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B Tendons connect muscles to bones, ensuring joint move-
ment. With advanced age, tendons become more prone
to degeneration followed by injuries. Tendon repair often
requires lengthy periods of rehabilitation, especially in
elderly patients. Existing medical and surgical treatments
often fail to regain full tendon function.

B The development of novel treatment methods has been
hampered due to limited understanding of basic tendon
biology. Recently, it was discovered that tendons, similar
to other mesenchymal tissues, contain tendon stem/pro-
genitor cells (TSPCs) which possess the common stem cell
properties.

B The current strategies for enhancing tendon repair con-
sist mainly of applying stem cells, growth factors, natural
and artificial biomaterials alone or in combination. In this
review, we summarise the basic biology of tendon tissues
and provide an update on the latest repair proposals for
tendon tears.
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Tendons basic biology

Anatomy

Tendons are anatomical structures connecting muscles to
bones which generate transmission of forces, thereby
ensuring joint movements.! Due to overuse or age-related
degeneration, tendon injuries have become a common
clinical problem. Damaged tendons heal slowly and rarely
retain the structural integrity and mechanical strength of a
healthy tendon, which often results in clinical challenges
as well as patient burden.

According to clinical observations and statistical data,
certain tendons are prone to a higher possibility of injury.
These are the rotator cuff, forearm extensors, Achilles ten-
don, tibialis posterior and patellar tendons.?3 The attach-
ment of tendon to bone is termed an osteotendinous
junction or enthesis.*> The attachment between muscles
and the tendon is called a myotendinous junction; a
highly specialised region where tendinous collagen fibrils
are inserted into deep recesses formed by myocytes. This
arrangement allows first, the transmission of tension gen-
erated by intracellular, muscular contractile proteins to
the tendinous collagen fibres,® and second, reduces the
exerted tensile stress that is applied to the tendon.! The
enthesis reduces and dissipates stress concentration at the
hard-soft tissue junction, prevents collagen fibre bending,
sharing and failure.”10 There are two types of entheses:
fibrous entheses and fibrocartilaginous entheses. In a
fibrous enthesis, the collagenous tendon or ligament
directly attaches to the bone, whereas the fibrocartilagi-
nous interface encompasses different transitional zones,
namely, uncalcified fibrocartilage, calcified fibrocartilage
and bone.

Architecture and molecular composition

Microscopically, healthy tendons are known to be brilliant
white in colour with a glistening appearance. They belong
to the group of dense connective tissues and are predomi-
nantly composed of parallel, closely packed collagen
fibres and cells within a well-ordered extracellular matrix
(ECM). The basic structure of tendons is of collagen type |,
which is arranged in hierarchical levels of complexity and
constitutes 65% to 80% of the tendon dry mass. There are
also 2% to 3% of other collagen types, such as collagen
type Il in the cartilaginous zones, collagen type Il in retic-
ular fibres of blood vessels, collagen type V in vascular
membranes, collagen type IV in capillary membranes, col-
lagen type X in the mineralised fibrocartilage within the
osteotendinous junction and collagen type XII, XIV as well
as XV as fibril-associated collagens.311.12
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The smallest collagen unit is tropocollagen which is
synthesised inside the tendon cell, aggregates into a
triple-helix polypeptide consisting of two a1 chains and
one a2 chain, and is secreted into the ECM. There, the tri-
ple-helix self-assembles via intermolecular crosslinks into
parallel organised collagen fibrils, which are 100 nm to
500 nm in diameter and rotate about 90°, in the Achilles
tendon, descending to the calcaneus. This structure is
responsible for the crimp and wave-like appearance of the
tendon. Fibrils in turn are bundled mainly longitudinally
into collagen fibres, sub-fascicles (primary bundle), fasci-
cles (secondary bundle), tertiary bundles and the tendon
itself. Each tendon fibre, the smallest unit visible under
light microscopy, is surrounded by a thin reticular net-
work of connective tissue: the endotenon. Tertiary bun-
dles, as well as the whole tendon, are covered by a fine,
loose connective tissue sheath (the epitenon) ensuring
vascular, lymphatic and nerve supply.’->13

