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Tendon is an intricately organized connective tissue that efficiently transfers muscle force to the bony
skeleton. Its structure, function, and physiology reflect the extreme, repetitive mechanical stresses that
tendon tissues bear. These mechanical demands also lie beneath high clinical rates of tendon disorders,
and present daunting challenges for clinical treatment of these ailments. This article aims to provide per-
spective on the most urgent frontiers of tendon research and therapeutic development. We start by
broadly introducing essential elements of current understanding about tendon structure, function, phys-
iology, damage, and repair. We then introduce and describe a novel paradigm explaining tendon disease
progression from initial accumulation of damage in the tendon core to eventual vascular recruitment
from the surrounding synovial tissues. We conclude with a perspective on the important role that bioma-
terials will play in translating research discoveries to the patient.

Statement of Significance

Tendon and ligament problems represent the most frequent musculoskeletal complaints for which
patients seek medical attention. Current therapeutic options for addressing tendon disorders are often
ineffective, and the need for improved understanding of tendon physiology is urgent. This perspective
article summarizes essential elements of our current knowledge on tendon structure, function, physiol-
ogy, damage, and repair. It also describes a novel framework to understand tendon physiology and patho-
physiology that may be useful in pushing the field forward.
� 2017 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tendon and ligament problems represent the number one mus-
culoskeletal complaint for which a patient seeks medical attention
[1,2]. Tendon disorders bring an extremely high personal burden to
the individual patient by reducing quality of life, and collectively
place enormous economic burden on society [3]. The most com-
mon clinical tendon condition is tendinopathy, related to overuse
and characterized by an underlying state of tissue degeneration
that is often painful. Until now clinical treatment of tendinopathy
focuses on physiotherapy (passive [4,5] or active motion [4,6]) or
anti-inflammatory drugs, e.g. corticosteroid injections (which are
largely ineffective and potentially harmful to the patient [7]). The
net outcome however, typically results in prolonged suffering of
the patient with a substantial loss of personal productivity [8],
reflecting the fact that tendons play a central role in normal human
movement.

Tendons enable effective skeletal force transmission and
energy-efficient locomotion [9]. In this function, tendons are
exposed to some of the most extreme mechanical demands in
the human body. The foot flexor tendons of healthy humans, for
instance, are able to withstand up to eight times body weight
and store up to 40% of deformation energy during gait [10]. The
ability of tendon tissues to bear these loads originates from a
unique structural organization and adaptability of the tendon tis-
sue in adjusting its load-bearing capacity [11]. Although tendon
cells can reinforce tissue upon increased loading demand, net
extracellular matrix synthesis in healthy tendons is low compared
to other connective tissues [12,13]. Sudden exposure to elevated
mechanical stresses can put tendon tissues at risk of damage,
and overloading is widely considered to be a causative factor in
the onset of tendinopathy [14–16]. Mechanical loading can thus
Tendon is a complex physiological system. Tendon fascicles represent the ba
ment of collagen assemblies). The ‘‘extrinsic tendon compartment” represents s
24]. The possible synergism between the intrinsic and extrinsic compartment, an
the initiation, progression and healing of tendinopathy, remains poorly understo
be viewed as a delicate ‘‘state switch” between functional tissue
remodeling and the development of chronic tendon disease.

At first glance, tendon may seem to be a relatively simple tissue
with a straightforward function, adapting to mechanical loads and
self-repairing after damage [17]. However, a closer look into the
repair capacity of tendon reveals that it is actually a complex phys-
iological system, with tightly coordinated interplay between an
‘‘intrinsic compartment” that comprises the fibrous collagen core
(tendon cells and the multiscale arrangement of collagen assem-
blies), and an ‘‘extrinsic tendon compartment” that consists of
synovium-like tissues connecting the immune, vascular, and ner-
vous systems [18–20] (Fig. 1). The extent of intrinsic and extrinsic
compartment coordination in functional repair, and discord in
degenerative processes, is still poorly understood [20–24].

