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Abstract

BACKGROUND: Tendon and ligament injuries accounted for 30% of all musculoskeletal consultations with 4 million
new incidences worldwide each year and thus imposed a significant burden to the society and the economy. Damaged
tendon and ligament can severely affect the normal body movement and might lead to many complications if not treated
promptly and adequately. Current conventional treatment through surgical repair and tissue graft are ineffective with a high
rate of recurrence.

METHODS: In this review, we first discussed the anatomy, physiology and pathophysiology of tendon and ligament
injuries and its current treatment. Secondly, we explored the current role of tendon and ligament tissue engineering,
describing its recent advances. After that, we also described stem cell and cell secreted product approaches in tendon and
ligament injuries. Lastly, we examined the role of the bioreactor and mechanical loading in in vitro maturation of
engineered tendon and ligament.

RESULTS: Tissue engineering offers various alternative ways of treatment from biological tissue constructs to stem cell
therapy and cell secreted products. Bioreactor with mechanical stimulation is instrumental in preparing mature engineered
tendon and ligament substitutes in vitro.

CONCLUSIONS: Tissue engineering showed great promise in replacing the damaged tendon and ligament. However,
more study is needed to develop ideal engineered tendon and ligament.
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1 Introduction and the affected joint will be immobilized for several

weeks until it is healed. For some cases, the torn tissues

In the United States, more than 300,000 patients underwent
surgery to repair their injured tendon and ligament annually
[1]. Usually, the torn tendon and ligament will be ligated
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will be replaced either with a tendon from another area of
the body (an autograft), from another person (an allograft),
from different species (a xenograft) or a synthetic graft [2].
The major disadvantage of autograft is donor site mor-
bidity. The allograft and xenograft are limited by the tissue
availability as well as potential risk of immune rejection
and pathogen transmission [3]. The earlier generation of
synthetic grafts suffer from the shortcomings of early
rupture, loss of mechanical strength over time, insufficient
tissue ingrowth and deposition of graft debris [4]. Although
the new generation showed better performance, however,
these use of these synthetic grafts remain controversial as
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variable results reported in different clinical reports [5].
The re-rupture rate after surgical repair can be high for
certain tendon and ligament. Randelli et al. [6] found that
for the 41 out of 56 studies that reported complications
related to arthroscopic rotator cuff repair, the re-rupture
rate ranges from 11.4 to 94%. The re-rupture rate after
anterior crucial ligament (ACL) reconstruction is 6.9% [7].
For Achilles tendon, the re-rupture rate after surgical repair
has been reported to be between 1.7 and 5.6% [8]. For other
commonly injured tendon and ligament, the re-rupture rate
of distal biceps tendon and lateral ankle sprain (anterior
talofibular, calcaneofibular, and posterior talofibular liga-
ments) is 1.6% and 18.1% respectively [9-11]. Due to
these issues, there is a growing interest in the past decade
to prepare tissue-engineered tendon/ligament to replace the
autograft, allograft, xenograft and synthetic graft. The
concept of tissue engineering is to produce a tissue sub-
stitute with improved safety and effectiveness in tissue
repair/regeneration in a biologic environment [12]. One of
the approaches that are being used is the fabrication of
engineered scaffolds which provide a physical environment
that modulates the repair and regeneration of injured tissue
[13].

The extracellular matrix (ECM) is the non-cellular
component composed of a mixture of proteins and
polysaccharides, mainly collagen, elastin, hyaluronic acid,
proteoglycans, and glycosaminoglycans that present within
all tissues and organs. They provide not only essential
physical scaffolding for the cellular constituents but also
initiates important biochemical and biomechanical cues
that are required for tissue morphogenesis, differentiation
and homeostasis [14]. Yang et al. [15] have reported that
tendon-derived ECM enhances the tenogenic differentia-
tion of mesenchymal stem cells (MSCs) induced with
transforming growth factor-B3 (TGF-f3). Thus, for tendon
and ligament tissue engineering, the preparation of an ideal
scaffold that could function as ECM analogue is essential
to create a microenvironment that mimics the native tendon
and ligament biological constituents and can trigger
specific cellular responses in order to expedite the tissue
regeneration.

Stem cell is commonly incorporated into the engineered
scaffolds to enhance the tissue repair and regeneration
capability. For tendon and ligament tissue engineering,
tenocytes, ligamentocytes and MSCs are more often used
as they are the native cells of these tissues. The usage of
MSCs in tendon and ligament tissue engineering is very
popular as these cells are easy to harvest from various
tissue sources (such as umbilical cord, bone marrow and
adipose tissues), possesses anti-inflammatory property that
reduce tissue inflammation, secrete a myriad of trophic
factors that promote tissue regeneration and can differen-
tiated into tenocytes and ligamentocytes to re-cellularize
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the regenerating tissue [16—18]. The cell secreted products
such as exosomes and secretomes as well as platelet-rich
plasma (PRP) also can be incorporated into the engineered
tissue to enhance the therapeutic effect [19-21].

In this review, we will extensively discuss the current
progress in tissue-engineered tendon and ligament using
the scaffolds, stem cells and cell secretory products for
tendon and ligament repair. Furthermore, we will discuss
the use of bioreactor and mechanical loading for in vitro
engineered tendon and ligament maturation. Finally, an
overview on future direction in tendon and ligament tissue
engineering is proposed.

2 Tendon/ligament structure and function

Tendon is a flexible but inelastic cord attaching a muscle to
bone. Its primary function is to transmit forces generated
from muscle to the rigid bone that will produce joint
movement [22]. Tendons are stronger than muscles and can
resist against tensile and compressive forces. The Achilles
tendon, which is the strongest and largest tendon in the
body, can sustain loads up to 17 times of the body weight
[23]. As muscles are closely related to the joint movement,
each muscle usually consists of two ends of the tendon,
proximal and distal. Proximal insertion of the tendon to
muscle is the myotendinous junction while the distal
insertion to the bone is the osteotendinous junction [24].
Ligament is a connective tissue that connects bone to
bone for joint stability and support. It consists of defined
bands of collagen fibers that anchored to the bone at joint at
either end. They passively stabilize joint and guide it
through the joint’s range of motion when load is applied
[25]. Tendon and ligament are both similar in structure and
ECM content and slightly differ in term of resident cells.
Microscopically, ligament is characterized by multiple
layers of connective tissues that contain the ECM and
resident cells in hierarchical architecture (Fig. 1).
Paratenon is considered as the outermost layer of the
tendon that is made up of type I and III collagen elastic
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Fig. 1 Ligament structure. (Reproduced from Ref. [190] with
permission from Springer Nature)
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fibrils that cause free movement of the tendon against
surrounding tissue [26]. Underneath it lays the second
layer, epitenon, which consist of a dense fibrillary network
of collagen that housed multiple bundles of compact col-
lagen fibrils embedded with the primary resident cells,
tenoblasts and tenocytes and together they form primary
fiber bundle (subfascicles). Collections of these subfasci-
cles will be ensheathed by connective tissue layer called
endotenon and they make the secondary fiber bundle.
These secondary bundles then were grouped and formed
tertiary fiber bundles and these will make up the solid
tendon structure (Fig. 2) [27].

Tendon and ligament have excellent resistance to
mechanical loads attributed to its special collagen fibers
arrangement. Collagen fibers are arranged longitudinally,
transversely and horizontally in a manner that provide good
buffer capacity and rotational forces during movement.
Ultrastructurally, collagen fibers constitute from networks
of collagen fibrils, the basic unit of tendon and ligament
[27]. Figure 3 showing the histology of tendon and liga-
ment. Collagen represents 65-80% of the dry mass of the
tendon while other fibers such as elastin accounted for only
1-2% [22, 28]. Under the light microscope, in resting
phase, these fibrils showed a wavy pattern but disappeared
when stretch forces are applied and resumed to its original
configuration when the force is removed [27]. When the
stretch forces and elongation exceeded the fibers’ limita-
tion, the wavy configuration is not retained and subsequent
deformation will compromise the tissue function [29].