Tendons which bend sharply around joints, e.g. in the
hand and foot, are enclosed by a tendon sheath with syn-
ovial fluid to reduce sliding friction. Instead of a true syno-
vial sheath, the Achilles tendon has a ‘false sheath’ called
the paratenon: a loose areolar connective tissue which is
composed of collagen fibrils, some elastic fibrils, an inner
lining of synovial cells, blood vessels and nerves. Taken
together, the paratenon provides the vascularisation of
the epitenon and endotenon, reduces friction and permits
free tendon movement against surrounding tissues.23>

The ground substance of the ECM in tendons, sur-
rounding the collagen and tendon cells, is composed of
1% to 5% proteoglycans and glycoproteins, 2% elastin
and 0.2% inorganic molecules, including copper, man-
ganese and calcium.™ Via their glycosaminoglycan (GAG)
side chains, proteoglycans bind to the collagen fibrils in
order to interconnect the fibrils in a parallel alignment
and to ensure gliding of collagen fibrils during locomo-
tion. They also enable rapid diffusion of water-soluble
molecules and the migration of cells. Major GAG compo-
nents of the tendon are dermatan and chondroitin sul-
phates."'>Thetendon ECM contains several proteoglycans
and glycoproteins such as tenascin C, cartilage oligo-
matrix protein (COMP), decorin, fibromodulin, biglycan,
lumican and tenomodulin. The glycoprotein tenascin C s
a member of the tenascin gene family. It is abundantly
found in the ECM of developing vertebrate embryos,
interacts with fibronectin and binds to integrins and ECM
components such as collagens.'¢'” The pentameric, non-
collagenous ECM-protein COMP belongs to the
thrombospondin family of extracellular calcium-binding
proteins. It consists of a five-stranded coiled coil includ-
ing five identical glycoprotein subunits and its 3D struc-
ture is stabilised by disulfide bonds. COMP plays a
catalytic role in the assembly of the tendon ECM by

binding to collagen.’®' Decorin, fibromodulin, biglycan
and lumican belong to the small leucine-rich proteogly-
can family and consist of a protein core containing leu-
cine repeats with varying GAG chains. The GAG chains of
decorin consist of either dermatan or chondroitin sul-
phates. Fibromodulin has four keratin sulphates. Biglycan
has GAG chains consisting of either chondroitin or derma-
tan sulphates?%-22 and the GAG chains of lumican contain
keratin sulphates. Decorin is known to bind directly to
collagen type | fibrils and has been implicated in the lat-
eral collagen fibrillogenesis.?3 Similar to decorin, fibro-
modulin, biglycan and lumican bind to collagen | fibrils
participating in the lateral tendon collagen fibrillogene-
sis.2122 The importance of fibromodulin for the tendon
collagen network was demonstrated in a study in which
fibromodulin-null mice exhibited irregular collagen fibrils
accompanied by an abnormal tissue organisation in tail
tendons.?° The function of decorin in collagen fibrillogen-
esis was reported by Reed and lozzo.?* They showed that
decorin ‘knockout’” mice also had abnormal tendon phe-
notypes which revealed themselves by altered tendon
collagen fibrils and reduced tensile strength.?* Tenom-
odulin (Tnmd) is a member of the type Il transmembrane
glycoproteins family with C-terminal anti-angiogenic
domain, which is highly expressed in tendon tissue and is
known to be one of the key factors for tendon matura-
tion.252¢6 Elastin plays an important role in various tissues
and organs. As an essential component in ECM, elastin
has been reported to cooperate with collagen mainly
functioning in elastic stretch and recoil, especially for ten-
sile resistance, and regulates the interactions between
cells and ECM.

Taken together, the tendon architecture and molecular
composition are well described; however, the exact pro-
tein signature, distinguishing it from other musculoskele-
tal tissues as well as from ligament or among sub-variants
of tendons, remain to be identified.

Cellular content

In the very beginning, since no cells could be found in the
tissue staining, for a long time tendon had been consid-
ered an inert tissue. Later, it was found that the tendon
tissue contains one major cell type and the rest of the com-
ponents are a scarce amount of fat, neuronal and endothe-
lial cells. Nowadays various cell types have been discovered,
such as uncommitted cells and more mature cells. Even in
the uncommitted fraction there are several stem cell sub-
types. Only in the last few years has there been clarification
of the discrete steps of the tenogenic cell cascade.?” How-
ever, there is still great need of tools; for example, specific
markers (single or combinational) or genetic lineage trac-
ing to well separate each discrete cell subset. We have
summarised the cellular content of tendon in Table 1.28-33
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Table 1. Tendon cellular content