It is important to note that tendon represents an under-
researched tissue. Unlike muscle, it is generally not possible to
biopsy healthy tendon tissues from patients or volunteers. Almost
all existing data regarding basic mechanisms of tissue physiology,
or detailed investigations of tendon damage and repair stem from
non-primate animal studies. In the sections below, we attempted
to stitch together the relatively sparse evidence that is available
into a still emerging picture. While many features of tendon struc-
ture and biology are conserved across species, it must be acknowl-
edged that aspects of tendon physiology gleaned from animal
studies, or from in vitro experiments on isolated human cells
may not validly reflect the human system. For instance, experi-
ments on rodents (mice, rats) and rabbits form the basis of much
of our controlled experimental knowledge on healing response to
injury, yet heal in an accelerated manner that deviates from
humans [25,26]. Further, genetic and epigenetic variations
between individuals and epigenetic differences between the many
tendons within a single individual, further cloud efforts to inter-
sic unit comprising the ‘‘intrinsic compartment” (tendon cells and a multiscale
ynovium-like tissues that connect to the immune, vascular, and nervous systems
d the role that individual compartments play in the maintenance of healthy tissue
od [20–24].
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pret research findings with respect to clinical reality. That said, the
studies we highlight in this article are collectively coherent with
clinical evidence from humans, and we interpreted them in the
spirit of adding clarity to a still quite diffuse picture.

Ultimately, we wrote this perspective article with the aim to
introduce a few essential elements of our own understanding of
tendon structure, function, physiology, damage, and repair. We
also aimed to provide a novel view on mechanically driven physi-
ological mechanisms that may steer the balance between func-
tional remodeling and chronic tendon disorders, and give a
glimpse of how biomaterials could play a central role in future
treatment strategies.
2. Muscle and tendon – An intricate, multiscale, multi-tissue
handshake

This article focuses almost exclusively on the ‘‘tendon proper”,
and leaves aside a detailed consideration of the highly specialized
muscle-tendon [27–29] and tendon-bone junctions [30–34].
Nonetheless, the structure of tendon proper is tightly coupled to
the architecture and function of the muscle to which it is attached.
The muscle-tendon unit is an exquisitely tuned viscoelastic struc-
ture with active and passive elements that both contribute to
biomechanical function [35,36]. At the muscle-tendon junction,
tendon fibers fan out like a river delta. Although the mechanical
and physiological interactions between tendon and muscle remain
poorly understood [27], the junction provides a mechanically
stable transition with large contact surface between both tissues.

Collagen structures in healthy tendon tend to be highly-aligned
[37] when compared to collagen structures in fascia, skin, joint
capsules, and other tissues that bear more heterogeneous mechan-
ical loads. Nonetheless there is a wide range of structural configu-
rations that a tendon can adopt, in direct accordance with the
diverse functional range of muscles to which they attach [37]. Ten-
dons transferring muscle forces over longer distances generally
Fig. 2. Multi-scale tendon hierarchy. Cross-linked collagen molecules assembled into
tendon core. The core consists of densely packed type-I collagen matrix and the fibrobla
lowest level extrinsic compartment) to form fascicles, i.e. ‘‘intrinsic tendon core structu
linked to various degrees, assemble into tissue level constructs, surrounded by the epite
organization of tendon tissue reflects the organ that may or may not be surrounded by
extrinsic tendon compartments is possible.
display more aligned collagen structures (e.g. the digital flexor ten-
dons, or rodent tail tendon) [38,39]. Tendons spanning shorter dis-
tances, or with broad insertions to the bone, may adopt a more
distributed array of collagen structures (e.g. the rotator cuff ten-
dons) [40]. In a similar vein, tendons emanating from ‘‘simple”
muscles that generate torque around a single joint axis (e.g. the
distal biceps tendon; the soleus tendon) are more likely to be
highly crosslinked – reflecting the fact that collagen structures
within these tendons are generally loaded in unison and toward
a unified purpose [41,42]. Tendons that function over large ranges
of motion or provide torque around multiple joint axes, feature
anatomical subdivisions that are loaded depending on the current
state of joint position and muscle activation (e.g. the deltoid; the
gastrocnemius). Here a large degree of lateral sliding between col-
lagen fascicles enables such joint motions [43–49].
3. The tendon proper, its composition and structure

