon tissue to guide collagen formation and promote tendon healing with better morphology. However, the mechanical
strength of the FRHC is still inferior to that of natural tendons. FRHC only increased the tensile modulus of hydrogels
from 10°(=3) to 10" MPa, whereas the tensile modulus of pure fibre scaffolds was around 10' to 10> MPa and that of
human tendons was around 80 MPa.>***** It is worth mentioning that He Zhu et al’s directional annealing casting (DAC)
technique transformed the polyvinyl alcohol (PVA) hydrogel from a disordered porous structure into a highly oriented
fibrous structure. This increases its ultimate tensile strength to 43.5 MPa.**> Despite the excellent biocompatibility
demonstrated by hydrogel materials, there is still a need to further enhance the mechanical properties of hydrogel
materials to suit the needs of tendon as a mechanically transferable tissue.

Commonly Used Biological Factors

Loading cells and cytokines onto the scaffold will help to further mimic the natural structure of the tendon. Delivering
genes to organisms through various carriers is also a commonly used bioengineering therapy. The following will briefly
summarize the common cells, cytokines, genes and exosomes in tendon bioengineering.

Cells

An important aspect to consider for tendon tissue engineering is the cell source. The more common ones are
mesenchymal stem cells, tendon-derived cells, dermal fibroblasts, myogenic stem cells, periosteal progenitor cells and
induced pluripotent stem cells. Direct injection of cells for tendinopathy has been shown to be effective.'® However,
direct cell injection will bring the problem of low cell survival. Applying bioengineering technology to prepare scaffolds
to deliver cells may be a better solution.?*¢

Tendon-Derived Stem Cells

Tendon-derived stem cells(TDSCs) are ideal for the treatment of tendinopathies. TDSCs can replenish local tendon cell
populations, stimulate the production of growth factors and ECM proteins including type I collagen to promote tissue
repair and regeneration. TDSCs have been attempted to be used for tendon repair since early times. Ni et al delivered
TDSCs to rat patellar tendon window defects via fibrin glue solution. At 4 weeks, staining revealed improved cell
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alignment, collagen fiber alignment. Significantly higher ultimate stress and Young’s modulus than the undelivered cell
group.”*” A number of scaffolds have also been developed for delivery of TDSCs. Ning et al developed decellularized
tendon hydrogel for loading TDSCs, which retained more stromal cell-derived factor-1(SDF-1) and fibromodulin(Fmod)
compared to collagen gel and significantly promoted TDSCs migration and tendon differentiation.”*® Fibrovascular
scarring, fat accumulation, and heterotopic ossification are often present after tendon injury, so Zhang et al proposed a
RADA nanofiber hydrogel loaded with TDSCs to give the repaired tendon a better macroscopic appearance and
improved stromal organization, reduced adipocyte accumulation and vascularization, and attenuated heterotopic ossifica-
tion formation at 8 weeks postoperatively** (Figure 5a). The presence of collagen chaotic arrangement in the scar tissue
formed after tendon injury weakens the mechanical properties and function of the injured tendon. Electrostatic spinning
technology is often used to prepare neatly aligned nanofibers to mimic the anisotropic hierarchical structure of natural
tendon tissues and to guide the orientation and differentiation of TDSCs with the formation of regular ECM. Yang et al
found that oriented electrostatically spun fiber yarns PCLs of 50 um in diameter could promote tendonogenic differ-
entiation of TDSCs. In vivo experiments in rats revealed that bundled fiber yarns promoted tendon repair in vivo by
inducing the formation and orientation of neo-collagenous tissues, demonstrating the potential of this scaffold as a tendon
mimicking multiscale scaffold.”>® TDSCs also have anti-inflammatory effects. Mao et al used small intestinal submu-
cosal (SIS) scaffolds to deliver TDSCs to Achilles tendon defects in rats. SIS provided a large amount of collagenous
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Figure 5 Application of common biological factors in tendon regeneration. (a) RADA hydrogel loaded with human TDSCs promoted the repair of rat patellar tendon and
reduced heterotopic ossification at 8 weeks; in the staining pictures black arrows indicate adipocytes and green arrows indicate blood vessels; in the Micro-CT green arrows
indicate ectopic calcification; *p<0.05, ***p<0.001. (b) BMSCs-loaded PLGA scaffolds enhanced tendon-bone healing in a rabbit rotator cuff repair model; *p<0.05. (c) PRP
and HA were delivered to the rabbit flexor tendon rupture model through PCL shell, which reduced tendon adhesion formation and inflammation and promoted tendon
healing; arrows indicate adhesion tissues surrounding the tendon; the suture site, tendon and residual membrane are identified as S, T and M, respectively. (d) TDSC-Exos
can promote the early healing of injured tendon in rat tendon defect model through HA scaffold; N: normal area; W: wound area; *p<0.05, **p<0.01. Reproduced with
permission.

tissue for Achilles tendon regeneration, which provided a suitable cellular environment for TDSCs. TDSCs enhanced
tendon regeneration and anti-adhesion ability by regulating inflammatory responses together with SIS.**' However,
TDSCs show phenotypic loss during in vitro culture, posing many obstacles to the expansion and application of
TDSCs.?>* Many have explored factors that may contribute to the maintenance of stem cell phenotype, such as cytokines,
physical microenvironment.**?**2>* Since TDSCs therapies tend to be autologous in origin, they are limited in number
and may be less effective if patients have risk factors associated with tendinopathy.>>>® Therefore stable access to
TDSCs remains to be explored.