Cell type Alternative name

Location/Incidence

Function Reference

Tenocyte Tendon-derived cell (TDC)
Tendon fibroblast

Tenoblast

Tendon stem/progenitor Tendon stem cell (TSC)
cell Tendon-derived stem cell (TDSC)
Tendon-derived progenitor cell (TDPC)

Perivascular cell Pericyte

Tendon mesenchymal stem cell (TMSC)

Endotenon
Sheet stem cell

Intra-fascicular matrix cell

Tendon/enthesis tissue

Debatable

Vessel, paratenon,
epitenon, tendon sheets

Around tendon fascicles
Endotenon sheets

Building up and maintaining tendon Fu et al?®
structure; interacting with collagen  Mienaltowski et al?®

Kohler at al3°
Bi et al?’

Multipotent and clonogenic, tissue
homeostasis and repair; exact
involvement is to be elucidated
Regulation of stem cells;
regeneration of various tissues;
immunomodulation

Maintenance; exact identity and
function are to be elucidated

Tempfer et al3?

Mienaltowski et al?®
Thorpe et al?3

Achilles
tendon

blood vessel

paratenon

fascicles
surrounded proteoglycan-

rich matrix

Fig. 1 Simplified cartoon model of Achilles tendon anatomical structure. Paratenon sheet surrounds the whole tendon, while
endotenon sheets surround individual tendon fascicles. Scarce blood vessels and nerve fibres (not shown) are located within the
sheets. Each fascicle is composed of collagen fibres with variable diameter size situated in proteoglycan-rich matrix, while each
collagen fibre is composed of multiple collagen type I fibrils. In between fibres, tenocytes (terminally differentiated cells) are found.
Tendon stem cells are suggested to be located in the tendon sheets, near the blood vessels or within the intra-fascicular matrix. Based

on Docheva et al.#6

Blood supply and innervation

The blood supply of tendons is assured by vessels origi-
nating from three different sites: the myotendinous junc-
tion; the osteotendinous junction; and the tendon sheaths.
At the myotendinous junction, the muscle provides the
tendon with blood vessels running down to the proximal
third of the tendon.?6 The sparse blood supply from the
osteotendinous junction is restricted to the insertion site.3*
The main vascularisation of the tendon is provided by the
paratenon, where a vascular network penetrates the epi-
tenon deep into the tendon and reaches the endotenon
sheets.3>36 Studies have shown that the Achilles tendon
has a hypovascular zone, 2 cm to 6 cm proximal to the
osteotendinous junction.”3436-3% However, Astrom4® has
demonstrated, by using laser Doppler flowmetry, an even
distribution of the blood flow within the Achilles tendon.
This suggests that, despite the regional vascularity of the
tissue, the blood-derived nutrients can penetrate the tis-
sue evenly. Further research is necessary to investigate
precisely the tendon fluid dynamics. Because tendon tis-
sues are predominantly extracellular and have a low meta-
bolic rate, the vascularity and healing capability of tendons
is much inferior compared with many other tissues.2341
Tendon has been considered as hyponeural, which is in
accordance with the relative hypovascularity. Sensory
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nerves are mostly located on the surface of the Achilles ten-
don. Most of the nerves originate from cutaneous, muscu-
lar and peritendinous nerve trunks and terminate as nerve
endings on the paratenon. Only few sensory nerve fibres
enter the main body of the tendon as they follow the vascu-
lar network of the endotenon.342 The nerve endings act as
specialised sensory receptors in order to sense changes in
pressure, tension or pain. Tension receptors are also known
as Golgi tendon organs and are mainly located at the myo-
tendinous junction. Each Golgi tendon organ consists of
collagen fibres enclosed in a capsule with nerve fibres
which branch as spiral endings between tendon collagen
bundles.’3 In recent years, the production of nerve signal
substances has been reported in tendons. Studies have
identified neurotransmitters such as glutamate, acetylcho-
line and substance P in human Achilles tendons.#3-45

Figure 146 represents a simplified cartoon model of the
tendon anatomical structure.