One may consider the tendon proper (or midsubstance between
the muscle and bone insertions) as being roughly composed of two,
not always physically distinct, tissue compartments. The first
(extrinsic) compartment is a family of synovium-like fascias that
comprise the paratenon (tendon sheath), epitenon (subtendon
sheath), and endotenon (fascicular sheath) [19]. These tissues
include differentiated and progenitor cell populations related to
the mesenchyme as well as the nervous, immune, and vascular sys-
tems [19]. The extrinsic compartment envelops the second (intrin-
sic) compartment, which is often referred to as the ‘‘tendon core”.
The tendon core consists of densely packed Type-I collagen matrix
and the fibroblastic cells that maintain it [50]. Although increas-
ingly realized to have distinct functions in the context of tendon
disease and repair, the physiological roles of many of the cells
within both compartments and possible communication between
the compartments is still poorly understood [50–54]. We proceed
by outlining what is known about the intrinsic compartment that
collagen fibrils make up the minimal structural/functional mechanical unit of the
stic cells that maintain it [17,55]. The tendon core is wrapped with endotenon (the
res” that form the basic functional unit of the tendon [19]. In turn, fascicles, cross-
non (mid-level extrinsic compartment) [50,52]. Finally, the highest level structural
paratenon [19]. At three levels, interface ‘‘handshaking” between the intrinsic and
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gives the tissue its mechanical strength, and later return to the
involvement of the extrinsic system in tendon maintenance, dam-
age, and repair.
4. Tendon core – Multiscale structure and function

Our current understanding is that the tendon core is occupied
by tendon fibroblasts (also widely referred to as tenocytes), with
more diverse cell populations found in the tissue barriers that
comprise the extrinsic compartment of the tendon [50,52]. Within
a healthy tendon core, tenocytes attach to a highly ordered fibrillar
collagen matrix (ECM) (Fig. 2) that is primarily composed of type-I
collagen (65–80% of its dry mass), and small leucine-rich proteo-
Table 1
Extracellular Matrix Components of Interest in Tendon Disease and Healing – Fibrillar Colla
Rotator Cuff; ‘‘AC”: Achilles tendon; ‘‘LHB”: Long head of biceps tendon; ‘‘PT”: Pate
upregulation/downregulation; ‘‘+++/���”: Highly significant upregulation/downregulatio
spectrometry; ‘‘IHC/IF”: Immunohistochemistry/Immunofluorescence; ‘‘WB”: Western
Hybridization; ‘‘FTIR”: Fourier transform infrared spectroscopy; ‘‘SDS-PAGE”: Sodium Dod

ECM
Component

Healthy Tendon Tendinopathy

Model Species Ph

Collagen
Type I

-60–80% by dry weight
-Highly ordered

Often disordered, may be elevated, or
Patient tissues Human,

ruptured AC
++

Patient and
cadaveric
tissues

Human, AC ++

Patient and
cadaveric
tissues

Human,
different
tendons

++

Patient tissues Human, AC ++
Patient tissues Human, PT �
In vivo Equine, SDFT +
Patient tissues Human, RC

tears
�

Collagen
Type II

Typically, not present in
healthy ‘‘mid-portion” tissue

Can be present in degenerated tissue,
In vitro Human, AT +

Patient tissues Human, PT UC
Tendon biopsies Human, AC N
Patient tissues Human, RC

tears
�

Collagen
Type III

�3–5% of total collagen
Limited to sheaths

- May be elevated in pathological t
tendon

- Associated with decreased strengt
Patient and
cadaveric
tissues

Human ++

Patient and
cadaveric
tissues

Human, AC ++

In vitro Human, AC ++
Patient and
cadaveric
tissues

Human, AC ++

In vivo Rat, PT ++

Patient tissues Human,
different
tendons

++

In vivo Equine, SDFT ++

Patient tissues Human, RC
tears

�

Patient tissues Human, AC ++
Patient tissues Human, PT �

Collagen
Type V

Limited quantities Patient tissues Human, PST +

Collagen
Type VI

Patient tissues Human, RC ++

Patient tissues Human, RC
tears

++
glycans that regulate collagen self-assembly into collagen fibrils,
which in turn are ordered by the cell into collagen fibers [17,55].
The structural terminology distinction is important – as fibrils
are the basic subcellular collagen building blocks, whereas fibers
are the relevant cell-scale structural units with which cells physi-
cally interact. The core tendon fibers are ultimately encompassed
within ‘‘fascicles”. A fascicle can be considered as the fundamental
functional unit within the intrinsic tendon, embodying tenocytes
and their collagen fibers within a structure that is delineated by
the first synovial tissue barrier (endotenon). This tissue barrier rep-
resents the first interface of ‘‘handshaking” between the intrinsic
and extrinsic tendon compartments. Higher level structural organi-
zation of tendon tissue reflects the function of the muscle-tendon
gens: Key: ‘‘T”: Transcriptome; ‘‘P”: Proteins; ‘‘Both”: Transcriptome & proteins; ‘‘RC”:
llar tendon; ‘‘PTT”: Posterior tibialis tendon; ‘‘+/�”: Trend; ‘‘++/��”: Significant
n; ‘‘NC”: No change; ‘‘ND”: Not detected ‘‘LC-MS/MS”: Liquid chromatography–mass
blot; ‘‘RT-PCR”: Reverse transcription polymerase chain reaction; ‘‘ISH”: In Situ
ecyl Sulfate - Polyacrylamide Gel Electrophoresis.