Tendon Cells

Tendon cells are the major cells within tendon tissue and have an important role in maintaining the homeostasis of the
tendon ECM. Improvements in tendinopathy with autologous tendon cell therapy have been reported in animal and
clinical trials. For example, an experiment in which autologous tendon cells were delivered via a scaffold in a sheep
model of tendinopathy found that tendon cells improved histologic morphology, promoted proteoglycan production, and
biomechanically approximated the uninjured tendon.>>” Another clinical trial in which autologous tendon cells were
injected into patients with gluteal tendinopathy found that some growth factors, such as FGFb, TGFB and PDGFa, were
upregulated after injection, which induced tendon cell proliferation and matrix production. And resulted in a significant
and sustained improvement in clinical scores at 24 months after injection.””® However, tendon cells, like TDSCs, suffer
from phenotypic loss during in vitro expansion.”> The application of autologous tendon cells is hampered by their

limited cell number, poorer proliferative capacity, and higher risk of morbidity in the donor area.**’
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Mesenchymal Stem Cells

Mesenchymal stem cells(MSCs) have high proliferative and self-renewal capacity and can differentiate into tendon cells
under specific induction conditions in vivo or in vitro. Secondly, MSCs have a paracrine effect, which can secrete
cytokines and extracellular vesicles to neighboring cells to promote the formation of blood vessels in damaged tissues,
enhance the tendon formation ability of tendon stem cells, and attenuate the inflammatory response of damaged tissues.
Meanwhile, MSCs have a wide range of sources: bone marrow, adipose tissue, placenta, umbilical cord and other tissues.
Bone marrow and adipose-derived stem cells have been recognized as suitable alternatives to tendon stem cells.” Burk
et al found more improvement in lameness scores and ultrasound scores after injection of bone marrow-derived MSCs
(BMSCs) into naturally equine tendinopathic tendon compared to saline-injected group.261 Clinical studies have also
suggested that the use of BMSCs in the treatment of chronic patellar tendinopathy resulted in improvements in clinical
manifestations and tendon structure.”*> Chen delivered 3D printed PLGA scaffolds loaded with BMSCs to a rabbit
rotator cuff injury. The presence of BMSCs significantly increased the mRNA expression levels of type I and III
collagen, tenogenic proteins and disaccharide proteoglycans. It also increased the diameter of collagen and improved the

biomechanical properties of the injured tendon”®?

(Figure 5b). However the application of BMSCs may result in
increased alkaline phosphatase activity leading to heterotopic ossification. BMSCs need to be collected by drilling
through the iliac crest, whereas adipose-derived stem cells(ADSCs) can be obtained in large quantities by less invasive
methods without any ethical issues and it has been found that the addition of ADSCs in the early stages of tendon healing
has been found to inhibit heterotopic ossification and can increase the I/III collagen ratio.”** Bortolazzo et al utilized
ADSCs in conjunction with microcurrent stimulation in an attempt to repair tendon injuries.*®> It has been proposed that
ADSCs cell sheets can be used to promote tendon-bone healing.°“**” Wu et al prepared HA, collagen and SA into
scaffolds loaded with ADSCs by 3D printing. The synergistic effect of slow-release BMP-2 effectively promoted the
differentiation of ADSCs into osteogenic, tendinogenic and chondrogenic lineages. Regeneration of tissue structure and
recovery of mechanical properties were promoted.”®® However, ectopic fat deposition was found in animal experiments
using ADSCs therapy and ADSCs obtained from obese donors were found to exhibit excessive immune responses and

reduced differentiation potential.***°

Dermal Fibroblasts

Dermal fibroblasts have a spindle morphology and ECM similar to that of tendon cells. They are easier to obtain and to
culture than tendon cells. In an animal study, dermal fibroblast therapy was found to exhibit histological and biomecha-
nical properties similar to those of tendon, about 75% of the strength of natural tendon. Lee et al compared the ability of
human dermal fibroblasts and tendon cells to promote the healing of rotator cuff tears and concluded that dermal
fibroblasts showed cellular properties comparing to those of tendon cells.?’® Rhee et al proposed the use of a combination
of HA and dermal fibroblasts to prevent retear after rotator cuff repair. HA synergized with dermal fibroblasts to increase
collagen fiber density and collagen fiber continuity and tendon-bone interface maturation in the injured rotator cuff.*’'
Treatment with autologous dermal fibroblasts has also been found to improve pain and risk of re-tear in patients in

clinical trials.””* However, the use of fibroblasts may pose a problem of scarring.?’?

Embryonic Stem Cells and Induced Pluripotent Stem Cells

Embryonic stem cells (ESCs) are derived from the inner cell mass of blastocysts. Due to their strong differentiation
ability, ESCs are considered an important cell source for regenerative medicine. In vitro animal experiments have
revealed that ESCs can exhibit significant up-regulation of tendon-related genes, including Tnmd, platelet reactive
protein 4, tendonogenic protein C and type I collagen. In vivo experiments also showed that ESCs improved tendon
tissue repair. However, the application of ESCs involves social and ethical issues, which can be avoided by induced
pluripotent stem cells(iPSCs). IPSCs are derived from differentiated somatic cells and it has been found that applying
mechanical loads on iPSCs promotes the tendon differentiation of iPSCs. Zhang et al attempted to utilize the physical
properties of induced iPSCs to induce tendon differentiation and they fabricated well-aligned chitosan-based cells by
stabilized jet electrostatic spinning. They fabricated well-aligned chitosan-based microfiber scaffolds by stabilized jet
electrostatic spinning to regulate the orientation and differentiation of iPSCs and their in vivo study revealed that they
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improved the structure and mechanical properties of injured tendons. However, the lower differentiation efficiency of
iPSCs compared to ESCs and the risk of tumors such as teratoma formation limit the clinical application of iPSCs,

probably due to the fact that iPSCs retain some of the epigenetic changes.”’* 2"’

Cytokines

Cytokines are compounds or molecules that are synthesized and secreted by cells to exert an effect on organisms, tissues,
or other cells, interacting with and regulating cellular activity. Cytokines are often combined in bioengineering with
scaffolds, which act as carriers and provide both physical and mechanical support. Often cytokine therapy combined with
a suitable biological scaffold is superior to a single injection of the same cytokine therapy.**' Currently, scaffolds of
various natural or synthetic materials can be manipulated by manipulating their physicochemical properties to provide
different release kinetics, depending on the desired release profile. It has recently been found that combined delivery of
cytokines with different spatial and temporal distributions in composite scaffolds enhances tissue regeneration compared

to long-term release of single factors.?’®

Platelet Rich Plasma (PRP)