Tendon diseases

Tendon disorders are medical conditions including rup-
tures and overuse injuries accompanied by inflammatory
and degenerative changes such as tendinopathies. In the
United States, 33 million musculoskeletal injuries have
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been reported per year, 50% involving tendon and liga-
ment injuries.> The Achilles tendon is one of the most
injured tendons in the body often due to long-term over-
use and repetitive activities.3#7-50 Tendon injuries, how-
ever, do not occur only in physically active adults and
adolescents (especially men are affected), but they also
appear among the sedentary population with a moderate
physical activity. Next to sport, several intrinsic factors,
including body weight, nutrition and age, may be respon-
sible for tendon injuries and other conditions. Genetics
might also affect tendon disorders. Genetic diseases are
not specifically associated with tendon injuries, but there
are common genetic connective tissue disorders affecting
bone, skin, cornea, muscle, vessel or tendon/ligament.
Tendinopathies such as tendonitis, peri-tendonitis and
retrocalcaneobursitis are tendon disorders accompanied
by inflammation and pain, whereas tendinosis and rup-
tures are caused by intertendinous degeneration without
the evidence of inflammatory processes.>'.52

Achilles ruptures (80% to 90% of cases) typically occur
in the low vascularised region, 2 cm to 6 cm to the osteo-
tendinous junction, and often follow tendinopathies.>3
The latter belongs to the most common running-
associated disorders before knee and shin-splint injuries.>*
In recent decades, the prevalence of Achilles tendinopa-
thies and ruptures has risen, due to both an increase in the
elderly population and a higher participation in excessive
physical activities.>> In the general population, the inci-
dence of Achilles tendon ruptures, a typical injury among
30- and 50-year-old men, is up to 1%.%¢ Leppilahti and
Orava®’ reported that 80% of these ruptures occurred
during sporting activities, while 10% of these patients suf-
fered from pre-existing Achilles tendon problems. Achilles
tendinopathies appear more frequently with a lifetime risk
of 52% in former elite male runners>? with 5.9% among
sedentary people, 24% among competitive athletes and
18% among athletes aged younger than 45 years.>5

Tendon pathophysiology

Histological features of tendinopathies and ruptures are
characterised by a loss of the glistening-white to an amor-
phous, grey-brown appearance of the tendon. Further-
more, collagen degeneration, fibre disorientation and
thinning, hypercellular, rounded tenocytes nuclei, increased
vascular in-growth and a change towards fibrocartilagi-
nous composition can be observed microscopically.8-8:5°
Occasionally, tendon degeneration also includes fibrin
deposits, calcifications and lipid accumulations.*!

The tendon degeneration process can be considered as
a failure of matrix adaptation and remodelling due to an
imbalance between matrix decomposition and synthesis
caused by a variety of stresses and mechanical loads.” The
imbalance of metalloproteinases and their endogenous

inhibitors, the so-called tissue inhibitors of metalloprotein-
ases (TIMPs), is considered to play a crucial role in the
degeneration process. In recent decades, biochemical and
molecular studies of tendon disorders have advanced our
understanding of the underlying degenerative process.'¢
The major structural and molecular changes include:
upregulation of collagen type | and collagen type Il
mRNA; a shift to a higher collagen type lll abundance in
relation to collagen type | in the ECM; elevated levels of
fibronectin, tenascin C, GAGs, aggrecan and biglycan.>®
There are also changes in the activity of various matrix
metalloproteinases (MMPs), disintegrin and metallopro-
teinases (ADAMs); disintegrin and metalloproteinase with
thrombospondin motifs (ADAMTSs); and TIMPs which
contribute to the weakening of the tendon ECM.'31
Downregulation of MMP-3 and upregulation of MMP-2
and vascular endothelial growth factor (VEGF) has been
reported in Achilles tendinopathy.® In tendon ruptures it
has been reported that levels of MMP-1, -9, -19, -25 and
TIMP1 were increased, while the expression of MMP-3, -7,
TIMP2, were decreased.'6>8 Tendinopathy also involves
an increase in inflammatory mediators such as prostaglan-
din E2 and interleukin-1, an enhanced expression of cyclo-
oxygenase-2, growth factors including TGF-p and
platelet-derived growth factor (PDGF), insulin-like growth
factor-1 (IGF-1) and neurotransmitters such as glutamate
and substance B.1:58