Comments Refs

enotype Method

diminished.
T: RT-PCR [277]

T: cDNA array and
RT-PCR

[278]

+ T: RT-PCR [279]

T: RT-PCR Total collagen was unchanged [280]
T: RT-PCR [281]
Both: ISH & IHC [282]
P: FTIR [283]

near zones of bony impingement or fibrocartilage
P: IHC/ICC Cells from Chondral Metaplasia of

Calcific Insertional Tendinopathy
[284]

T: RT-PCR [281]
D P: IHC [285]

P: FTIR [283]

issue; Associated with collagen I fibers in the tendon enthesis and degenerated

h and stiffness
+ P: SDS-PAGE & WB [286]

+ P: Reverse phase-
HPLC

[287]

P: ICC [193]
T: cDNA array and
RT-PCR

[278]

+ Both: RT-PCR and
IHC

[288]

+ T: GeneChip�

microarray
[289]

P: SDS-PAGE & IHC [290]
[291]

P: FTIR [283]

T: RT-PCR Unchanged total collagen [280]
T: RT-PCR [281]
P: IHC/ICC [292]

P: Label-free
quantitative LC-MS/
MS

[293]

Both: RT-PCT & IF [294]



Table 2
Extracellular Matrix Components of Interest in Tendon Disease and Healing – Glycoproteins: Key: ‘‘T”: Transcriptome; ‘‘P”: Proteins; ‘‘Both”: Transcriptome & proteins; ‘‘RC”:
Rotator Cuff; ‘‘AC”: Achilles tendon; ‘‘LHB”: Long head of biceps tendon; ‘‘PT”: Patellar tendon; ‘‘PTT”: Posterior tibialis tendon; ‘‘+/�”: Trend; ‘‘++/��”: Significant
upregulation/downregulation; ‘‘+++/���”: Highly significant upregulation/downregulation; ‘‘NC”: No change; ‘‘ND”: Not detected ‘‘LC-MS/MS”: Liquid chromatography–mass
spectrometry; ‘‘IHC/IF”: Immunohistochemistry/Immunofluorescence; ‘‘WB”: Western blot; ‘‘RT-PCR”: Reverse transcription polymerase chain reaction; ‘‘ISH”: In Situ
Hybridization; ‘‘FTIR”: Fourier transform infrared spectroscopy; ‘‘SDS-PAGE”: Sodium Dodecyl Sulfate - Polyacrylamide Gel Electrophoresis.

ECM Component Healthy Tendon Tendinopathy Comments Refs

Model Species Phenotype Method

Fibronectin - Present in small quantities
- Associated to vascular walls,

myotendinous junction, and
sheaths

Patient tissues Human,
AC

+ P: IHC [295]

In vivo Equine,
SDFT

+ P: IHC Acute healing model of
tendon injury

[296]

Patient tissues Human,
RC

+++ P: IHC/IF [297]

Tendon
biopsies

Human,
AC

++ T: RT-PCR [298]

Patient tissues Human,
RC

+ P: Label-free
quantitative LC-
MS/MS

Fibronectin type III domains [293]

Cartilage oligomeric
matrix protein
(COMP)

- Associated with collagens
- Abundant in flexor tendons

compared to extensors

Patient tissues Human,
RC

� P: Label-free
quantitative LC-
MS/MS

[293]

In vivo Equine,
SDFT

++ TP: ISH & IHC Co-localized with collagen
type III

[282]

Explant model Equine,
SDFT

++ P: LC-MS & WB Evidence of COMP
fragmentation in response
to IL-1b

[299]

Elastin - Present in small quantities
- Enriched in pericellular matrix

Patient tissues Human,
RC tears

NC Both: RT-PCT & IF [294]

Patient and
cadaveric
tissues

Human,
LHB

��� P: WB [300]

Patient tissues Human,
RC

ND P: Label-free
quantitative LC-
MS/MS

[293]

Patient tissues Human,
RC tears

� P: FTIR [283]

Fibrilin-1 - Present in small quantities
- Enriched in pericellular matrix

Patient tissues Human,
RC tears

++ Both: RT-PCT & IF [294]

Patient tissues Human,
RC

� P: Label-free
quantitative LC-
MS/MS

[293]

Fibulin-1 Patient tissues Human,
RC

� P: Label-free
quantitative LC-
MS/MS

[293]
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unit, with fascicle-fascicle kinematics (sliding and stretching) that
dictate the mechanical behavior of the tendon [12,17,55–60].