PRP, an autologous human plasma preparation with increased platelet concentration produced by centrifugation of a larger
volume of blood, is thought to potentially assist in the post-injury repair of tendon tissue through a variety of growth factors,
including many cytokines such as TGF-B1, PDGF, bFGF, VEGF, EGF, IGF-1, and hepatocyte growth factor(HGF). PRP
has been found to promote tendon cell proliferation and improve collagen production and COLIA1:COL3A1.>” Chen
concluded that PRP injections can relieve the pain of tendinopathy.?®® PRP preparations can be further categorized into
leukocyte-rich PRP and leukocyte-poor PRP. After summarizing recent in vivo and in vitro experiments, Liu et al concluded
that leukocyte-rich PRP helps to promote type I collagen synthesis without promoting type III collagen synthesis, which
may help to restore the natural structure of tendons. And since tendons in the inflammatory phase require the involvement of
inflammatory cells, early administration of leukocyte-rich PRP promotes tendon healing better than late administration.*®'
Whereas the current study suggests that leukocyte-poor PRP may contribute to tendon recovery after rotator cuff repair, it
does not otherwise demonstrate particular advantages.”*>>** In order to prolong the release of PRP in vivo, Zhang et al
proposed the use of gelatin sponges for prolonging the release of bioactive factors in PRP, which promoted the expression of
the osteogenic genes ALP, OCN and RUNX2. In combination with gelatin sponges PRP promoted a clearer junction at the
tendon-osteochondral junction and more regular fibrocartilaginous transition zones, as compared to the control group.
Histologic scores were also higher. Unfortunately, the study lacked long-term observation and did not find biomechanical
benefits of the combined gelatin sponge on the affected area in the short term.”®> And with the development of electrostatic
spinning technology, nanofiber membranes have become an option for controlled drug release, Chen et al injected PRP into

nanofiber core shells to mimic the secretion of synovial fluid and growth factors in normal tendon sheaths'®’

(Figure 5c).
However, the help of PRP on injury healing is controversial, for example, a clinical follow-up found no difference between
PRP and controls, these controversies may be related to the different ways of preparing PRP, more studies are needed to

confirm the exact efficacy of PRP in tendinopathy.?%¢-2%7

Platelet-Derived Growth Factor (PDGF)

During the inflammatory response phase PDGF attracts inflammatory cells such as neutrophils and macrophages and
promotes debris breakdown and phagocytosis. During the healing phase PDGF attracts tendon cells and fibroblasts to
migrate to the injury site and synthesize ECM.*®® In vitro experiments have found that PDGF stimulates tendon cell
proliferation and ECM synthesis and an in vivo experiment confirmed that delivery of PDGF to the injury site promoted
tendon cell proliferation and type I collagen expression.”** PDGF-BB immobilized on nanofiber scaffolds has also been

studied to promote the proliferation and tendonogenic differentiation of ADSCs.*°

Vascular Endothelial Growth Factor (VEGF)

VEGF has been found to have the potential to enhance Achilles tendon healing and increase tensile strength in both
animal and human experiments, which could possibly be related to the stimulation of angiogenesis by VEGF. It has also
been mentioned that VEGF has an inhibitory effect on the lipogenic differentiation of TDSCs and reduces the
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accumulation of adipocytes in tendons of aged rats.''> However, some studies have found that the area of increased pain
at the injury is closely related to the neovascularization system in the tissue. More experiments are needed to explore
whether VEGF is suitable for tendon repair at this time.'®

Insulin-Like Growth Factor (IGF)

IGF-1 plays a key role in tendon healing by promoting mitosis and migration of tendon cells, increasing collagen and
proteoglycan production during the remodeling phase, and increasing the mechanical strength of the healing tendon, as
well as inhibiting local inflammation. IGF-1 may play a regulatory role through the PI3K/AKT and ERK pathways.?"
Rieber et al used an electrostatic spinning technique to prepare a three-layer structured polymer degrapol tube with an
IGF-1-containing middle layer, which promoted the up-regulation of ki-67 and TNMD in rabbit tendon cells in an in

292

vitro assay.” - However, the current clinical trials did not show a more significant effect and more in vivo studies are

needed to explore the application of IGF.******

Transforming Growth Factor B (TGF-p)

TGF-B is released immediately after tendon injury and promotes macrophage and fibroblast chemotaxis while possibly
acting as an inhibitor of excessive inflammation. TGF-B1 has been found to promote secretion of fibronectin and collagen
by MSCs. It has also been mentioned that TGF-B1 and cytoskeletal signaling synergistically promote tendon differentia-
tion of fibroblasts, thereby promoting tendon healing.”*> However, high levels of TGF-pl can lead to increased
adhesions. Therefore, Wu et al used scaffolds loaded with a silencing TGF-B1 plasmid delivered into a chicken tendon
defect model to prevent tendon adhesions.”'” TGF-B1, TGF-B2, and TGF-B3 of the TGF-B family increase the secretion
of collagen types I and III, which is currently thought to lead to excessive scar tissue formation. But blocking TGF-f1
reduced the mechanical strength of tendons at the site of injury. Another study inhibited ECM production and tendon
repair after interfering with TGFB2 expression using miR-378a.%>*°® Therefore, the relationship between tendon repair
and tendon scarring needs to be considered when regulating TGF-p.

Bone Morphogenetic Protein (BMP)

BMP-2 is one of the most important osteogenic growth factors. It also induces the formation of type I collagen, which
enhances tendon-bone healing and increases its biomechanical strength. However, when high doses of BMP-2 are used to
obtain a therapeutic effect it may lead to ectopic bone formation. Therefore Arvinius et al prepared SA-chitin scaffolds to
protect BMP-2 from enzymatic degradation and to allow controlled release of BMP-2. The scaffold-treated group
possessed tendon-bone junctions that more closely resembled the natural morphology and had better biomechanical
properties.””” Han et al combined the use of BMP2 and platelet-rich fibrin to treat anterior cruciate ligament reconstruc-
tion in rats, promoting the upregulation of signals associated with bone formation and tendon regeneration.””® In animal
experiments, BMP13 injection was found to assist in the repair of injured tendon tissue by promoting the formation of
highly organized type I collagen fibers and significantly enhanced mechanical strength. The importance of BMP signaling
for tendon differentiation was mentioned in a zebrafish model by Niu et al.” However, the tenogenic induction of BMP

may need to be combined with mechanical stimulation.?”’