The tendon and ligament ECM are composed of internal
networks of collagen fibers, elastin and ground substances
that make up the most of the proteoglycan-water matrix

Fig. 2 Tendon structure.
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Fig. 3 Histology of tendon and ligament. A, B The collagen fibers of
tendon and ligament are highly aligned. (Reproduced from Ref. [192]
with permission from Springer Nature and Ref. [193])

although the percentage of the composition slightly dif-
fered among another (Table 1) [27]. Ligament has a lower
percentage of collagen but higher with elastin, proteogly-
cans and water [30]. The ground substances that surround
the collagen are made up of proteoglycans, glycosamino-
glycans, glycoproteins which have good water binding
capacity [22]. This shared property is crucial as it will
improve the elasticity against compressive forces and
maintain collagen homeostasis and structural stability.
Cellular components inside the tendon and ligament
play an important role in maintaining the homeostasis of
the microenvironment and also involved in pathological
injury and healing process after an insult or rupture. In
tendon, the resident cells, which consist of tenoblasts and
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Table 1 Differences between tendon and ligament structure [30]

Content/feature Ligament Tendon

Resident cell Ligamentocyte Tenoblast and tenocyte
Ground substance 20-30% Lower

Collagen 70-80% Slightly higher
Collagen type 1 90% 95-99%

Collagen type III  10% 1-5%

Elastin Up to 2 x of collagen Scarce

Water 60-80% 60-80%

Organization More random Organized

Orientation Weaving pattern Long axis orientation

tenocytes accounted for 90-95% of the cellular compo-
nents, the rest are chondrocytes, synovial cells and vascular
cells [27]. In ligament, the resident cells are made up of
ligamentocytes that represent only a small percentage of
the total ligament volume [25]. Tenoblast, a round shaped
cell, is the primary cellular constituent in tendon during the
young age. As the tendon aged, the tenoblast matured to the
elongated tenocyte [27]. Both the tendon and ligament
fibroblasts, i.e. tenocytes and ligamentocyte, involved in
ECM synthesis and has low metabolic rate with efficient
anaerobic glycolysis [31]. Given to these characteristics,
they are able to withstand loads and maintain tension for a
long period without the risk of ischemia.

3 Tendon/ligament biological and mechanical
properties

Tendon tissues are well known for their flexibility, opti-
mum elasticity and excellent mechanical strength. Colla-
gen fibers influenced the mechanical behavior of the
tendon. The characteristics of tendon collagen fibers are
listed in Table 2. The number and type of bond formed
either inter or intra-molecular among collagen fibers cor-
related with their configuration, strength, and resistance
[32]. Although it possesses high performance in term of
tensile strength and elasticity, tendon is also subjected to
deformation resulted from the extreme strain. Excessive
stretch caused sustained elongation of the collagen fibrils
which also translated to molecular elongation. At a certain
point, the gap between the molecules also increased as the

Table 2 Characteristic of

collagen fibrils in tendon [27] Parameter Collagen fibrils
Diameter 20-150 nm
Alignment Unilateral
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strain increased, causing breakdown of connected mole-
cules leading to the destruction of functional collagen [33].

The tensile strength of tendon/ligament is very much
dependent on the collagen fiber crosslinking [34]. Achilles
tendon, which is the most commonly damaged tendon in
sports injuries, has an ultimate tensile strength of approx-
imately 1200 N [35]. As the largest tendon in the body,
Achilles tendon can bear load up to 3500 N [36]. Due to
acute acceleration and deceleration in sports such as foot-
ball, basketball, tennis and soccer, Achilles tendon is prone
to be injured and ruptured as a result of rapid changes of
tension loading [37].

Interestingly, studies in animal have correlated exercise
training with tendon efficiency. Better tensile strength with
improved elastic stiffness, tendon weight and tendon cross-
sectional area were observed in trained animals [38]. These
are partly due to increased collagen and ECM synthesis by
tenocytes [39]. Due to the effects of aging, collagen syn-
thesis, content and cross-linking were reduced and tendon
stiffness increased. These changes in tendon and sarcope-
nia are the main reasons for the reduction in muscle
strength and power upon ageing [40]. In addition, reduction
in level of physical activity and hormonal changes in the
older adults also lead to deterioration of muscle strength
and power.

The mechanical properties of different types of human
tendon vary accordingly [41]. Each tendon has its own
mechanical properties such as tendon stress, strain and
Young’s modulus (elasticity). The range of tendon and
ligament tensile strength properties is represented in
Table 3. Tendon mechanical properties could be further
demonstrated through the stress—strain curve. The stress—
strain curve consists of three distinct regions. The first
region is called the “toe” region that corresponds with
straightening of crimped collagen fiber bundles that dis-
appear under tension and reappear after the stress is
released. The second region is the linear region, whereby
the slope is constant and referred to as Young’s modulus or
stiffness. At this point, the collagen bundles are stretched
and oriented themselves in the direction of tensile
mechanical load. The third region is the yield and failure
region in which the bundles are stretched beyond its

Table 3 Mechanical properties of native tendon and ligament [170]

Mechanical property Native tendon and ligament

Ultimate tensile strength 5-100 MPa
Strain at failure 10-15%
Young’s modulus 20-1200 MPa

MPa megapascal (1 MPa = 1 Newton (N)/mmz)
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physiological limit and loss of intramolecular cross-links
between fibers occurred (Fig. 4) [42].

4 Tendon/ligament injury

A recent report on Global Burden of Disease 2016 has
stated the prevalence and incidence of musculoskeletal
disorders accounted around 1.27 billion and 652 million
respectively [43]. The impact of the musculoskeletal dis-
order on the global economy was 213 billion US dollars in
2011 [44]. In the United States, 50% of the musculoskeletal
disorders are related to tendon and ligament injuries that
caused huge burden towards the economy and society [45].

Tendon injuries could be classified into tendinopathy
and tendon rupture with the latter raised a concern due to
treatment challenges faced by the orthopedic surgeons.
Tendon injuries could be caused by hyperpronation,
excessive loading, and microtrauma [46, 47]. Achilles
tendon is the most commonly ruptured or injured tendon
[48].

Ligament injuries usually involve partial or complete
disruption of ligaments especially in major joints such as
the knee joints. According to the National Collegiate
Athletic Association Injury Surveillance System, anterior
cruciate ligament (ACL) injury is most prominent espe-
cially in men’s football and women’s gymnastics [49].
According to Robi et al., ligament injuries are classified
into three grades; grade I instated mild sprain, grade II with
moderate sprain or partial tear and grade III is complete
ligament tear. Avulsion of the ligament from its bony
insertion is also considered as part of ligament injuries.
Clinically, patients experienced from mild to severe pain
with some cases affected the joint stability [30].

Pathophysiologically, damages towards tendon were
responded with inflammation of sheath followed with
degeneration of body of tendon. Several theories have
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Fig. 4 Stress—strain curve. (Reproduced from Ref. [30])

surfaced to discuss the possible mechanism on what
influence and factors that caused tendon to degenerate.
Robi and colleagues in their review have elaborated on four
theories on the mechanism of tendon degeneration; (1)
mechanical (2) vascular, (3) neural, and (4) alternative
theory. The mechanical theory discussed on the impact of
overload to the tendon that triggers the pathologic process
while vascular theory blamed the hypovascularity of ten-
don that contributed towards poor healing response. The
neural theory stated that substance P released by neutrally
mediated mast cell degranulation together with inflamma-
tory cascades localized around the vessels of tendon could
implicate the condition. Lastly, the alternative theory
denoted that localized hyperthermia induced by exercise
could jeopardize tenocytes’ survival [30].

Throughout the pathologic process, tenocytes responded
with ECM production and degeneration. Histologically,
collagen degeneration and disordered healing with the
absence of inflammatory cells were seen [29]. The
degeneration would later lead to reduced tensile strength
and predisposed to tendon rupture [42]. Such process could
also be observed in ligament injury.

5 Tendon/ligament repair and healing

Following injury, a cascade of healing process was initiated
in an attempt to reduce damage and repair the tissue
breakdown through the formation of scar tissue. The pro-
cesses were stratified into 4 phases; inflammatory phase,
proliferative phase, remodeling phase and modelling phase
[31, 42].

5.1 Inflammatory phase

After introduction of external injury, a constellation of
chemotactic factors was released to initiate inflammation.
Red blood cells, neutrophils were among the first to be
recruited which later were followed by monocytes and
macrophages. At this phase, the cytokines and growth
factors by these cells will initiate angiogenesis, stimulate
tenocyte proliferation, synthesis of collagen type III and
more recruitment of inflammatory cells.

5.2 Proliferative phase

During the proliferative phase, fibroblasts recruitment and
proliferation were seen. The fibroblasts were responsible
for the synthesis of collagen, proteoglycan, and other
components of ECM. At the end of the phase, the wound
would have a scar-like appearance with extensive blood
network is apparent.

@ Springer
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5.3 Remodelling phase

A few days after proliferative phase, remodeling phase
followed with further increased in synthesis of type III
collagen, high water content and glycosaminoglycans that
last for several weeks.