The fibrillar collagen matrix also includes collagen III in various
quantities. Collagen III synthesis is understood to be involved in
early stages of wound repair, following on fibronectin matrix tem-
plating by tendon fibroblasts [61]. Increased presence of collagen
III is considered to be a hallmark of degeneration, with adverse
effects reflected in tissue disorder and reduced mechanical proper-
ties [62]. In lesser quantities, collagen V is another fibrillar protein
present in tendon that plays a key role in ordering and stabilizing
type-I collagen structures during collagen I self-assembly [63]. Pro-
teomic screening studies have suggested that collagen Type VI may
be an important component of the tendon ECM [64], being a peri-
cellular matrix protein that plays a role in collagen fibrillogenesis
[65]. Beyond the fibrillar collagens, elastin is a fibrillar glycoprotein
contributing 1–2% of tendon dry mass that plays a role in recoil of
the matrix after repetitive mechanical loading [66]. Binding the fib-
rillar matrix are numerous FACITs (fibril-associated collagens with
interrupted triple helices) that regulate interactions between the
fibrillar matrix and other ECMmolecules. Surrounding the bundled
components of the fibrillar matrix is a proteoglycan-rich matrix
that is well hydrated, contributes to resistance against compressive
mechanical stresses, and facilitates nutrient and metabolite diffu-
sion. Among the important proteoglycans are the fibril bound
small leucine-rich repeat proteoglycans (SLRPs) decorin and bigly-
can, whose core proteins are covalently bound to the ‘‘D-period”
striations of type-I collagen fibrils at 67 nm intervals. The SLRPs
are known to bind growth factors and a range of matrix proteins
such as tenascin. They also play a pivotal role in fibrillogenesis,
in both the formation and assembly of collagen fibrils [67].

It is known that diseased and poorly healed tendons often fea-
ture substantial structural and compositional ECM derangement
[2]. Structural alterations that occur in the diseased tendon extra-
cellular matrix are diverse and complex (Tables 1–3), with many
open questions regarding the mechanisms that underlie the
dysfunctional tendon ECM assembly [68]. Ultimately, tissue
function requires cellular control over mechanical properties, with
coordination of matrix assembly not only at the level of fibril and
fiber, but also across higher size scales. In principle, there are many
potential mechanisms that cells might exploit to regulate tendon
mechanics and/or tune tendon tissue structure toward an opti-
mized organ level function (Table 4). Which of these dominates tis-
sue adaptation and repair remains only partly understood. Among
long-standing questions are the relative contributions of the ten-
don synovial tissues (peritenon, endotenon) versus the tendon core
in adaptation to increased mechanical demands or after traumatic
injury [69,70]. How intrinsic and extrinsic healing mechanisms act,
interact, and are regulated in diverse physiological contexts (devel-
opment, homeostasis, repair) will require substantial research
efforts to elucidate.



Table 3
Extracellular Matrix Components of Interest in Tendon Disease and Healing – Proteoglycans: Key: ‘‘T”: Transcriptome; ‘‘P”: Proteins; ‘‘Both”: Transcriptome & proteins; ‘‘RC”:
Rotator Cuff; ‘‘AC”: Achilles tendon; ‘‘LHB”: Long head of biceps tendon; ‘‘PT”: Patellar tendon; ‘‘PTT”: Posterior tibialis tendon; ‘‘+/�”: Trend; ‘‘++/��”: Significant
upregulation/downregulation; ‘‘+++/���”: Highly significant upregulation/downregulation; ‘‘NC”: No change; ‘‘ND”: Not detected ‘‘LC-MS/MS”: Liquid chromatography–mass
spectrometry; ‘‘IHC/IF”: Immunohistochemistry/Immunofluorescence; ‘‘WB”: Western blot; ‘‘RT-PCR”: Reverse transcription polymerase chain reaction; ‘‘ISH”: In Situ
Hybridization; ‘‘FTIR”: Fourier transform infrared spectroscopy; ‘‘SDS-PAGE”: Sodium Dodecyl Sulfate – Polyacrylamide Gel Electrophoresis.