Basic Fibroblast Growth Factor (bFGF or FGF-2)

Basic fibroblast growth factor(bFGF) has been found to be expressed after tendon injury. bFGF stimulates the prolifera-
tion and differentiation of vascular endothelial cells during the inflammatory phase to promote neointima formation and
assists in the conversion of collagen type III to collagen type I during the remodeling phase by stimulating the secretion
of collagen type III from fibroblasts. bFGF has been found to increase the biomechanical strength of tendons after topical
bFGF treatment in an animal model of injury. In animal injury models, it was found that local treatment with bFGF may
increase the biomechanical strength of tendon healing and accelerate tendon-bone remodeling.*°” bFGF can stimulate the
proliferation, self-renewal and tendon differentiation of BMSCs, which are commonly used in tendon repair. bFGF
stimulates proliferation, self-renewal and tendon differentiation of BMSCs commonly used for tendon repair. Stimulation
of stem cell proliferation and tendon differentiation by implanting bFGF in scaffolds has been studied to enhance the
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production of tendon-specific proteins, providing biological clues for maintaining the tenogenic phenotype.*®' However,

excess bFGF can lead to tendon adhesions as well as scar tissue formation.>?>3%

Genes

During tendon repair, genes that promote tendon healing are not produced immediately after injury and genes that
promote adhesion and scar formation are overexpressed. Gene therapy seeks to modify or manipulate the expression of
genes in order to achieve better healing of the tendon with the formation of fewer adhesions. Gene therapy allows for the
continuous production of endogenous proteins and is more widely applicable than cell or cytokine therapy, which
requires repeated infusions.’'® Vectors currently used to deliver genes generally include adenoviruses, lentiviruses,
retroviruses and adeno-associated viruses. However, gene therapy is still a work in progress and tends to be expensive
and risky with the use of viral vectors.”

Promoting Tendon Healing

Due to scar repair, tendon injuries often do not reach the level of healthy tendons and are at risk of re-rupture. There have
been many studies exploring the delivery of genes to promote tendon repair as well as biomechanical levels after repair.
Usman et al injected double stranded miR-210 directly into rat Achilles tendon injury repairs. At 2 weeks, the treatment
group had significantly more collagen fibers than the control group in terms of diameter and ultimate destructive loading.
At 12 weeks, the treatment group possessed more parallel and dense collagen fibers.*** A study promoted tendon
generation after retroviral delivery of long chain non-coding RNA H19 to human TDSCs and accelerated tendon healing
in a mouse tendon defect model.’>> Tang et al delivered the bFGF gene using an adenovirus-associated vector to a
surgical repair model of the toe flexor tendon in chickens. bFGF gene-delivered tendons showed significantly greater
ultimate strength than control tendons at 2 and 8 weeks, with no increase in adhesion formation. In a similar experiment,
they found that delivery of the VEGF gene resulted in a slightly later healing-promoting response and stronger healing
than the bFGF gene.’°® Heterotopic ossification after tendon injury impedes tendon healing. Geng et al injected
lentivirus-loaded miR-337-3p into the affected area of a rat model of collagenase-induced tendinopathy and regulated
the osteogenic differentiation of TDSCs by targeting NOX4-JNK signaling and IRS1-ERK signaling, which ameliorated
heterotopic ossification and promoted the healing of the affected area healing.**” Modifying the gene expression of cells
in vitro before delivery in vivo is also a commonly used bioengineering protocol.*** ' Chen et al overexpressed SCX
from human embryonic stem cell-derived MSCs and loaded them onto knitted silk and collagen sponge composite
scaffolds. The overexpression of SCX enhanced the tendon lineage differentiation and promoted tendon regeneration in
vivo.*!!

Inhibition of Tendon Adhesion

Adhesion is another important problem that arises during tendon repair. Adhesion will result in hindering tendon sliding.
In one study, delivery of miRNA plasmid inhibiting TGF-B1 expression by adenovirus-associated vector to transverse
finger flexor tendons of chickens reduced adhesions but decreased tendon healing strength.?'? Cyclooxygenase(COX) is a
key pro-inflammatory factor in the inflammatory microenvironment after tendon injury, so Sun et al delivered siRNA
using PLGA nanoparticles loaded with extracted M2 macrophage membranes on the surface to inhibit COX expression.
The treatment reduced inflammatory response and significantly improved tendon adhesion in a rat model of tendon and
rotator cuff injuries.*'® Hasslund et al delivered growth differentiation factor 5(GDF-5) via recombinant adeno-associated
virus to reconstructed phalangeal flexor tendons in mice, which improved joint flexion function without compromising

the strength of the repair within a certain dose range.?'’

Exosomes

All cell types can produce exosomes across biological membranes, which play a role in intercellular communication and
homeostatic regulation. Exosomes are bilayer vesicles with diameters ranging from 30 to 150 nm containing proteins,
lipids, mRNA, non-coding RNA and DNA. Exosomes have been used as drug delivery vehicles and are immunocompa-
tible, non-cytotoxic and non-mutagenic in comparison to other existing vectors. The molecular components in exosomes
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vary and are influenced by a variety of factors and the function of exosomes depends largely on the content of the
molecular components, which is closely related to the nature of their parental cells.>'™ The use of exosomes for the
treatment of tendon disorders offers a number of advantages over cellular therapies, including low immunogenicity, no
need to maintain cell viability, elimination of the risk of uncontrolled proliferation and differentiation of the implanted
cells and no need to consider the requirements for graft traits, survival before and after treatment.>'

MSCs-Derived Exosomes

Due to the wide range of MSC sources, many MSC-derived exosomes related experiments have been carried out. Yao
et al found that miR-29a-3p in human umbilical cord MSC-derived exosomes promoted the expression of tendon markers
and increased collagen production through the PTEN/mTOR/TGF-B1 signaling cascade, which accelerated tendon
healing process and improved tendon biomechanical properties.’'® Other studies have focused on modulating the
inflammatory response in tendinopathy to improve tendon healing. Shi et al delivered exosomes derived from BMSCs
to rat patellar tendon defects via fibrin glue. The exosomes inhibited the production of apoptotic cells and pro-
inflammatory macrophages, increased the expression of anti-inflammatory mediators IL-10 and IL-4, and up-regulated
the expression of SCX and TNMD, which ultimately led to the improvement of tendon morphology.*'” M2 macrophage
polarization to inhibit inflammation in tendinopathy has the potential to improve the histological and biofunctional
evaluation of tendon. Xu et al used bioactive glass to induce MSC-derived exosomes to regulate M2 macrophage
polarization to activate anti-inflammatory effects and increase angiogenesis, which was histologically and biomechani-
cally superior to uninduced MSC exosomes.*'> Song et al used melatonin to modulate the circadian rhythm of ADSCs
and found that it increased the production of secretory extracellular vesicles and enhanced the inflammatory regulation of
ADSCs, and inhibited M1 macrophage polarization.>'® Wu et al also found that ADSC exosomes from young mice had
higher NAMPT content compared with ADSC exosomes from aged mice, which could be mediated by NAMPT/SIR.
They can promote macrophage phagocytosis and M2 polarization through the NAMPT/SIRT1/NF-kb p65/NLRP3
pathway. They also enhanced cell viability and alleviated tendon cell senescence through the NAMPT/SIRT1/PPARYy/
PGC-1o pathway.*'? The alleviation of tendon senescence would be expected to improve tendon repair.