The changes occurring during tendinopathy are con-
sidered a functional adaptation to compressional loading.
Currently, there are three main hypotheses explaining the
reasons for tendon degeneration: (1) mechanical overuse;
(2) vascularisation; and (3) aging. The human tendon
has the ability to adapt to loading through an increased
collagen synthesis and metalloproteinase activity. This
adaptation modifies the mechanical strength and the
visco-elastic properties, and furthermore, decreases the
stress-susceptibility which, in turn, leads to a higher load
resistance.6'.62 Nevertheless, the tendon has to withstand
tremendous forces during repetitive activities, making it
prone to overuse injuries. Over time, repetitive tensile
loading under the tendon injury threshold can lead to an
accumulation of microdamage which elevates the risk for
tendinopathy or rupture.?:63 As a result of microdamage,
scattered vascular in-growth, including necrotic capillar-
ies, contributes to vascular compromise.®* This leads to
local tissue hypoxia, which is considered to increase the
risk for degeneration and tendinopathy. Aging, in turn,
alters the tendon mechanical properties and the metabo-
lism, thereby increasing the susceptibility for microdam-
age and the prevalence of degenerative changes.65

To date, the underlying mechanisms of tendon aging
are largely unknown. However, in recent decades further
knowledge about the aging process in general has been
gained. The process of cellular and organismal aging is
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complex and not only influenced by genetic factors, but
also by external factors such as obesity, diabetes, muta-
gens like alcohol and tobacco smoke, or intrinsic stresses
including reactive oxygen species and telomere erosion.66
Tuite et alé” reported that tendon aging is underlined by a
degenerative process characterised by cellular senescence,
an overall decline in tissue tensile strength, mechanical
properties, blood flow and an enhanced lipid formation.
Other studies have indicated that the reduced regenerative
potential of adult tissues is linked to a functional decline of
the stem cell pool which has been associated with human
aging and age-associated diseases such as osteoporosis,
tendon disorders, sarcopenia, anaemia, dementia, cancer
or impaired wound healing.6874 Thus, it is assumed that
aging is partly driven by an age-associated decline in the
number and repair capacity of tissue-specific adult stem
cells. Recently, Zhou et al”? have successfully isolated TSPC
from tendon tissue of young and aged rats and revealed a
decline in clonogenicity, proliferation rate and chondro-
genic potential. However osteogenic and adipogenic dif-
ferentiation capacities were unaffected. Kohler et al3°
propose that during human tendon aging and degenera-
tion, the TSPC pool is becoming exhausted in terms of size
and functional fitness, which could provide an explanation
for the often-observed delayed healing in elderly patients.
Further research is needed to elucidate the precise mecha-
nisms involved in tendon aging and degeneration; the
gained knowledge can be then transferred to develop-
ment of highly specific preventing therapies.

Tendon healing

Tendons possess the capability to heal by a repair process
controlled by tendon cells and their surrounding ECM.
Immediately after tendon injury, scar formation and tissue
repair is initiated. This process contains three overlapping
stages: (1) tissue inflammation; (2) cell proliferation; and
(3) ECM remodelling.

The initial inflammatory stage begins with the forma-
tion of a haematoma shortly after injury. Blood cells, such
as platelets, neutrophils, monocytes and erythrocytes, are
attracted to the injury site by pro-inflammatory cytokines.
Components of the ECM, predominantly collagen type lll,
are synthesised by recruited fibroblasts. Then, secreted
angiogenic factors initiate the formation of a vascular net-
work which is responsible for the preliminary stabilisation
of the injury site.>7576 After a few days, the proliferation
stage takes place accompanied by the synthesis of abun-
dant ECM components, such as proteoglycans and colla-
gens (mostly collagen type Ill), which are arranged in a
random manner. Further features of this stage are
increased cellularity and absorption of large amounts of
water.>’7 The remodelling stage includes two sub-stages;
it begins after six to eight weeks after injury and takes
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around one to two years, depending on the age and con-
dition of the patient. The first sub-stage, consolidation, is
characterised by a decrease in cellularity and matrix pro-
duction, as the tissue becomes more fibrous through the
replacement of collagen type Il to collagen type I. Colla-
gen fibres then start to organise along the longitudinal
axis of the tendon, thereby restoring tendon stiffness and
tensile strength.”879 After approximately ten weeks, the
maturation stage occurs, which includes an increase of
collagen fibril crosslinking and the formation of a tendon-
like tissue.80