ECM
Component

Healthy Tendon Tendinopathy Comments Refs

Model Species Phenotype Method

Decorin - Most dominant PG
- Found associated with dermatan sulfate in tendons

Patient tissues Human, AC � T: cDNA
arrays

[301]

Patient tissues Human,
ruptured AC

++ T: RT-PCR [277]

Patient tissues Human, LHB NC Both: RT-PCR
and IHC

[302]

Patient tissues Human, PT NC T: RT-PCR [281]
Patient and
cadaveric tissues

Human, AC - NC (pain-
ful AC)

- (ruptured
AC)

T: RT-PCR [303]

Biglycan - Thought to contribute to growth factor and cytokine
sequestration

- Main ECM component of TSPCs niche [304]

Patient tissues Human, PT + T: RT-PCR [281]
Patient and
cadaveric tissues

Human, AC + (painful AC) T: RT-PCR [303]

Patient tissues Human, PTT + T: RT-PCR [305]
Tendon biopsies Human, AC +++ P: IHC [285]

Aggrecan - Enriched in areas subjected to compressive load (e.g.
fibrocartilaginous zones in tendon)

Patient and
cadaveric tissues

Human, AC + (painful AC) T: RT-PCR [303]

Patient tissues Human, PTT + T: RT-PCR [305]
Tendon biopsies Human, AC +++ P: IHC [285]

Fibromodulin - Main ECM component of TSPCs niche [304] Patient tissues Human, PT � T: RT-PCR [281]
Tendon biopsies Human, AC ++ T: RT-PCR [298]

Versican Patient and
cadaveric tissues

Human,
different
tendons

��� T: RT-PCR [279]

Table 4
Structural Biology & Regulation of Collagen Matrix, Tissue, and Organ Mechanics.

Primary mechanisms to regulate mechanical properties
Molecular

scale
Mediators of collagen fibril assembly: Types of fibrillar collagen (Col-I vs Col III); Assembly mediators (e.g. FACITS, SLRPs), and relative content of
other ECM molecules (e.g. elastin and GAGs)
Crosslinking: Covalent bonds between collagen monomers (high cross-linking = stiff collagen fibrils, the basic tissue building blocks)

Cellular scale Fiber-Fiber Coupling: May be covalent cross-linking, or physical entanglement between collagen fibers
Tissue scale Fascicle-Fascicle Coupling: May be covalent cross-linking, and/or physical entanglement between collagen fascicles.
Organ scale Fascicle kinematics: Higher order partitioning of fascicles or groups of fascicles that enable/prevent large kinematic movements between such

structures

Secondary mechanisms to regulate mechanical properties
Subcellular

scale
Collagen packing: (length, diameter, directionality, tortuosity) of collagen fibrils

Across scales Collagen hydration: (e.g. mediated by proteoglycan content; osmotic and hydrostatic force balance)
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While the structural biology of tendon tissue is complex and
thorough understanding is elusive, the emergent mechanical prop-
erties of tissue substructures across size scales have been heavily
investigated in both animals and humans [59,71]. At the organ
level, an enormous body of literature provides a highly variable
range of reported mechanical properties [72]. The variability of
reported mechanical properties reflects the manifold technical dif-
ficulties of characterization outside the body: precise dissection,
robust mechanical clamping that avoids artefactual stresses in
the tendon tissue, accurate measurement of tissue dimensions
including cross-sections, limited visualization of tissue stretch ver-
sus kinematic movements within the tissue, and limitations on the
application of theoretical engineering frameworks to describe the
material properties of biological specimens. As such, in vivo mea-
surements relying on non-invasive measurement of human tendon
lengthening under voluntary muscle contraction provide some-
thing like a gold standard, with elastic moduli of the gastrocnemius
tendon having been estimated within the range of 1–2 GPa under
maximal stresses of 50–100 MPa, with tissue strains on the order
of 10–15% [73]. These in vivo measurements well correspond to
ex vivo experiments on the Achilles tendons [72] (Fig. 3).
At the level of the tendon fascicle – which, as mentioned, one
may view as the ‘‘basic functional unit of tendon” – experiments
on rat and mouse tail tendon form the basis of most of our knowl-
edge. Rodent tail tendon fascicles can be isolated with minimal
mechanical or biological damage, in contrast to more highly
cross-linked tendons (e.g. the bovine Achilles tendon) that are dif-
ficult to isolate. Rat and mouse tail tendons thus have historically
played an important role in studies of tendon structure-function
[74]. Tail tendon explant models arguably provide the most repro-
ducible and human-relevant in vitro models of tendon physiology
that are available [75–79]. Regarding mechanical properties,
rodent fascicles range in elastic modulus from several hundred
MPa to over 1 GPa, depending on the anatomical location of tissue
harvest, as well as the age, breed, sex, and/or diet of the animal
[80–84]. The failure properties of isolated tail tendon fascicles
reflect those of whole tendon, with failure stresses on the order
of 80 MPa and failure strains of approximately 10% [72]. Mechani-
cal properties at the fascicle level depend highly on the structural
organization of the collagen fibers and the degree of cross-linking
within and between fibers [85,86]. It is at the level of the fiber
where biologically relevant cell-level mechanical stimuli emerge,