TDSCs-Derived Exosomes

It has been found that exosomes from TDSCs can balance matrix synthesis and degradation in injured tendons and
promote tendon repair by decreasing the expression of MMP-3 and increasing the expression of TIMP-3 and Col-1a 1.%%°
Song et al delivered exosomes derived from TDSCs to tendon defects via HA scaffolds and found that the exosomes
could protect tendon cells from oxidative stress damage and promoted tendon cell proliferation and migration through
miR-144-3p in them. Increased expression of type I collagen production and tendon-specific markers were also observed
in the injured tissues. Better fiber alignment and histological scores were obtained®*' (Figure 5d). Micro-RNAs have
demonstrated considerable roles in tendon repair, but instead of directly intervening in the cells with miRNAs, An et al
used lentivirally transfected overexpressed mir-337-3p exosomes from TDSCs promoted tendon cell proliferation and
migration and prevented tendon cell apoptosis by regulating CASP3.>*? However, there are relatively few studies on
exosomes of TDSCs, which are limited by the isolation and characterization of TDSCs.

Exosomes from Other Sources

In addition to MSC and TDSCs-derived exosomes, studies have explored other sources of exosomes for assisting in
tendon repair. Graga et al cultured human TDSCs using platelet-derived exosomes and found that platelet-derived
exosomes increased the expression of markers of tendon generation and promoted extracellular matrix remodeling and
synthesis of anti-inflammatory mediators.*** Another study also found that platelet-derived exosomes attenuated TDSCs
iron death in rats through activation of AMPK phosphorylation and downstream nuclear factor erythroid 2-related factor
2(Nrf 2)/glutathione peroxidase 4 (GPX4) signaling pathway.*** A study also utilized platelet-derived exosomes loaded
with recombinant Yap 1 protein delivered to TDSCs, which significantly protected TDSCs from oxidative stress-induced
stemness loss and SASP via the NF-kB signaling pathway.’*> Jin et al found that anti-aging signaling is rich in EV
secreted by human exfoliated deciduous dentin stem cells (SHED-Exos). SHED-Exos regulated histone methylation and
inhibited NF-xB to reverse tendon stem cell aging. Local delivery of SHED-Exos reduced senescent cells and ectopic
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bone formation.**® Rao Chen et alalso mentioned that the use of dendritic cell-derived exosomes (DEX) to repair the
mouse model of Achilles tendon rupture can induce the transformation of M1 macrophages into M2 macrophages by
activating the PI3K / AKT pathway. It has been demonstrated through rigorous research that DEXs have the capacity to
stimulate the synthesis of type I collagen and to impede the synthesis of type III collagen within the tissue. This process
has been shown to result in an acceleration in the healing process of tendons. Moreover, the inflammatory microenvir-
onment was found to be improved by DEX treatment, as evidenced by a reduction in the levels of various cytokines (IL-
1B, IL-4, IL-6, TNF-a, and IFN-y).

Although exosomes show good therapeutic potential for tendinopathies, the requirement for exosomes to persist in the
injured area and maintain effective concentrations, as well as the synergistic generation of a favorable microenvironment
for tendon repair in conjunction with other biological factors, such as cells and cytokines, requires the support of other
bioengineered materials and methods.

Commonly Used Bioengineering Strategies
Cell Slices

Cell sheet technology is a scaffold-free tissue engineering technique. In tissue engineering, the delivery of cells disrupts
intercellular and cell-ECM interactions, resulting in less than optimal survival and uneven distribution of implanted cells.
Cell sheet technology, however, uses a degradable substrate to carry the cells, which maintains intercellular junctions and
maximizes the ECM components without disrupting them, resulting in a more homogeneous distribution of cells and
avoiding the immunogenicity issues that need to be considered when using conventional scaffolding materials. Cell sheet
transplantation has been reported to have a higher cell survival rate within 12 months compared to cell injection. Cell
sheets can also be stacked to form three-dimensional structures. The most widely studied is the thermosensitive cell
sheet, in which the substrate changes from hydrophobic to hydrophilic when the temperature falls below a critical
temperature, which causes the cells to detach from the substrate. Electrosensitive cell sheets can be used to control cell
adhesion and detachment by applying an electrical potential. Photosensitive cell sheets are generally irradiated by UV
light for that century of cell adhesion and detachment. There are also PH-sensitive cell sheets, magnetic field-sensitive
cell sheets, ROS-sensitive cell sheets, etc.’?”3%®

In an earlier study exploring the delivery of temperature-sensitive TDSCs cell sheets to Achilles tendon defects in
rats, the tendon defect area implanted with TDSCs cell sheets had better organized collagen fibers compared to the
disorganized collagen fibers in the control group. Transmission electron microscopy observations revealed the presence
of longitudinally aligned collagen fibers and thick collagen fibrils in the TDSCs cell sheet implantation group. The
implanted group also possessed a higher limiting Loading®*’ (Figure 6a). Liu et al demonstrated in a canine rotator cuff
tendon bone healing model that treatment with bone marrow mesenchymal stem cell slices combined with engineered
tendon-fibrocartilage-bone composites had higher histological scores compared to treatment with engineered tendon-
fibrocartilage-bone composites alone. More neo-fibrocartilage formation and collagen fibre deposition at the tendon-bone

interface were observed. The ultimate destructive load and ultimate stress were elevated.>*°