5.4 Modelling phase

6 weeks following injury, the modelling phase constituted,
where healing tissue undergone resized and reshaped. The
phase is categorized into two distinct stages, i.e. consoli-
dation and maturation. Consolidation, which occurred
between 6 and 10 weeks of injury, portrayed increased
production of type I collagen. Tenocyte metabolism
increased and the collagen and tenocytes were aligned in
the direction of stress. Maturation stage commenced after
10 weeks, whereby fibrous tissue was gradually trans-
formed into scar tissue over the course of 1 year. At this
stage, tenocytes metabolism was decreased and tendon
vascularity was reduced.

Despite serious attempt of repair and healing of injured
tendon/ligament, the newly formed healed tendon/ligament
would never match the intact pre-injured tendon/ligament
in term of biochemical and mechanical properties. In
comparison, the rupture force for healed tendon tissue was
only 56.7% of normal tendon [50]. In addition, healed
tendon also has poorer strength (approximately 80%),
stiffness (approximately 80%), stress (approximately 40%)
and Young’s modulus (approximately 40%) compared to
the normal tendon [51].

6 Current treatments and limitations in tendon/
ligament injuries and repairs

Depending on the severity of tendon injuries, currently the
treatments are limited to either conservative management
or surgical intervention.

6.1 Conservative management

Mild or moderate tendon and ligament injuries that do not
pose clinical difficulties are generally managed conserva-
tively. For example, partially ruptured ulnar collateral
ligament of the thumb is commonly treated conservatively
and the surgical management is only recommended for
complete rupture [52]. Generally, the goal of the treatment
is to control the pain and to reduce the inflammation and
swelling of the injured tissue. Among approaches that are
well recognized include rest, usage of non-steroidal anti-
inflammatory drugs, cryotherapy, injection therapy with
corticosteroids, laser therapy, continuous passive motion
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and restrictive bracing [53-55]. Treatment with non-ster-
oidal anti-inflammatory drugs and corticosteroids provides
pain relieve but does not help in tendon/ligament healing
[56-58]. Conservative approaches frequently have high
failure rates and limited success when treating severe ten-
don and ligament injuries such as those with complete
rupture. A systematic review performed by Monk et al.
[59] showed that 50% of the patients with ACL injury
received conservative treatment opted for surgical inter-
vention within 5 years due to poor healing. Nonetheless,
conservative management also gives very good results for
certain tendon and ligament injuries, such as the anterior
talofibular ligament, calcaneofibular ligament, posterior
talofibular ligament and medial collateral ligament in the
ankle. Surgical management of these ligaments are not
recommended as it does not provide any benefits in term of
recovery time and complication rate compared to conser-
vative management [60]. Similarly, for the peroneal tendon
injuries, surgical treatment will only be considered when
the conservative management failed [61].

6.2 Surgical management

Most of the severe cases of tendon/ligament injuries with
complete rupture or multiple torn tendon/ligament would
require surgical interventions. In addition, surgery is also
performed when the conservative treatment failed. Surgical
management is also recommended for patients (e.g. ath-
letes and patients with impaired activity of daily living)
that wish to minimize the loss or regain the function and
strength [62]. The aim is to reduce the symptoms, stabilize
and improve articular function. Surgical interventions that
are usually applied include re-suturing ruptured tendon,
removal of the damaged tissue and replacement of the
tissue with grafts [55]. Clinicians will select the suit-
able intervention according to the clinical factors, includ-
ing age, mode of injury, size of defect and tendon location.
Tissue grafting will be performed to fill large defect and to
treat chronic tendon injury as well as when suturing tech-
nique failed [63].

6.3 Tissue grafting

Tissue grafting in tendon repair could be classified into
three types; autograft, allograft, and xenograft. Limitations
of each types of graft are listed in Table 4.

Autograft is a method of harvesting another part of tis-
sue in the body as the replacement for the injured one. For
example, reconstruction of ACL required hamstring and
patellar tendon harvesting. The reconstruction would allow
almost 50% of the ligament function from the pre-injured
state. However, despite the success rate, the donor site
morbidity and functional disability could not be
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Table 4 Limitations of autograft, allograft and xenograft

Tissue graft Limitations

Autograft Complications at the donor site
Tissue that can be harvested is limited
Poor tissue integration/non-anatomic placement
Graft impingement or tension
Allograft/ Immunosuppression to avoid tissue rejection
xenograft

Poor tissue integration/non-anatomic placement
Risk of disease transmission
Graft impingement or tension

Zoonotic transmission (xenograft)

disregarded since long term outcome that include pain,
instability, mechanical incompetence will be suffered by
the patients [64].

Allograft and xenograft for reconstruction also provides
an alternative to autograft replacement and thus prevents
donor site morbidity. Allograft could be classified into
artificial or biological-derived. Ligament Advanced Rein-
forcement System (LARS ligament) and Kennedy ligament
augmentation device (Kennedy LAD) are examples of
artificial allograft commonly used in ACL tissue recon-
struction with improved knee stability and full weight
bearing documented [65]. LARS ligament are made from
polyethylene terephthalate (PET) fibers that are separated
into 2 compartments; an intraosseous segment with longi-
tudinal fibers bound together by a transverse knitted
structure and an intra-articular segment with parallel lon-
gitudinal fibers twisted at 90° which support growth of
surrounding tissue [66]. Kennedy LAD is a cylindrical
prosthesis made of braided polypropylene [67]. Biological-
derived allograft such as GraftJacket™ (human derived)
and xenograft such as Restore™ (porcine derived) were
also used [68]. While artificial allografts are limited by its
mechanical failure and mismatch with native tissue, bio-
logical allografts and xenografts increase the risk of
immune-rejection and zoonotic transmission. Table 5
demonstrates the mechanical strength of commercial graft
and native tendon and ligament.

Autograft, allograft, and xenograft all imposed several
limitations on achieving the best functional outcomes in
comparison with the original tissue. Tissue grafting has
also increased the risk of failure and recurrence, the for-
mation of scar tissue, the risk of nerve damage, infection,
and also mechanical and tissue mismatch [53-55]. Patient
with biological allograft or xenograft would require life-
long immune-therapy in order to prevent graft rejection

while possible pathogen transmission should be taken into
precaution.

Limitations involving tissue grafting have led
researchers to find new revolutionary techniques that could
serve a functional tissue replacement while waiting for in-
body tissue regeneration process.

7 Tendon/ligament tissue engineering

In 1997, the world was introduced with the human ear on
the back of a mouse created by Charles Vacanti laboratory
in the University of Massachusetts Medical Center. The
idea of creating a viable tissue externally has stemmed a
new era in biomedical science with the revolutionary field
called tissue engineering. The idea of tissue engineering
was first introduced in 1987 and was defined as the
application of the principles and methods of engineering
and life sciences toward the fundamental understanding of
structure—function relationships in normal and pathologic
mammalian tissue and the development of biological sub-
stitutes to restore, maintain, or improve function [69].

Tissue engineering is a multidisciplinary approach with
the aim to induce repair and replacement or regeneration of
tissue. Tissue engineering involves the use a combination
of cells, scaffolds and biologically active molecules to
produce a functional tissue [70]. Cells serve as the building
blocks of tissue which made the organ. Scaffold provides
mechanical stability and 3-D template for growth of
regenerative tissue and biologically active molecules such
as growth factors drive the process of cell differentiation
and maturation. Together, they made a newly formed
viable tissue outside the human body to be applied in tissue
replacement techniques.

To develop a viable tissue for tissue replacement, an
engineered substitute should have similar and comparable
characteristic towards native tissue. Stem from the princi-
ples of tissue engineering, newly engineered tendon/liga-
ment tissues should have an environment that mimics the
native tendon/ligament tissues in term of cells population,
ECM components, and mechanical properties.

Collagen and elastin are the major components of the
ECM of tendon and ligament tissue and the usage of bio-
materials that have comparable properties towards both
collagen and elastin are logically sensible [22]. The con-
struct of the native ECM is relatable to the building of the
scaffold in tissue engineering. Thus, to develop tissue
engineered tendon/ligament, the tissue should also provide
scaffold structures that are suitable for tenocyte or liga-
mentocyte attachment, differentiation and growth.

The goal of any tissue-engineered substitute is to pro-
vide temporary functional tissue to give time for own
body’s natural regeneration to take place. For tissue
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Table 5 Mechanical properties of commercial graft and native tendon and ligament

Type of graft/tissue Name Origin/material Mechanical strength (N) References

Biological graft GraftJacket™ Human dermal matrix 157-229 [171]
Restore™ Porcine small intestine 38 [171]
TissueMend® mucosa 70-76 [171]
CuffPatch™ Bovine dermal matrix 32 [171]
Permacol ™ Porcine small intestine mucosa 128 [171]

Porcine dermal matrix

Synthetic graft LARS ligament Polyethylene terephthalate 998 + 148 [172]
Leeds-Keio ligament Polyethylene terephthalate 780 £ 200 [173]

Native tendon and ligament Rotator cuff - 1978 £+ 301 [174]
ACL - 1246 + 243 [175]
Patellar - 3855 £+ 550 [175]
Achilles - 5098 + 1199 [176]

engineered tendon/ligament, the scaffold would have
comparable mechanical strength and also similar cell
population of tendon/ligament. Figure 5 showing the pro-
cess of preparing engineered tendon/ligament.