Fig. 3. The commonly measured ‘‘ex vivo” material curve of an isolated tendon or explant typically depicts the elastic modulus (Emod), stress ðrÞ at failure, and strain ðeÞ at
failure of the tendon midsubstance. In vivo ultrasound imaging has revealed that the nonlinear ‘‘toe region” corresponds to lower physiological loading by active muscle
stresses, while maximal muscle contraction coincides with the upper physiological limit, i.e. the transition to a ‘‘linear region” in the tendon material curve [203]. This upper
physiological tissue stiffness is generally representative for ex vivo measurements on tissue stiffness [72,73]. Numerous ex vivo experiments have shown that tendon tissue
loads in the lower physiological ‘‘toe region” manifest as a progressive recruitment of higher-order collagen structures (fascicles, fibers) that increasingly align to the direction
of applied loading, thus increasing tissue stiffness [59,71,87]. Although widely underappreciated, capturing physiological nonlinearity of the tissue is likely to be an important
design goal of any effective biomaterial based therapy.

Fig. 4. Multi-scale architecture and molecular-scale biochemistry lie behind the overall mechanical function of the tendon. The mechanical properties of tendon emerge both
from higher-level structures (grouped fascicles) and also from the basic building blocks (grouped fibrils) [12,17,55–60]. The passive mechanical properties of the entire organ
(muscle-tendon-bone unit) reflect a highly deformable structure that is difficult to characterize ex vivo [10]. Isolation of tendon midsubstances facilitates characterization,
and these range from moderately to extremely stiff with apparent elastic moduli (Emod) on the order of 0.1 to 2 GPa [72,73]. Isolated tendon fascicles also demonstrate
mechanical properties in this range, with elastic modulus and the tensile stress ðrÞ and strain ðeÞ at failure depending upon cellular-and molecular-scale factors such as
collagen packing and cross-linking [90,105]. Lastly, mechanical properties of collagen fibrils are highly dominated by cross-link density, which explains their wide mechanical
variability [56,57,85,101].
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since the fiber comprises the structural unit with which tendon
cells directly interact.

Finally, the properties of the individual collagen fibrils
(submicron-scale) that comprise the collagen fiber (cell-scale) are
increasingly well described [87–90]. These supramolecular colla-
gen structures range in diameter from tens to hundreds of
nanometers, with lengths that can span centimeters [91]. The col-
lagen fibril is an exquisite example of cellular mediated protein
self-assembly [92,93] – with emergent mechanical properties that
depend on the diameter of the collagen fibril [88], as regulated by
small leucine-rich proteoglycans [60,94–100]. The properties are
also highly dependent on the extent of covalent collagen molecule
cross-linking as regulated by the enzyme lysyl-oxidase [85,86,101–
104]. Consequently, depending on the degree of collagen packing
and extent of collagen crosslinking, collagen fibrils have elastic
moduli on the order of several GPa, and failure properties on the
order of 0.5–1 GPa [90,105].

The multi-scale assembly of tendon tissue, for which each scale
is equipped with its own mechanical properties (Fig. 4), results in a
tissue that is highly tunable towards its function [106]. Tendons
that require an ability to respond to muscle contraction without
much energy dissipation can be highly cross-linked to allow for
minimal gliding (e.g. Achilles tendon), whereas others that are
designed for more precise movements (e.g. the digital tendons)
are low in cross-links [42]. Aging tendons are increasingly cross-
linked resulting in altered viscoelastic properties, with potentially
increased risk for micro-damage accumulation and onset of tendon
disease [56,57,85,101].