A similar study was done by
Tang et al.*®' Zhao et al also used bone marrow mesenchymal stem cell sheets for repairing Achilles tendon defects in
rats in conjunction with a composite scaffold loaded with bFGF in order to increase the amount of stem cells implanted to
ensure the integrity of the cellular surroundings. The scaffold co-treatment group showed higher expression of tendon
marker genes and a significant increase in biomechanical strength.'*® Gongalves et al attempted to apply magnetic field-
sensitive stem cell sheets to tendon repair, in which magnetically induced particles were implanted to respond to the
magnetic field and provide directional biomechanical stimulation of the cells to remotely modulate the guidance of the
cells.*? Another study explored the role of magnetic field sensitive cell sheets in the regulation of tendon inflammation,
using IL-1B to induce inflammation produced by magnetically assisted cell sheets could be used to study inflammatory
events in tendon cells in vitro, while pulsed electromagnetic field stimulation may have promoted the expression of anti-
inflammatory genes through the MAPK pathway.>*®> However potential safety issues of stem cells such as the risk of
inducing cancer have delayed their clinical translational application. Therefore, Yao et al proposed decellularized tendon-

derived stem cell sheets. The decellularized tendon-derived stem cell sheet treatment group showed similar histological
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morphology, collagen levels and growth factor levels as the tendon-derived stem cell sheet treatment group, demonstrat-
ing its potential to be used as a cell-free alternative to its cell-free counterpart in the repair of tendon injuries.*** Cell
sheet technology has many advantages over traditional direct cell injections, but the high cost of cell sheet production
limits its wide-scale application.**

3D Printing
3D printing is a bioengineering technology based on printing inks, controlled by computers, which can rapidly design and
fabricate materials and allow for precise control of structures at the micron scale. 3D printing allows for the incorporation
of proteins, growth factors, drugs, DNA and other biochemical signals with cells. And even introduces cellular density
gradients to produce scaffolds with intricate and reproducible properties. It is also capable of controlling porosity and
pore size, ultimately creating complex tissues that mimic natural tissues. There are many types of 3D printing, such as
inkjet-based bioprinting, which helps to maintain cell viability but is less likely to achieve the mechanical properties of
tendons. Light-curing-based bioprinting, which can provide high-precision scaffolds but the laser beams can lead to
cellular damage. Fused deposition-based bioprinting is also more common, but its lower precision limits its ability to
mimic natural tendon Structure.®*¢ 3

In order to construct tendon-like 3D structures, there have been many studies exploring 3D printed scaffolds applied
to tendon repair, such as composite scaffolds based on tendon decellularized ECM hydrogel, composite scaffolds based
on PLA and graphene, composite scaffolds based on collagen glycosaminoglycan and acrylonitrile butadiene styrene
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Figure 6 Application of common tissue engineering techniques in tendon regeneration. (a) TDSC sheet effectively promoted tendon remodeling after implantation in rat
tendon defects. (b) 3D printed bionic multi-layer scaffold is helpful to promote the healing of large-scale rotator cuff tendon defects in rabbit models; the boxes in the upper
panel of each group are displayed at higher magnification in the lower panel; T: tendon; B: bone. (c) The nanofiber yarn made by electrospinning can simulate the
arrangement and grading structure of natural tendon tissue, which is helpful to promote tendon repair in rats; N: neo-collgen; NFY: NFY-50; *p<0.05. (d) The curled
nanofiber scaffold prepared by electrospinning promotes tendon-bone interface regeneration in a rabbit model of giant rotator cuff tear; *: significant difference compared
with NS, P<0.05; **: significant difference compared with NS, P<0.01. Reproduced with permission.

Abbreviations: NTBI, natural tendon-to-bone interface; NS, nanofiber scaffold; CNS, crimped nanofiber scaffold.

(ABS), composite scaffolds based on GeIMA hydrogel and glycosaminoglycan HA based composite scaffolds.*** >

Jiang et al designed PLGA, collagen and fibronectin based scaffolds. They also compared monolayer PLGA scaffolds
with 3D scaffolds. It is clear that the scaffolds with 3D structures have better mechanical properties and are more capable
of supporting the proliferation and differentiation of loaded cells®*® (Figure 6b). In order to construct 3D scaffolds with
high porosity while controlling the fiber orientation in the scaffolds and further improving the precision of the scaffolds,
Zhang et al attempted to construct scaffolds using electrohydrodynamic 3D printing using PCL as the basic printing ink,
modified with F127 to increase the biocompatibility of scaffolds.***

The tendon-bone interface has complex gradient characteristics. Chae et al developed scaffolds with gradient

characteristics similar to natural TBIs in terms of structure, composition and cellular heterogeneity by taking advantage
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of 3D printing’s ability to generate predetermined complex layered structures.**> Neubauer also tried to mimic the
gradient between tendon bone with the help of a recombinant spider silk hydrogel with fluorapatite. The study used
recombinant spider silk hydrogel with fluorapatite to try to simulate gradients between tendon bones. This study achieved
adjustable gradient characteristics by encapsulating fibroblasts in recombinant spider silk-fluorapatite hydrogel after
using recombinant spider silk hydrogel compounded with fluorapatite to generate a mineralization gradient.**®

The applications of 3D printing in tendons go beyond scaffold development. Since 3D printing can mimic real
tendons, it can be used to study the mechanical and physical properties of tendons. Monteiro et al developed a 3D tendon
microphysiology system using 3D printing with porcine tendon decellularized ECM hydrogel and human adipose-derived
stem cells to observe cellular crosstalk during tendon development, physiology, and pathology.**’ Balestri et al suggested
that most studies focused on a single interface, whereas injuries often involved multiple interfaces. In order to study the
bone-tendon-muscle interface simultaneously, they constructed a 3D in vitro model of bone-tendon-muscle with
collagen-agarose-based composite hydrogel and hydroxyapatite through 3D printing to study disease, cancer, aging,
and drug effects at the interface.’*®

However, 3D printing is difficult to print at high resolution on the nanoscale. Therefore it is often difficult to mimic
the nanoscale extracellular matrix properties of some tissues.>*’ In contrast, nanoscale orientable fibers prepared by

electrostatic spinning technology are ideally suited to mimic the neatly aligned collagen fiber structure in natural tendons.