In general, tendon healing is composed of two overlap-
ping mechanisms: extrinsic and intrinsic healing. Extrinsic
healing starts first and implies the invasion of inflamma-
tory cells from the periphery to the injury site, which in
turn synthesise the initial collagen matrix and promote the
repair process. Intrinsic healing contributes to the repair
process by the recruitment and local stem/progenitor
cells.8! The healed tendon does not usually regain the
mechanical properties of the uninjured tissue.>®" The
reduced strength of the scar tissue compared with the
native tendon results from a reduced integration of colla-
gen fibres with a higher ratio of collagen type Ill (smaller
diameter) to collagen type I. As a consequence, the ten-
don thickens and stiffens to overcome the lower mechani-
cal strength and, hence, the tendon quality and its
functional activity are reduced.??

The healing process is supported by the secretion of
certain inflammatory cytokines, such as interleukin-6 and
interleukin-13.78 Tendon cells synthesise ECM compo-
nents as well as enzymes such as metalloproteinases
which are capable of degrading the majority of the tendon
matrix and have been implicated in the tendon remodel-
ling process.83 Matrix remodelling is a slow, continuous
process consisting of degradation and deposition of ECM
proteins. These primarily include proteoglycans and
collagens.

Various MMPs, ADAMs and ADAMTSs participate in the
tendon repair process. For example, collagenases, such as
MMP-1, -2, -8, -13 and -14, are capable of cleaving native
collagen fibrils resulting in denatured collagen, which in
turn is further degraded by gelatinases such as MMP-2
and -9.548 The maintenance of tissue homoeostasis is
assured by the balance of MMPs, ADAMs, ADAMTSs and
their endogenous antagonists TIMPs.85

During tendon repair, additional support is ensured by
a variety of growth factors which are released by cells
located at the injury site. When these growth factors bind
to their specific cell surface receptors, a signalling cascade
isinitiated, leading to the transcription of regulatory genes
and the regulation of cellular responses. TGF-B, IGF-1,
PDGF, bFGF, VEGF and bone morphogenetic proteins
(BMP) are known to be involved in different phases of the
healing process with diverse molecular effects.>
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The TGF-B family consists of three isoforms, TGF-B1,
TGF-B2 and TGF-B3, which are expressed in almost every
tissue in the human body and play roles in diverse events
such as regulation of the cell cycle, embryogenesis, stimu-
lation of cell migration and proliferation as well as wound
healing.8” IGF-1 induces the production of collagens and
proteoglycans as well as fibroblast proliferation as shown in
flexor tendon injury models.2 PDGF promotes the expres-
sion of other growth factors such as IGF-1 along with the
stimulation of cell proliferation and collagen synthesis as
shown in animal models in which PDGF was delivered dur-
ing tendon repair.8%°0 The treatment of MSC with low
doses of bFGF, increased cell proliferation®” and wound
healing models attested a faster wound closure with bFGF
treatment.>°2 VEGF is known to promote angiogenesis
and, post-operatively, VEGF has been shown to be
expressed by a majority of cells within the injury site.”3
BMPs, a sub-group of the TGF-B superfamily, mostly induce
bone and cartilage formation, but the delivery of BMP-12,
-13 and -14 (also known as GDF-7, -6 and -5) in ectopic
sites of rat models led to neo-tendon formation.?4-7

Despite the immense progress in deciphering regula-
tory molecular factors and cells involved in tendon heal-
ing, no major breakthrough has been achieved to enhance
significantly tendon repair. Therefore, the experimental
research has aimed at novel strategies to augment and
shorten this lengthy process which we summarise in the
following section.

Table 2. New repair proposals for tendon injuries

New repair proposals for tendon injuries

Tendon injuries are currently treated by conservative ther-
apies or surgery. However, scientific evidence has stated
that, in general, non-surgical treatment is less successful
—only 60% of the restored tendons are functional.® Up to
29% of patients need to be treated by surgery after failure
of conservative therapies.#3>2 Thus, surgery remains the
main option followed by allogenic transplantation. Ten-
don treatment often requires lengthy periods of reha-
bilitation, while the original biological properties and
mechanical strengths are rarely restored, and results in
chronic pain.? Current conservative, unsatisfactory strate-
gies for the treatment of tendon disorders include a com-
bination of extracorporeal shock wave therapy, eccentric
exercise therapy, ultrasound treatment and low-intensity
laser treatment. The use of non-steroidal anti-inflammatory
drugs for pain relief is controversial based on the high risk
of spontaneous post-injection tendon ruptures.?8 Cur-
rent treatments and newly developed therapies of tendi-
nopathies are summarised in Table 2.%9-121