7.1 Current tissue engineering substitute of tendon
and ligament

High failure and recurrence rates have implicated the usage
of autograft, allograft and xenograft in tissue replacement.
Tissue-engineered substitute has served a promising future
for the next generation of tissue replacement that could
overcome such limitations. For decades, several attempts
have been made in a quest to find the best engineered

Fig. 5 Preparation of
engineered tendon/ligament

Transplantation

e

Patient

\

Harvest

@ Springer

Preparation of engineered

viable tissue for tendon and ligament. Challenges faced by
the bioengineers are to find the best suitable biomaterials
and combination recipes that could mimic the anisotropic
structure of tendon and ligament tissue and promote cell
adhesion and differentiation of tenocyte or ligamentocyte,
while possessing the right mechanical properties.
Carefully selecting the best suitable biomaterial and
advanced scaffold-producing technique are needed to
ensure that the tissue-engineered substitute has the best
characteristic and function for a particular tissue. Choosing
the suitable biomaterials for a scaffold is challenging as the
ideal scaffold need to have several features that could
translate it into functional tissue. To mediate the cellular
attachment, the biomaterials used to construct the scaffold
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should have important characteristics. This includes
hydrophilicity, wettability, biocompatibility, biodegrad-
ability, less cytotoxicity and good mechanical strength.
Apart from important properties of biomaterials that
mediate the cellular attachment, the structural framework
and mechanical properties of the scaffold also should be
considered. Among parameters that should be measured for
a scaffold include porosity, pore size, degradation rates,
mechanical strength and elasticity [71, 72].

Biocompatibility of the scaffold is important to support
the appropriate cellular activity. Scaffold need to have high
porosity and contain interconnected pores with suit-
able pore size in order to provide an ideal physical envi-
ronment for the cell to grow and proliferate, to distribute
uniformly and to support neovascularization. The biosta-
bility of the scaffold depends on factors such as mechanical
strength, elasticity and biodegradation. Matching the
mechanical properties of a scaffold to that of the native
ECM is important to ensure the tissue growth is not limited
by mechanical failure of the scaffold. Controlling the
scaffold biodegradation and new ECM formation is very
important in order to prevent loss of scaffold mechanical
strength and architecture. An ultimate and ideal scaffold
should serve as a template and provide biochemical cues
for cellular attachment, proliferation, migration and dif-
ferentiation just like the native ECM [71, 72].

Many biomaterials including collagen, silk, alginate,
chitosan, polycaprolactone, polyglycolic acid and poly-
lactic acid have been fabricated into a scaffold for tendon/
ligament tissue engineering using techniques such as
electrospinning, electrochemical alignment, knitting and
freeze-drying. The biggest issue with current tissue engi-
neered tendon/ligament is it showed promising short-term
results but failed over time. Santos et al. 2017 in their
review have discussed several examples of scaffold bio-
materials that have been studied for tendon and ligament,
and their advantages (Table 6) [73]. Table 7 showed some
of the current developed tendon/ligament substitutes with
their mechanical properties.

While the idea of replacing ruptured tendon/ligament
with a tissue-engineered substitute is the most feasible and
logical currently, however to date, there is no tissue-engi-
neered substitute that has been successfully implanted in
humans. Nonetheless, several studies have shown the
promising effect of these substitutes in animals. Most of the
in vivo studies have focused on the reconstruction of the
ACL as the primary target for tissue-engineered replace-
ment. ACL plays an important role in knee stability and is a
common sport-related injury.

Fan and colleagues have tested a composite substitute
consists of MSCs and silk scaffold for ACL regeneration in
rabbits. In their studies, MSCs were cultured in vitro with
the silk scaffold and high cell proliferation and increased

amount of collagen were seen. The substitute was
implanted subsequently in rabbits and it was shown that the
MSCs exhibited fibroblast morphology with components of
ECM prominently produced after 24 weeks. The tissue-
engineered substitute also performed well in term of
mechanical strength and direct ligament-bone insertion was
reconstructed successfully [74]. The same group repeated
the study in a pig model and similar results were obtained
after 24 weeks [75]. Importantly, the mechanical strength
of the regenerated ligament was maintained after 24 weeks
of implantation despite significant degradation of the
implanted scaffold.

Another study by Petrigliano and colleagues has
demonstrated the use of polycaprolactone (PCL) as a bio-
material for ligament reconstruction in rodents. PCL was
electrospun to produce highly aligned nanofibers. In vivo
gradual collagen depositions were seen with some infil-
tration of collagen-producing fibroblast and inflammatory
cells. However, the strength of the implanted PCL scaffold
was insufficient compared to the native ligament and less
biocompatibility were observed through modest inflam-
matory cell infiltrations [76].

Later, Leong and team investigated the PCL scaffold
incorporated with basic fibroblast growth factor (bFGF)
and human foreskin fibroblast (HFF). The scaffold has
resulted in successful bony integration with gradual
increased in strength although still has not achieved up to
the standard of the native ACL. However, they speculated
that HFFs had an unfavorable effect on aligned collagen
production and mechanical properties and bFGF could
contribute in term of mechanical properties [77].

A recent study by Lee et al. showed that decellularized
porcine tibialis tendons re-cellularized with human bone
marrow-derived MSCs (BM-MSCs) subjected to mechan-
ical loading similar to the ACL in the knee joint implanted
to the pig restored 80% of the ACL mechanical strength.
These results indicated the importance of bioreactor and
mechanical stresses in vitro to stimulate engineered tendon/
ligament tissue maturation and subsequently enhance the
tendon/ligament regeneration in vivo [78].

Achilles tendon at the heel is another popular target of in
tendon/ligament tissue engineering. Deng et al. found that
poly(glycolic acid)/poly(lactic acid) (PGA/PLA) scaffold
implanted for 45 weeks unable to improve the mechanical
strength of rabbit Achilles tendon. However, the same
scaffold seeded with adipose stem cells gradually forms
neo-tendon and improves the mechanical strength of ten-
don [79]. In a separate study, Chen et al. tested a chitosan-
based scaffold with a asymmetric structure on Achilles
tendon defect in rats. They found that the scaffold pro-
motes ECM production, tenogenic differentiation and tis-
sue maturation. Furthermore, they also found that
incorporation of rat tendon stem/progenitor cells to the
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Table 6 Examples of scaffold biomaterials in tendon/ligament tissue engineering

Source Biomaterials Advantages Reference
Natural Collagen Slow degradation rate [177]
Main component of ECM
Reasonable mechanical strength
Silk Good mechanical strength [178]
Slow degradation rate
Alginate Biocompatible and hydrophilic properties helped to sustain and control delivery of  [179]
biological factors
Synthetic PCL Easier to process [77]
PLGA Mass production with low cost [180]
PLLA High mechanical strength [181]
Synthetic/natural PCL/CHT Combination of the best properties of both natural and synthetic polymers [182]
PLCL/Collagen [102]
PCL/CHT/HA [183]
PLLA/CHT-collagen/ [184]
alginate

PCL polycaprolactone, PLGA poly (lactic-co-glycolic acid), CHT chitosan, PLCL poly (L-lactide-co-e-caprolactone), PLLA poly-L-lactic acid,

HA hydroxyapatite

Table 7 Recently developed tissue engineered tendon/ligament substitutes and their mechanical properties

Composite Ultimate tensile strength (MPa) Strain at failure (%) Young’s modulus (MPa) References
PLCL/collagen 6" 150* 4.5% [102]
PLA-braided 77 £ 0.7 4405 1370 + 87 [185]
PLA-poloxamer 24 +3 78 + 23 346 + 109 [186]
PLA-poloxamine 29 + 1 20+ 2 440 £+ 99 [186]
PCL/gelatin 1.41 £ 0.15 - 2.51 £ 1.33 [187]
1.45 £ 0.19
PLA/collagen 0.075 £+ 0.009 348 + 43 0.084 £ 0.003 [188]
PLLA/CHT-collagen hydrogel 7.89 £ 1.5 - - [184]
PCL-HA/CHT 250.1 - 215.5 [183]
PU/collagen/silk 13.5 55 21.7 [189]

PLA polylactic acid, PCL polycaprolactone, PLCL poly(L-lactide-co-¢-caprolactone), CHT chitosan, HA hydroxyapatite, PLLA poly-L-lactic acid,

PU polyurethane
Relatively from graph

scaffold enhance the tissue regeneration in vivo [80].
Results from Deng et al. and Chen et al. clearly showed
that stem cell is a very important component in engineered
tendon/ligament to ensure the success of the graft upon
transplantation.