Electrostatic Spinning

Electrostatic spinning, a technique that uses an electric field to create fibers from a solution, is commonly used to develop
nanofiber scaffolds.**° Scaffolds made from nanofibers have the advantage of high surface area to volume ratio, small
pore size and large porosity.”>" Currently electrostatic spinning technology has enabled the fabrication of fibrous
scaffolds with smaller diameters. Fibers produced by electrostatic spinning have diameters in the range of 50-1000
nm, which is two to three orders of magnitude smaller than fibers made by conventional processes and is closer to the
diameter scale of the ECM collagen fibers of natural tendons, which has shown excellent in vitro performance in terms of
adhesion, spreading and tendon differentiation of stem cells.>*! Many natural and synthetic biomaterials are widely used
in electrostatic spinning to produce oriented fiber surfaces, nanofiber yarns and multilayer scaffolds with anisotropic
mechanical properties. PLA, PCL and PLGA are the more commonly used materials to fabricate scaffolds for electro-
static spinning due to their biomechanical properties.'”>%'>? Yang used PCL to fabricate oriented fibers for induced

TDSCs elongation and tendon differentiation®>°

(Figure 6c¢). Lim et al attempted to co-mingle PCL and gelatin for
electrostatic spinning to mimic collagenous protofibrils of natural tendons.'®' Yi et al prepared highly oriented, high-
strength SF fibers using a stabilized jet electrostatic spinning method and supported the adhesion, migration and growth
of cells in an oriented manner along the fiber axis.*>

It has been mentioned that collagen protofibrils in natural tendons exhibit a wavy morphology along the fibre axis. In
order to mimic the morphology of natural tendons even further, wavy nanofibrous scaffolds made of Polydioxanone
(PPDO) and filipin protein composite or polyester urethane urea(PEUU) and gelatin composite have been proposed. Such
convoluted microstructures mechanically and morphologically mimic natural tendon tissue, which can promote tendon
260.354 (Figure 6d). Another study also

incorporated porous properties in addition to obtaining a wavy structure to increase the effect of cell infiltration into

cell proliferation and also improve tendon differentiation of loaded ADSCs

the scaffold.*>> Another study mimicked the tubular structure of tendons by fabricating nanofiber bundles and their
surrounding nanofiber shells with adjustable flexibility to more closely match the properties of natural tendons.*
Nanofibrous membranes prepared by electrostatic spinning have shown promising results in the prevention of tissue
adhesions. Nanofibrous membranes can form an effective physical barrier with a structure that prevents the infiltration of
fibroblasts around the affected area without affecting the entry of growth factors and nutrients, and therefore, nanofibrous
membranes have been studied as drug carriers to control the release of drugs.'®>*°! Dong et al developed electrospun
PCL/SF fiber nanomembranes for anti-inflammatory purposes and used immunomodulatory extracellular matrix for
surface modification to mitigate scaffold-induced foreign body reaction.®>” Abdulmalik et al co-mingled PCL and
cellulose acetate to produce electrospun nanofibers to protect the drug from premature release and degradation.*® A

recent study proposed a bilayer positively charged electrostatically spun fibrous membrane, which was prepared by
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electrostatic spinning of MMP-2 responsive GeIMA solution containing COX-2 siRNA complexes into nanofibrous
membranes and modulating the surface charge by the naturally occurring cationic polymer chitosan. Thus siRNA was
able to be delivered unidirectionally into the peritendinous tissue, both increasing gene utilization and avoiding
interference with fragile endogenous tendon healing.>*’

Blending synthetic materials with natural materials is a way to balance mechanical strength and biocompatibility, but
the rapid degradation of natural components may lead to loss of mechanical integrity of electrospun scaffolds.® And the
electrostatic spinning technique is difficult to develop large volume scaffold structures.*®® Therefore, more research is
still needed to ensure that the final biomechanics meet the requirements and to break through the volume limitations in
order to adapt to a wider range of tendon injury conditions.

Clinical Challenges

Many studies have shown the considerable potential of integrating scaffolds with various biological factors for tendon repair.
However, it must be emphasised that most of these studies are conducted in a laboratory environment and that only a few have
been successfully commercialised or entered clinical trials.® Although cell sheet technology can retain the microenvironment
of cell growth more effectively than other methods, reducing production costs remains challenging. This suggests that there is
still some way to go before this technology can be used in clinical practice. The time-consuming nature of the printing process
is one of the challenges that needs to be overcome before 3D printing can be produced on a standardised basis.”®' Another
limitation of using 3D printing for clinical applications is the difficulty of reproducing the obtained shape.**” While 3D
printing can be used to create complex scaffold systems, the large diameter of the fibres produced means that it is usually not as
effective as electrospinning in simulating the hierarchical structure of natural tendon tissue.”** Electrospinning can produce
fibres on the nanoscale, and the diameter of collagen fibrils is approximately 100 nm. This makes electrospinning the most
widely used technology in tendon tissue engineering. One of the obstacles to the standardization of electrospinning is its low
production efficiency. In addition, the use of toxic solvents such as chloroform, due to their high volatility and inhalation
toxicity, poses serious health and environmental risks. At present, the solubility of environmentally friendly solvents to
polymers is limited and needs to be further developed. Although the polymers used in electrospinning such as PLA and PCL
can be degraded into non-toxic by-products under natural conditions, these fibers usually have limited strength, elasticity and
uniformity compared to conventional polymers.***

Currently, most tendon tissue engineering materials are used primarily in experimental animals. Therefore, it is
important to consider the differences between animal models and human diseases. As most animals are supported by
their limbs, their forelimbs have more weight-bearing functions than human limbs. Therefore, in the animal rotator cuff
injury model, animals will withstand greater mechanical stress than humans.*** The treadmill model commonly used in
overload studies activates the animal stress response through forced exercise, which may interfere with tendinopathy
inflammation levels.>** The most commonly used model of diabetic tendinopathy is the intravenous or intraperitoneal
injection of streptozotocin (STZ) to induce type 1 diabetes. However, type 2 diabetes is more prevalent in clinical practice.
The pathogenesis of tendinopathy caused by different types of diabetes may differ.’*®> The fundamental flaws in most
tendinopathy models are the use of acute interventions to replicate chronic processes and inadequate management of
postoperative mechanical load. These issues can result in discrepancies between animal models and clinical diseases.>**
Therefore, while these bioengineering technologies have shown promise in laboratory settings, their application to
standardised production requires further research and collaboration.