The development of tissue engineering has brought
new hope in the actual treatment of many clinical dis-
eases, but in order to apply the research results of tissue
engineering widely in the actual treatment of clinical dis-
eases, there are a lot of difficulties which need to be solved
urgently, including optimum resources of seed cells and
ideal scaffold materials, and other factors, which are all

New proposals Type of material Study model Outcome Reference
Stem cells Tendon-derived stem cells  Rat; patellar tendon; surgical window The treated TDSCs accelerated and enhanced the Lui et al*®
(TDSC) defect, 1 mm in width; TDSC-fibrin quality of tendon repair compared with untreated Lui et al*®
constructs transplantation; analysis at 2, TDSCs up to week 8, which was better than that in
4 and 8 wks. the controls up to week 16 as shown by histology,
ultrasound imaging and biomechanical testing.
Periodontal ligament cells Rat; Achilles tendon; surgical transection PDL group showed advanced tissue maturation, Hsieh et al'®
(PDL), Achilles tendon- 3 mm; 3D cell pellet transplantation; less ectopic fibrocartilage formation, more
derived cells analysis at 16 weeks. organised collagen fibres, tendon matrix expression
corresponding to the final healing stage, and better
cell morphometry parameters when compared with
the control group.
Human mesenchymal stem  Rat; Achilles tendon; surgical transection Implantation of h(MSC-Scx, in contrast to hMSC Hsieh et al'®!
cells (hMSC) and scleraxis 3 mm; 3D cell pellet transplantation; and empty defect, results in smaller diameters,
(hMSC-Scx) -programmed  analysis at 16 weeks. negligible ectopic calcification and advanced cellular
tendon progenitors organisation and matrix maturation in the injured
tendons.
Rat bone marrow Rat; Achilles tendon; surgical transection TDSCs showed better biomechanical properties and ~ Al-ani et al'02
mesenchymal (BMSC) and 5 mm; TDSCs or BMSCs were injected;  higher tendency in Col-I/Ill gene expression level
tendon-derived stem cells analysis at 1, 2 and 4 wks. during wks 1 and 2.
Immunofluorescent assay revealed higher expression
of Tenascin-C in TDSCs at week 1.
Human embryonic stem Rat; Achilles tendon; surgical transection Enhanced regeneration process as shown by Chen et al'03

cell-derived mesenchymal
stem cells (MSC)

Rat BMSC.

1.5-7.5 mm; Knitted Silk-Collagen
Scaffold loaded with human embryonic
stem cell-derived MSC; analysis at 2 and
4 weeks.

Rat; Achilles tendon; surgical transection
2 mm; MSC injection; analysis at 2 and
4 wks.

histological scores; superior mechanical performance
but still much lower than normal tissues.

Partially positive effects on tendon remodelling in
the initial stages by biomechanical test; negative or
negligible effects on biomechanical results of tendon
remodelling.

Kraus et al'04

(Continued)
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Table 2 (Continued)

New proposals Type of material

Study model

Outcome

Reference

Biomaterials

Growth
factors

Rat MSC

Human induced pluripotent
stem cells (iPSC)-derived
neural crest stem cells
(iPSC-NCSCs)

Rat tendon-derived stem
cells

Type | collagen sponge

Collagen-elastin scaffold

Ovine forestomach matrix
(OFM) scaffold

Silk and collagen scaffolds

Nanofiber scaffold (6 layers
of polyglycolic acid and 5
layers of fibrin)

Purified Collagen | Oriented
Membrane

Collagen fibre implant

Rabbit platelet-rich plasma
(PRP)

Basic fibroblast growth
factor

Bone morphogenetic
protein 12 (BMP 12)

Recombinant human
platelet-derived growth
factor

Rat PRP

Rabbit PRP

Rat PRP

Rat; Achilles tendon; surgical transection
3 mm proximally; MSC-loaded mesh;
analysis at days 6 and 14

Rat; patellar tendon; standardised
full-thickness window defect (1*4 mm);
defect filled with fibrin gel with iPSC-
NCSCs; analysis at 1, 2 and 4 weeks.
Rat; patellar tendon; surgical transection
T mm; TDSCs-fibrin construct was
placed in defect; analysis at 1, 2 and 4
weeks.