7.2 Human amniotic membrane as a scaffold
for tendon/ligament tissue engineering

Recent progress in tissue engineering has explored the

potential of human amniotic membrane (AM) application
in its regenerative capability. For the past years, it was
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discovered that AM could be used in tissue engineering to
construct a scaffold. AM is the innermost layer of the
placenta located next to foetus consisting of a thick base-
ment membrane and an avascular stromal matrix [81]. AM
is a redundant tissue that can be collected from millions of
birth every year. Thus, there is not ethical concerns with
the collected and use of AM. AM have been shown to
contain growth factors such as platelet-derived growth
factor (PDGF), transforming growth factor-o (TGF-o),
TGF-B1, basic fibroblast growth factor (bFGF), epidermal
growth factor (EGF), placental growth factor (PLGF) and
granulocyte-colony stimulating factor (G-CSF) [82]. AM
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possesses biological properties that have great significance
in tissue engineering including anti-microbial, anti-in-
flammatory, anti-scarring, anti-fibrosis in addition to sat-
isfactory mechanical property and low immunogenicity
[83].

Decellularization technique is an important step for
building the AM scaffold as this technique will reduce
immunoreactivity from the host and create space for
recellularization with target cells. E.g. epithelial cells are
removed from the AM and recellularized with tenocytes to
prepare a tissue-engineered tendon. When AM is decellu-
larized, it is left with the matrix that rich in ECM proteins
such as collagen from various type including type I and
type IV, fibronectin, laminin, and ground substances such
as proteoglycans, that provide important cues for cellular
proliferation, growth, signaling and communication [84].
Decellularization AM has been reported to promote cell
adhesion, proliferation, differentiation and stratification as
well as more uniform cell growth compared to intact AM
[85]. Apart from bearing unique biological and mechanical
qualities which render it desirable as scaffolding materials,
AM also provide most important factors that promote
wound healing such as epidermal growth factor and kera-
tocyte growth factor [86, 87]. Basically, a decellularized
AM is a scaffold with a template of the ECM. Together
with natural ECM properties and growth factors, AM could
play an important role in the microenvironment of the
tissue scaffold.

Currently, AM, whether with intact cells or without is
widely used in ophthalmology field in reconstructing ocu-
lar surface from burn injuries or epithelial defects [81]. AM
also has been demonstrated to be able to serve as a nerve
conduit in peripheral nerve regeneration and as a carrier
matrix for cartilage regeneration [88, 89].

Viscoelasticity property of AM can be attributed to its
ECM protein content. The amount of collagen and elastin
in AM determine its mechanical properties in term of
strength and elasticity [90]. A tissue scaffold when first
transplanted to a damaged site must bear loads close to the
physiological levels. Together, with a combination of other
biomaterials fabricated on to the AM, they would provide a
better structure to withstand the tension and loads to the
joint.

To date, limited literatures have reported the use of AM
in tendon/ligament tissue engineering. Previous literatures
have shown that amniotic membrane wrapped around the
partially lacerated tendon/ligament reduces inflammation,
increases collagen fibers alignment and improves the
mechanical strength of tendon [91, 92]. Studies also found
that AM can prevent the formation of peritendinous
adhesion which is a major contributor to poor tendon sur-
gery outcome [93, 94]. However, a clinically study termi-
nated after 5 patients due to unsatisfactory results hinted

that AM might not be able to improve the outcome of
tendon repair [95].

Seo and colleagues in 2016 have demonstrated the
application of silk scaffold, composite silk (CS) scaffold
consists of silk, collagen-hyaluronan and chondroitin-6-
sulfate, and CS wrapped with AM (CS-AM) scaffold in
Achilles tendon regeneration. The silk scaffold was pre-
pared from silk suture using a weaving machine and sericin
was removed from the silk scaffold using a detergent. CS
scaffold was prepared by soaking the silk scaffold in col-
lagen-hyaluronic acid-chondroitin-6-sulfate solution and
air-dried. The scaffold was implanted into Achilles tendon
injury in rabbit. Under histological examination, collagen
fibrils were found to be more organized, and collagen
bundles were denser, parallel, and linear in CS-AM com-
pared to silk and CS group alone. In addition, neoangio-
genesis were noted through CD34 staining in CS-AM
group with increased fibroblast-like cell migration [96].
Moreover, CS-AM group was better in term of mechanical
strength. Results from this study suggested that AM can be
used with extra scaffolding materials to maximize its
therapeutic potential in augmenting the healing of tendon/
ligament injury. Reinforcement of CS with AM enhanced
the performance of the scaffold probably due to the
improved mechanical strength and biological property as
AM was known to be rich in growth factors.

A recent case study reported the used of dehydrated AM
as a patch with hamstring autograft in a patient with pri-
mary ACL tear through arthroscopic-assisted ACL recon-
struction. Early MRI scan postoperative 3 months
indicated early vascularization and maturation of repaired
tendon at 6 months. Patient also noted to gain a normal
range of motion and gait faster than usual [97].

In a randomized controlled trial, micronize (powdered)
AM was tested for its efficacy in patients with plantar
fasciitis. According to the guideline, no single treatment is
guaranteed to reduce the pain. 45 patients were randomized
and blinded to receive either 0.5 or 1.25 cc micronize AM
or 1.25 cc saline (control). The outcome measures used
were The American Orthopedic Foot and Ankle Society
(AOFAS) Hindfoot Scale and The Wong-Baker FACES
Pain Rating Scale to assess the pain and Quality Metric’s
SF-36v2 Standard Health Survey to assess functional
health and well-being from the patient’s point of view
during the study period. Results showed that single injec-
tion of micronize AM is sufficient to alleviate pain and
improved functionality within 1 week. Both groups of
patients receiving micronize AM improved the AOFAS
Hindfoot scale and the effect seen may be due to the anti-
inflammatory effect of AM and also growth factors that
stimulate epithelial cell migration and proliferation thus
together promote tendon healing [98].
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7.3 Electrospinning to produce nanofibrous scaffold
for tendon/ligament tissue engineering

The electrospinning technique has been widely studied for
the manufacturing of biomimetic nanoscale fibrous struc-
ture for tissue engineering applications. Through electro-
spinning technique, finer fibers ranging from 15 nm to
10 um or greater could be generated. The technique gen-
erally involved electrostatic force that eventually pressured
fine fiber formation, collected as a non-woven mesh with
high surface area/unit mass and high volume of intercon-
nected porosity [99].

Briefly, in electrospinning technique, the desired solu-
tion of biomaterial in a syringe is subjected to a strong
electric field through the syringe needle and ultra-fine fiber
ranging from few micrometers to tens of nanometers in
diameter is formed via stretching by the electric force when
the polymer solution ejected from the nozzle travel across
the distance to deposit on the collector. The fiber is col-
lected in a rotating collector to produce highly aligned
nanofibers. Theoretically, the applied electrical potential
between the polymer source and collector would create an
accumulation of charges at the surface of an emerging
polymeric droplet at the end of the syringe needle. The
cohesive force of the solution would be overcome by the
force of the electric field and an electrically charged jet of
polymer-containing solution erupts. As the jet moves
toward the collector plate, it is elongated by electrostatic
interactions between charges on nearby segments of the
same jet (Fig. 6) [71, 99].

Characteristics of electrospun fiber are affected by the
parameters such as viscosity of the polymer solution, dis-
tance between the needle tip and the collector, the voltage
applied, the flow rate, the spinning temperature, the rota-
tion speed of collector, the spinning duration, the

Taylor cone

Whipping Grounded
fibers collector
Syringe pump
High voltage
power supply % -

Fig. 6 Schematic diagram of electrospinning equipment. (Repro-
duced from Ref. [71] with permission from Springer Nature)
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environment temperature and humidity [71, 100]. Viscosity
of the polymer solution is the most important parameter in
controlling the fiber diameter whereby increased viscosity
leads to the formation of fibers with larger diameter. Dis-
tance between the needle and rotating collector could affect
the electrospun fiber diameter as well. In theory, collecting
distance is inversely proportional to fiber diameter due to
the fact that more time is needed for the jet to stretch in the
electric field before it is collected and the polymer solution
has more time to evaporate. However, some studies
claimed that increasing the distance would increase the
fiber diameter. Some also reported that changing the dis-
tance would not affect the fiber diameter. Applied voltage
also plays an important role in controlling the fiber diam-
eter. By increasing the voltage, the electrical field strength
and electrostatic stretching force become larger, thus
decreasing the fiber diameter. However, some also believed
that the mass flow rate from the needle tip to a collector
would be increased when a higher voltage is applied thus
creating thicker fiber diameter. In term of flow rate,
increasing the volume per hour would eject the solution at
larger amount in a given time that could result in thicker
diameter. Achieving finest fiber diameter is crucial as it
will also produce a higher surface-to-volume ratio of the
scaffold that could promote and increase cell proliferation
and adhesion [71, 100, 101]. An example of electrospun
fibers is shown in Fig. 7.