Summary and Future Perspectives

Tendinopathy is one of the sports system injuries that plague many professional athletes and laborers. The pathophysio-
logical mechanisms of tendinopathy are complex. This article summarizes four main factors that contribute to the
development of tendinopathy and impede the healing of injury tendons. Repetitive or excessive mechanical stress is now
generally recognized as the main risk factor for tendinopathy. Whereas most of the body tissues and organs have an
inflammatory response involved in their repair after injury. Metabolic diseases such as diabetes are increasingly affecting
people’s health due to lifestyle changes and are also important players in tendinopathy. Tendinopathies caused by aging
are also gaining attention with the aging society and tendon senescence does not only occur in aging individuals, but may
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also be induced when tissue injury occurs. A number of mechanisms culminate in the three most common manifestations
of tendinopathy: scar repair, heterotopic ossification and fat accumulation. The latter is evidence of failed tendon repair
and disrupts the tendon’s natural morphology. This affects its biomechanics, causing discomfort and reducing function-
ality and quality of life. Current conventional therapies cannot restore the natural morphology of the tendon, and there is
a risk of tendinopathy recurrence. However, tissue engineering techniques could improve current therapies.

Cells and various cell-derived biological substances such as cytokines, genes, and exosomes are the cornerstones of
biological activity, and many therapies have been developed to deliver these substances by injection alone. However,
biological activity is often not driven by a single factor, but rather by a combination of biological substances. Therefore,
bioengineering that has the ability to integrate and deliver various biological substances will have the potential to further
mimic biological activity and more powerfully guide tissue and organ activity in the desired direction. However, many
currently developed scaffold materials have the problem of being difficult to meet the high biomechanical performance
needs of tendons. Although hydrogels have good biocompatibility and currently show broad bioengineering uses, they
lack sufficient biomechanical properties to assist tendons in transmitting muscle-to-bone forces. In contrast, fiber
scaffolds with high mechanical properties have relatively low biocompatibility. Although FRHCs enhance the mechanical
properties of hydrogels by incorporating fibers with high mechanical properties, they still fall short of those of natural
tendons. Therefore, we hope that new hybrid materials will be developed. The rapid development of Al technology
nowadays may help us to find more suitable material ratios or processing parameters.

Aging and inflammation are important factors in the development of tendinopathy. Many materials have been
explored to target these two factors in the hope of inhibiting and reversing the progression of tendinopathy (Table 2).
Mechanical stress injuries are the largest contributor to the development of tendinopathy. But there has been little
bioengineering research into mechanical stress injuries. Electrostatic spinning technology shows promise for future
scaffolding materials that assist tendons in transmitting forces between muscle and bone to alleviate excessive mechan-
ical loading on the injured tendon. Metabolic diseases such as diabetes mellitus can contribute to the development of
tendinopathy. However, tendinopathy due to diabetes mellitus is not widely recognised as a complication of the disease,
and few studies have explored bioengineering treatments for diabetes-induced tendinopathy. With further research on the

pathophysiological processes following tendon injury and the development of bioengineered materials, future

Table 2 Exploration on the treatment of the pathophysiological mechanism of tendinopathy

Pathophysiological Therapeutic Outcome Ref.
Mechanism

Inflammation Cas| 3 encapsulated in macrophage-targeting nanoclusters delivered by ROS-responsive hydrogels to tendons | [366]
inhibits the SPP1/CD44/AKT signaling axis by disrupting secreted phosphoprotein | (SPPI) in macrophages to

reduce inflammation as well as decrease fibroblast activation and collagen deposition

Modulation of circadian rhythms in adipose-derived stem cells enhances the inflammatory regulatory capacity | [318]
of their exosomes, which are delivered to tendons via microneedles to enhance the cyclic adenosine

monophosphate signaling pathway in macrophages and thereby inhibit macrophage M| polarization

Nanovesicles loaded with JAK / STAT inhibitor WP 1066 derived from TSPC were delivered to the injured | [367]
site by double barb microneedles to reduce inflammation by inhibiting the JAK / STAT pathway

Delivery of IFNy-induced exosomes produced by ADSCs to Achilles tendon injuries in mice via collagen [368]

tablets blocks macrophage NF-«B activity and attenuates early tendon inflammatory response after injury

Bioactive glass-induced exosomes activate anti-inflammatory responses through M2 polarization [315]

BMSCs-derived exosomes decrease the number of C-C chemokine receptor type 7 (CCR 7)-positive [317]
proinflammatory macrophages and increase the expression of anti-inflammatory mediators IL-10 and IL-4
within 2 weeks

(Continued)
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Table 2 (Continued).

Pathophysiological Therapeutic Outcome Ref.
Mechanism

Aging

Lentiviral vector overexpression of AQP| attenuates senescence and senescence-associated dysfunction in [369]
TSPCs by inhibiting the JAK-STAT signaling pathway

Lentiviral vector encoding miR-135a inhibits senescence, promotes proliferation and induces migration and [370]
tenogenic differentiation by targeting ROCKI after transfection of TPSCs

Decellularized ECM of young TSPCs enhances proliferation and tendonogenic differentiation of aged TSPCs | [213]

ADSC exosomes from young mice enhance cell viability and attenuate tendon cell senescence via the [319]
NAMPT/SIRT I/PPARy/PGC- | o pathway

Delivery of young exosomes secreted by deciduous dentin stem cells attenuates the senescent phenotype of | [326]
senescent TDSC and maintains their tendonogenic capacity by modulating histone methylation and inhibiting

nuclear factor kB

Recombinant Yap | was introduced into TSPCs using platelet-derived exosomes as a vector to inhibit [325]
oxidative stress-induced senescence-associated phenotype of TSPCs by blocking ROS-mediated activation of
the NF-«B signaling pathway

The platelet-reactive protein | rich in exosomes of young TSPCs improves the autophagy function of [371]

senescent TSPCs by negatively regulating the PI3K / AKT pathway to alleviate cell senescence

bioengineering will hopefully produce scaffolds that more closely resemble the properties of natural tendons and find

more appropriate intervention options, providing more therapeutic choices for future tendinopathy patients.
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