Rat; Achilles tendon; surgical
transection; analysis at 1, 2 and 4 wks.

Rabbit flexor tendon; surgical cut;
analysis at 3 and 8 wks.

Rat; rotator cuff, surgical transection;
OFM scaffolds (5 mm x 10 mm) were
overlaid longitudinally on the superficial
aspect of the tendon-bone insertion;
analysis at 6 days and 12 wks.

Mice; Achilles tendon; surgical defect;
analysis at 10 days and 24 wks.

Dog; flexor tendon; surgical transection;
adipose-derived mesenchymal stem
cells and growth factors seeded
scaffolds were sutured in between the
transection; analysis at 0 and 9 days.
Rabbit; patellar tendon surgical
transection; collagen membrane was
sutured to the upper and lower patellar
pole and at the paramedian level;
analysis at 1 and 6 months.

Sheep; patellar tendon; surgical
transection 4 mm; implant was sutured
in between the transaction with tension;
analysis at 3 and 6 mnths.

Rabbit; patellar tendon; full-thickness
surgical defect; PRP with the gel form
were placed in the defect; analysis at 1,
2, 3 and 4 wks.

Rat; Achilles tendon; surgical defect;
analysis at 12 weeks

Dog; flexor digitorum profundus
tendon; surgical transection; 5 mm
depth, 2.5 mm width; scaffold with
adipose derived stromal cells and BMP
12 were placed in the transection;
analysis at 28 days.

Rat; rotator cuff; surgical transection;
collagen scaffold; analysis at 5 days and
28 days.

Rat; rotator cuff tendon; surgical
transection; analysis at 8 wks.

Rabbit; patellar tendon; surgical
transection; PRP was applied to the
repair site; analysis at 2, 4 and 8 wks.
Rat; rotator cuff tendon; surgical
transection; analysis at 3 wks.

Histology showed that at day 6 dense and parallel
collagen bundles; reduced vascularity and increased
type | collagen, better collagen formation and

organisation at day 14.

Superior repair performance in macroscopical
observation; significantly enhancement in histological

and mechanical examinations.

Better haematoxylin stain in results showing improved
histomerphology; The ultimate stress and the Young'’s
modulus were significantly higher in the TDSCs group

at week 4.

Defects receiving collagen sponges showed improved
healing, with significantly stronger and less stiff
tendons than control tendons. No inflammatory
reaction due to the collagen sponge was found

histologically.

Greater gapping after 3 wks; enhances both cellular

and extracellular inflammation.

Improved healing quality was shown by histological
analysis, no evidence of excessive inflammatory

response, no biomechanical advantage of
augmentation.

A thick, cylindrical, greyish fibrous structure and a
shiny white tendon appearance were observed which

are more clos to native tendons.

Cell viability showed no significant decreases, growth
factor release was higher in scaffold treated group;
no obvious inflammatory response was observed on

histology.

Histological findings showed satisfactory graft

integration with native tendon; histological

examination also showed ongoing angiogenesis.

Histology showed better integration, mechanical test
showed no statistically difference in stress to failure.

Stronger and more extensive expression
of TGF-b1 was showed at 1 and 2 wks by
immunohistochemistry.

Biomechanical properties were not significantly

improved.

Tensile properties showed no significantly difference;
proteomics analysis showed amplification of
inflammation, stress response and matrix degradation.

A dose-dependent response in cellular proliferation

and angiogenesis was observed.

No complications related to the surgery or PRP
application were observed; both failure loads and
displacement were significantly higher in the two PRP-

treated groups.

Mechanical properties showed no significant
difference, no difference in collagen content or

maturity was detected.

Higher maximal load and stiffness, better Bonar score.
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important research directions for the future. Meanwhile,
the mechanism and interplay of natural growth factors in
tendon repair is becoming better understood. However,
the optimum concentration of exogenous growth factors,
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as well as possible side effects, have to be carefully con-
sidered and can be restricting for clinical application.
How to simulate the internal environment’s successful
building of tendon tissue outside the body is one of the
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main directions of future research. More efforts and exper-
iments should be made to research and solve these prob-
lems. We believe that with the continuous development
of life and materials science, and the increasing deepening
of interdisciplinary research, tissue-engineered tendon
will become the ideal material and way to repair tendon
defects.
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