Several studies have successfully fabricated align
nanofibers using electrospinning method. Xu et al. fabri-
cated poly(L-lactide-co-e-caprolactone)/collagen nanoyarn
network that significantly enhanced tenocyte proliferation
and expression of tendon related genes [102]. At the same
year, Barber et al. used the braided technique to form
scaffold from electrospun poly-(L-lactic acid). Surprisingly,
the scaffold could mimic the mechanical behavior of native
tendon/ligament during loading [103]. Orr et al. [104] later

Mag= 3.00 KX
EHT = 13.00 kV

Signal A = SE1
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G:P 0:100 Date :12 Jul 2018

Fig. 7 Electrospun polycaprolactone nanofibers
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developed multilayered electrospun polycaprolactone
scaffold that was found to increase gene expression of
tenogenic differentiation markers and collagen alignment.
More recently, Maghdouri-White et al. [105] fabricated
electrospun silk/collagen scaffold that could support adi-
pose stem cell attachment and proliferation while main-
taining its favorable biocompatibility and biodegradability
properties to support tendon/ligament regeneration. Sensini
et al. [106] prepared electrospun poly-(L-lactic acid)/col-
lagen scaffold with mechanical properties comparable to
native tendon and found that this scaffold promotes adhe-
sion and proliferation of human tenocytes.

8 Stem cells for tendon/ligament tissue
engineering

Cell is one of the components of tissue engineering triad.
Both differentiated cells and undifferentiated stem cells can
be used in tissue engineering. Most of the studies used stem
cells that can self-renew and differentiate into multiple cell
types, while showing low immunogenicity upon trans-
plantation. Multiple studies have involved the usage of
different types of stem cells including embryonic, fetal, and
adult stem cells from various sources in tendon/ligament
repair with promising results. Most of the studies used a
single type of cells. However, co-culture might be the way
forward as it has been found to increase the tenogenic
markers, hence the formation of tendon-like tissue [107].

A few types of cells have showed great potential in
tendon and ligament tissue engineering, i.e. induced
pluripotent stem cells (iPSCs), embryonic stem cells
(ESCs), MSCs, tenocytes and ligamentocytes. Normally,
there is no ethical issue with the use of autologous cells as
the cells were harvested from the patient and reintroduced
to the same patient after cell expansion in vitro. The use of
allogeneic iPSCs, MSCs, tenocytes and ligamentocytes
also has minimal ethical issues as the cells were normally
collected from cadaver or donor with informed consent.
The use of ESCs is controversial and argument for the use
of these cells has been going on for a long time. This is
because the collection of ESCs involved the destruction of
embryo that can develop into a human. Regardless of the
types of cells and applications (research and clinical),
compliance with the regulation set by the regulatory
authority is very important to avoid any ethical issues that
may arise.

8.1 Pluripotent stem cells
Pluripotent stem cells, comprise of embryonic stem cells

(ESCs) and induced-pluripotent stem cells (iPSCs) are both
stem cells that have the unlimited proliferative capability

and ability to differentiate into any cell type. Stepwise
differentiation of ESCs towards MSCs has regenerated
tendon tissue with better structural and mechanical prop-
erties than control in patellar tendon repair in rat [108].
Self-regeneration of tendon tissue was also activated from
the paracrine secretion of differentiation factors and fetal
tendon-specific matrix [68]. Xu et al. [109] experimented
the iPSC-derived neural crest stem cells on rat patellar
tendon window defect and it was found to enhance tendon
healing. As ESCs and iPSCs are pluripotent and have great
proliferative capability, there is an increased risk of ter-
atoma formation post-administration. In addition, deriva-
tion of ESCs may raise ethical consideration as the cells are
isolated from the embryo.

8.2 Multipotent stem cells

MSCs are multipotent stem cells with better self-renewal
and multilineage differentiation ability compared to ter-
minally differentiated cells such as tenocytes and liga-
mentocytes. MSCs can be derived from the bone marrow,
umbilical cord, adipose tissue, amniotic tissue and even
tendon tissue itself [110-113]. Compared to ESCs, MSCs
do not increase the risk of developing teratoma and is
easier to obtain without ethical concern. However, MSCs
have to be used with cautious as the cells have been
reported to influence tumor development and cancer drug
resistance. Manipulation of the culture environment during
in vitro cell expansion is also very important in ensuring
the safety of MSC therapy as factors like medium sup-
plement and oxygen partial pressure can modulate the cell
differentiation potential. This is very important to avoid the
formation of unwanted tissue at the implantation site, e.g.
bone tissue in tendon and ligament.

Many studies have reported the potential of MSCs from
bone marrow, umbilical cord, adipose tissue, synovial tis-
sue in tendon/ligament healing especially in the small
animal models [114-118]. MSC therapeutic area of the
tendon has been focusing on specific tendon site including
rotator cuff tendon and superficial digital flexor tendon
(SDFT). Rotator cuff is a group of four muscles that come
together as a tendon that surround the shoulder joint.
Intervention through direct injection of umbilical cord-
derived MSCs (UC-MSCs) has been shown to promote
healing of rotator cuff tear in rabbit [114, 118]. Further-
more, a polyglycolic acid scaffold seeded with BM-MSCs
were able to regenerate infraspinatus tendon-bone insertion
as well as increase type I collagen content and mechanical
strength of the regenerated tendon [115]. On the other
hand, a single administration of adipose tissue-derived
MSCs (AT-MSCs) also positively affects the collagen
crosslinking and remodeling of scar tissue in SDFT lesion
[116]. However, another study has shown that implanted
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synovial MSCs in tendon graft only affect early remodeling
(first 1-2 weeks) as no histological changes were observed
after 4 weeks [117]. Improved neovascularization during
tendon healing could also be observed when horses were
injected with AT-MSCs for SDFT repair [119]. Doppler
ultrasonography recorded more intense signal after
2 weeks treatment with AT-MSCs and more vascularity
seen on the tissue 22 weeks post-injection.

Even though the studies on MSCs in tendon/ligament
regeneration are mostly done in animals, the potential
therapeutic effect of MSC therapy on human also have
been reported in several studies. Lee et al. [120] performed
injection of AT-MSCs into the hypoechoic common
extensor tendon lesion in lateral epicondylosis of 12
patients and found that the tendon defects were signifi-
cantly reduced and elbow pain improved. On the other
hand, Hernigou and colleagues recruited 90 patients with
symptomatic rupture of the rotator cuff and divided them
into the treatment group that received BM-MSCs as an
adjunct following surgical repair and control group
received the surgical repair only [121]. Faster healing rate
was observed in the patients received MSCs by 6 months.
Furthermore, those in the treatment group also showed
improved tendon integrity in the long run. These findings
indicated that MSC transplantation could be an effective
adjunct therapy for surgical repair in tendon/ligament
injuries.

The efficacy of MSCs in term of survival and ability to
attach to the lesion site also has been demonstrated. MSCs
can survive 6 weeks after the transplantation and increased
the expression of type I collagen [122]. In addition, MSCs
were found to remain at the tendon up to 9 weeks after the
injection [123]. However, the administered MSCs cannot
migrate towards another lesion site on a contralateral limb
as the labelled MSCs were not detected in the untreated
tendon [124]. This might be due to insufficient chemotaxis
signal produced at the control lesion site to direct the
migration of MSCs.

Several key factors have been identified to direct the
tenogenic differentiation of MSCs upon implanted. Among
others, early growth response 1 (EGR1) transcription factor
has been shown to be involved in tendon differentiation
[125]. Tendon-derived MSCs (T-MSCs) overexpressing
EGRI have been recently discovered to have higher teno-
genic differentiation and better than T-MSCs in promoting
the repair of rotator cuff injury [126]. The study further
elaborated that EGR1 induced expression of tendon-related
genes, including scleraxis (SCX), tenomodulin (TNMD),
tenascin-C (TNC) and type I collagen. The author also
found that EGR1 induced the tenogenic differentiation via
the bone morphogenic protein 12 (BMP12) pathway.
BMP12 has been reported to augment the gene expression
of tenogenic markers in BM-MSCs and transplantation of
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these cells improved the formation of tendon-like tissue in
tendon defect in rats [127]. More recently, Mohawk (Mkx)
activation was discovered to lead tendon development
during embryogenesis and may play a role in tenogenic
differentiation of MSCs [128]. Furthermore, BM-MSCs
overexpressed SCX are better in improving the mechanical
properties of rotator cuff injury [129]. Taken together,
augmentation of EGR1, BMP12, Mkx and SCX expression
in MSCs prior administration for tendon repair can pro-
mote tenogenic differentiation, thus improving collagen
and matrix synthesis.

8.3 Unipotent tenocytes and ligamentocytes

Previously, we have discussed that tenocytes and liga-
mentocytes are the major cell types in tendon and ligament,
respectively, and also the one that drives tissue repair
through ECM synthesis and growth factor production.
Considering these facts, it might be feasible to use these
cells to augment tendon/ligament regeneration. However,
these highly differentiated cells have limited ability to
proliferate and differentiate, thus limiting its use in tendon/
ligament repair. Furthermore, autologous transplantation of
these cells would also introduce donor site morbidity dur-
ing harvest and the donor site intrinsic ability to heal upon
biopsy is relatively poor.

Long-term efficacy of autologous tenocytes in human
tendon repair have been reported by Wang et al. in their
first paper published in the year 2013 and the follow-up
paper published 2 years later [130, 131]. They treated 17
patients with chronic resistant lateral epicondylitis that was
not improved after received the nonsurgical treatment with
autologous tenocytes. They found that at 12 months fol-
low-up, the patients received the autologous tenocyte
injection shown significant improvement in visual ana-
logue scale (VAS) score, Quick Disabilities of the Arm,
Shoulder and Hand (QuickDASH) score, grip strength and
magnetic resonance imaging (MRI) score. Encouragingly,
these improvements sustained up to 5 years. Similar find-
ings have been reported in small animal studies whereby
autologous tenocyte therapy improved histological and
biomechanical properties as well as the type I collagen
synthesis and locomotion abilities without inciting adverse
immune reactions [132—134]. Furthermore, implantation of
collagen scaffold seeded with tenocytes also resulted in
better rotator cuff tendon healing and remodeling [135].
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9 Cell-secreted products for tendon/ligament
tissue engineering

Aforementioned discussion has explored the potential of
stem cells in tendon/ligament repair. However, a recent
paradigm shift has arisen, implying that their beneficial
effects may not be restricted to cellular regeneration alone,
but also through their transient paracrine activity. Stem
cells can secrete growth factors, cytokines and extracellular
vesicles that can modulate the molecular composition of
the environment to evoke responses from resident cells. In
tissue engineering applications, secretory products of cells
such as secretome and growth factors have been tested for
tendon/ligament repair.

9.1 Exosomes

Exosome is a type of extracellular microvesicles with
diameter ranging around 40-100 nm [136]. Exosome con-
tains protein, lipid, growth factors, and genetic materials
such as RNA and microRNA [137]. The lipid bilayer
membrane of exosome contains certain protein markers
that are specific to certain types of cells and also choles-
terol and sphingolipid that are important in cell commu-
nication [138]. Exosomes can be up-taken by neighboring
cells through surface receptor-mediated interaction, endo-
cytosis or by a process of membrane fusion (Fig. 8) [139].
Due to the risk of capillary blockade after stem cell infu-
sion, many have believed that stem cell-derived exosomes
that are smaller in size could be beneficial in tissue repair
and may replace stem cells as cell-free therapy. However,

released exosomes via
reverse budding

@
> e /o
. o o
\-"J
eN\s%9 o
«Q @\ C

Donor cell

uptake of exosomes
via receptor-ligand
interaction

just like the stem cells, exosomes prepared from the cells
varies from batch-to-batch and this situation as worrisome
as it will greatly affect the biological function of the
exosomes.

In recent years, stem cell-derived exosomes have
demonstrated its potential to treat several diseases,
including cardiovascular ischemia, liver fibrotic disease,
kidney injury, and cutaneous wounds healing and could
have the potential for tendon/ligament repair and regener-
ation. Currently, the effect of exosomes per se on tendon/
ligament regeneration is still scarce. In a horse study,
exosomes secreted by horse amniotic-derived MSCs reg-
ulated the pro-inflammatory cytokines expression by down-
regulating matrix metallopeptidase (MMP) 1, MMP 9,
MMP 13 and tumor necrosis factor-oo (TNFa) expression
suggesting that exosomes might be beneficial in tendon
healing [140].

9.2 Secretomes/growth factors

It is well known that proteins secreted by cells play a key
role in the modulation of many biological functions such as
cell signaling, differentiation and growth. Secretome,
which is rich in a complex set of molecules secreted by
living cells, could have potential in tendon/ligament heal-
ing. Recent advances in the field of proteomics have
characterized hundreds of growth factors and cytokines
secreted especially from stem cells to elucidate its regen-
erative capability. A well-known growth factor, platelet-
derived growth factor (PDGF) has been extensively studied
for its role in tendon/ligament repair.

uptake of
exosomes via
endocytosis

uptake of exosomes
via direct fusion

Recipient cell

Fig. 8 Communication between the donor cells and recipient cells via exosomes. Exosomes can be up-taken by the neighbouring cells via
endocytosis, receptor-ligand interaction and membrane fusion. (Reproduced from Ref. [194] with permission from Elsevier)
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Uggen et al. first investigated the role of PDGF as a
coating substance for FiberWire sutures for rotator cuff
repairs in sheep. Coated PDGF suture enhanced histologic
scores of the repaired tendon. However, no significant
differences were reported in term of its mechanical strength
particularly load to failure [141]. Later, Hee and colleagues
reported that PDGF/collagen scaffold treatment signifi-
cantly increase the load to failure of rotator cuff repair in
sheep compared to the suture only control. The PDGF
treated group also had improved anatomical appearance but
no differences were seen in term of inflammation or cel-
lularity. Interestingly, increasing the PDGF concentration
from 75 pg and 150 pg to 500 pg resulted in poorer out-
comes [142]. This indicated that setting an ideal thera-
peutic dose is very important for optimum tendon recovery.
In 2014, Kovacevic et al. incorporates PDGF into a col-
lagen scaffold and found that cellularity and vascularity
increase in the rotator cuff repair in rats, but only at the
early phase of healing. No differences were found in col-
lagen fiber organization and mechanical strength at the
later stage of healing [143]. Tokunaga et al. studied the
PDGF loaded gelatin hydrogel sheet and found that it was
able to promote better collagen fiber orientation and ulti-
mate failure load, but not the cellularity and vascularity
[144]. The discrepancy seen in these studies were partly
attributed to the differences in the animal model used,
mechanism of delivery and preparation of PDGF itself.

To current knowledge, three studies have reported the
use of secretome or conditioned medium for tendon/liga-
ment healing. Basically, cells were cultured in a medium
for a specified time and the medium was then collected and
filtered. The filtered medium would be either undergone
proteomic analysis or be incorporated into treatments to
test its efficacy. MSC condition medium (MSC-CM) has
effectively improved the healing process of massive rotator
cuff tear by increasing fibrocartilage formation, organiza-
tion and cellular density. In addition, the regenerated ten-
don with MSC-CM has higher elasticity, allowing better
elongation when subjected to higher force of disruption.
Moreover, in vitro study also showed that MSC-CM
increase tendon cell viability [20]. Myoblast conditioned
medium (Myo-CM) was also reported to upregulate ten-
don/ligament genes, TNMD, tenascin C and COMP, and
enhanced collagen production in vitro. When tested on rats
for ACL reconstruction, Myo-CM accelerated femoral
tunnel closure but not tibial tunnel closure [145]. Physio-
logically, tenocytes synthesize the ECM including collagen
and other proteins for tendon formation [146]. As expected,
tenocyte conditioned medium (T-CM) induces proliferation
and stimulates tenogenesis as well as reduces secretion of
inflammatory proteins.
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10 Platelet-rich plasma for tendon/ligament tissue
engineering

PRP is a blood plasma with high concentration of platelet
obtained by removing the red blood cells through cen-
trifugation of whole blood (Fig. 9) [147, 148]. These pla-
telets can release various growth factors including PDGF,
insulin-like growth factor, fibroblast growth factor and
vascular endothelial growth factor [149]. Extensive pre-
clinical studies have reported the beneficial effects of PRP
in tendon/ligament healing. Even though some athletes
have been reported to gain beneficial effects from this
therapy, there hasn’t been an established guideline for the
use of PRP for tendon/ligament healing.

In a rat model, administration of PRP has been shown to
improve biomechanical properties of the repaired tear,
increase angiogenesis and produce better orientation of
collagen fibers. Unfortunately, the load to failure was not
increased and PRP also increased fibroblastic response
[150]. However, Dolkart et al. reported contradictory
results whereby PRP treatment improves the load to failure.
They showed that single PRP administration as an adjuvant
to surgical repair produced higher maximal load and
stiffness and hence suggested that PRP improved tendon-
bone healing [151]. Improved tendon continuity and
thickness as well as lower vascularity and inflammation
were reported in a study by Hapa and colleagues. In term of
mechanical strength, treatment of PRP only give positive
impact at the earlier phase at week 2 [149]. This phe-
nomenon was partly due to transient effect of platelet in
tendon healing and the robust healing of tendon in rats that
made the differences undetectable at 4 weeks after injury.

Administration of PRP also enhances tendon repair in
large animals. The repaired tendon in PRP group has been
reported to has higher cellularity, collagen and gly-
cosaminoglycan content, along with higher strength at
failure and elastic modulus compared to the control group
in a placebo-controlled study in horses [152]. The subse-
quent study reported that PRP also significantly increased
angiogenesis as proven through Doppler ultrasonography
[153]. Taken together, a single administration of PRP is
sufficient to produce significant positive effect in small and
large animals.

The positive effects seen in small and large animals
have yet to be fully translatable to human. Although some
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may recommend the administration of PRP in patients who
cannot tolerate corticosteroid as both treatments are com-
parable in term of effectiveness [154], others may disagree
as a randomized-controlled trial on the usage of PRP in
tendon/ligament healing failed to demonstrate improve-
ment in tendon healing, including tissue vascularity, mus-
cle strength and clinical rating scales [155]. Furthermore, a
systematic review on the usage of PRP in musculoskeletal
soft tissue injury published in 2014 also concluded that
there were insufficient evidences to support the use of PRP
for treating musculoskeletal soft tissue injuries and stressed
that there should be a proper standardization of PRP
preparation methods [156]. The differences in the PRP
prepared from different clinics resulted in the variation in
the reported results.

11 Bioreactor and mechanical loading to enhance
tendon/ligament substitute maturation in vitro

The structure of tendon and ligament is complex, consist-
ing of millions of dense collagen fibrils in a highly orga-
nized manner. This complex structure is designed so that it
can resist tension and compressive force. During the
development, tenocytes and ligamentocytes synthesize
ECM and collagen that made the tissue, and factors such as
mechanical force could influence their behaviors. This was
demonstrated by several studies identifying the effects of
mechanical stimulation on tenocyte or ligamentocyte
behavior.

Collagen secretion of ligamentocytes and MSCs
increased when then cells were subjected to mechanical
stretch. Nonetheless, the optimal amplitude and frequency
of the stretching to stimulate collagen production and cell
proliferation differed between the 2 types of cells [157].
These suggested that cells dynamically adjusted its
behavior according to specific parameter of the mechanical
stretch. Increased collagen production in response to
mechanical stimulation also has been reported in other
studies [158-160]. To relate to clinical scenario, early
passive motion of the joint after treatment could help to
promote remodeling of the repaired tendon/ligament tissue.

It is challenging for the researcher to study the behavior
of tenocytes and ligamentocytes in a 2D model culture due
to insufficient influence, especially mechanical cues. With
the purpose of simulating the environment of the native
tissue itself, a tightly controlled local environment with the
ability to support and propagate cells while providing
biological and mechanical signals in aseptic condition is
needed. These functions could be provided by modern
bioreactor that can be tailored to support a specific tissue
such as tendon/ligament [161]. Tissue-engineered tendon/
ligament can be cultured in 3D inside a bioreactor with

controlled environment while also receiving mechanical
stimulus and chemical signal to guide tissue maturation.
Carefully selecting the biomaterials as the scaffolding
agent is important, as some biomaterial may not be able to
withstand the mechanical loading due to poor mechanical
properties. From the literature search, we have found sev-
eral reports that studied the modern bioreactor for tendon/
ligament engineering.

M. Hohlrieder and colleagues have constructed biore-
actor for the physical stimulation of ACL grafts. The
bioreactor was capable to cyclically stretch and rotate the
scaffold, with controlled perfusion flow and environmental
and culture parameters (temperature, pH, oxygen, humid-
ity). The mechanical loading to the scaffold was claimed to
closely resemble the ACL mechanical conditions as the
mechanical stimulation can be accurately and precisely
controlled [162]. Thus, the well-controlled mechanical,
biological and fluidic control system of the bioreactor can
assure an optimal environment for the engineered tissue.

Laurent et al. developed a multi-chamber tension—tor-
sion bioreactor to accommodate the physiological simula-
tion in ligament tissue engineering. BM-MSCs were seeded
in the scaffold and cultured dynamically inside the biore-
actor. The BM-MSCs were able to adhere to the scaffold
even after application of cyclic loading (2.5% strain and
10° rotation at 1 Hz) [163]. Youngstrom et al. studied the
effect of cyclic loading (0, 3 and 5% strain at 0.33 Hz) on
graft maturation and cellular phenotype. Decellularized
equine tendon was clamped in the bioreactor vessel while
BM-MSC suspension was deposited and subjected to
cyclical mechanical stimulation. Cyclic strain promotes
tenocyte specific gene, SCX at 0% and 3%, COL-I and
COL-IITI at 3%. In term of mechanical properties, 3% strain
constructs have better load to failure and elastic moduli
compared to 0% and 5% and almost similar to the native
tissue. The concentration of glycosaminoglycan in the
constructs exceeded the one in native tissue suggesting that
BM-MSCs were able to colonize and function properly
inside the scaffold. In addition, histological analysis proved
that BM-MSCs integrated into the scaffold at high density
and adopt tenocyte morphology [164]. Similarly, Bourdén-
Santoyo et al. found that bioreactor providing mechanical
stimulation helps in the maturation of engineered ligament
tissue [165].

Other studies also confirmed the increased expression of
SCX, TNMD and tenascin C (tenogenic differentiation)
after stimulation with cyclic stretching [107, 166, 167].
Furthermore, cyclic strain also promotes activation of ECM
related genes, COL-1, COL-III, DCN, and COMP. COL-III
is a crucial element for tendon healing whereby it catalyzes
the formation of rapid crosslinks to stabilize the repair site
while DCN 1is a regulator of collagen fibrils assembly
during tendon development [107, 167-169].
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12 Future perspectives

Introduction of new technology and discovery of new
knowledge have enabled researchers to develop engineered
tissue that is more closely resemble the native tissue.
Recently introduced bioreactor with mechanical stimula-
tion has enabled the physiological regulation of engineered
tendon and ligament, with the aim of stimulating their
maturation in vitro. Furthermore, the bioreactor also pro-
vides a platform to study the cellular behavior of trans-
planted engineered tendon and ligament. With these
understandings, a more precise engineered tissue could be
developed. Perhaps in the future, cells could be cultured
inside bioreactor with complex stimuli to form tendon and
ligament organoids. Furthermore, multiple types of cells
can be co-culture on the scaffold to achieve functional
tissue formation in vitro. Thus far, we are depending on the
scaffold to support the cells and to form the engineered
tissue. However, will we really need that in the future? If
we have a complete understanding of various biological
and mechanical factors that influence the cells to produce
tendon and ligament organoids, it will solve some of the
limitations that we are facing in tendon and ligament tissue
engineering.

13 Conclusion

High failure and recurrence rates of the current tendon and
ligament grafts have prompted researchers to explore new
potential in tendon and ligament repair via tissue engi-
neering. Although this field has provided limitless possi-
bilities, many are not able to be translated into clinical
applications. A better understanding of how native tissue
developed and functioned could enlighten us on which are
the best mixtures of the tissue engineering triad (cell,
scaffold, biological factor) to prepare the engineered ten-
don and ligament that resemble the native tissue. Electro-
spinning method has demonstrated its ability to generate
highly aligned nanofibers that is similar to collagen fibrils
arrangement in native tendon and ligament. Stem cells and
cell secreted products are promising, but its application in
clinical practice is still vague. Proper standardization of
clinical trials, preparation of stem cell source and secretory
products are needed to prove its efficacy. Bioreactor,
extended with mechanical loading features could dynami-
cally affect the behavior of cells within scaffold and could
mimic the physiological situation of tendon and ligament.
This technology brings the potential for more precise
understanding of tissue formation and maturation in vitro
and the ability for mass production. Overall, more research
is needed to satisfy our thirst in developing an ideal
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engineered tissue. The future is about to become interesting
as the development of new technology is rapid and robust.
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