Fig. 5. Tendon tissue remodeling is driven by cell-level mechanical stresses, i.e.
shear stresses from fluid flow and fascicle sliding, tensile stresses from direct
elongation of collagen structures and hydrostatic stresses from the volumetric
changes with external loading [116,138,139]. These mechanical stresses are
responsible for the activation of candidate ‘‘vectors” by which tendon cells can
potentially ‘‘transduce” mechanical forces within the tissue to regulate cell
signaling and behavior: 1) stretch activated ion channels (SACs) as mechanosen-
sitive ion channels, 2) focal adhesion-mediated mechanical signal transduction, 3)
the primary cilium and 4) nuclear deformations [109–113,116].
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4.1. The tendon cell as a mechanical sensor and arbiter of tendon
structure

The paradigm that cell-level mechanical stresses drive tissue
remodeling is a central tenet of mechanoregulation in bone, tendon
and other tissues. The relationship between mechanical forces and
functionally optimized tissue structure has been recognized for
well over a century [107]. Tendon cells feature various cellular
machineries for sensing a range of distinct mechanical stimuli
within their matrix (Fig. 5) [108–110]. A cell can rapidly respond
to tension and shear by adjusting its physical coupling to its local
matrix [111,112], or by remodeling its cytoskeleton [113]. Such
adjustments affect not only the loading of mechanosensory ele-
ments of the cell, but also affect sensory proteins within the cell
membrane and nucleus that are mechanically coupled [114]. In
the longer term, cells cope with transient mechanical perturba-
tions by coordinating the structure and composition of the extra-
Fig. 6. The candidate ‘‘vectors” by which tendon cells can potentially transduce mech
resulting in a cellular response [116]. Howmechanically activated downstream pathways
undoubtedly result in more targeted treatment of tendon disorders. For details on the p
cellular matrix until their mechanical environment reaches
homeostasis [75]. In connective tissues like tendon this is primarily
achieved by modulating the filamentous composition and struc-
ture of collagen networks [115]. In tendon tissue there are four
candidate ‘‘vectors” by which tendon cells can potentially ‘‘trans-
duce” mechanical forces within the tissue to regulate cell signaling
and behavior (Fig. 6) [116].
4.1.1. Stretch activated ion channels (SACs) or other mechanosensitive
channels

Due to their implication in muscle function and pathologies,
particularly cardiac muscle, SACs are among the best characterized
vectors for mechanical signal transduction in mammalian cells
[117]. Mechanosensitive ion channels fall into three distinct fami-
lies with the so-called Transient Receptor Potential (TRP) family
representing a class of (non-specific) ion channels that has implica-
tions in mechanosensitivity of the musculoskeletal system
[118,119]. Stretch-activated channels are triggered in response to
local membrane tensions across the channel, and may be activated
not only by tissue elongation, but also during tissue shearing, com-
pression, and/or intra/extracellular osmotic pressure gradients
[120–122].
4.1.2. Focal adhesion-mediated mechanical signal transduction
Because quiescent cells in healthy tendon tissue (tenocytes) are

physically coupled to a collagen fiber, collagen fiber stretch is likely
to play a role in biological response of the tissue to functional
mechanical loading. Loss of collagen fiber tension has been shown
to trigger downstream consequences including tenocyte apoptosis,
collagen matrix protease secretion [123,124], and TGFb1 signaling
[125]. As such, it is reasonable to hypothesize that focal adhesion-
mediated signaling may play a key role in tendon mechanotrans-
duction [116]. While focal adhesion signaling has been shown to
be important in tendon cell migration [126] and differentiation
in models of tendon healing [127] – a specific role of focal
adhesion-mediated mechanotransduction in tendon tissue home-
ostasis has not been clearly established. Age-related changes in
extracellular matrix mechanics, particularly changes in elastic
properties (i.e. fiber stretch), would be likely to affect cell-
collagen binding and related focal adhesion mediated signaling
anical forces within the tissue to activate typical mechanotransduction pathways,
potentially flip the balance between functional remodeling and fibrotic scarring will
athways implicated in tendon mechanotransduction see [17,116,271–274].
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[57], thus potentially playing a role in age-related tendon
disorders.

4.1.3. The primary cilium
The primary cilium is a microtubular, mechanosensitive struc-

ture that extends like an antenna from the surface of most mam-
malian cell types [128]. The primary cilium has been established
to be mechanosensory in epithelial cells, cartilage, and bone. In
the latter, it has recently been linked to specific stretch-activated
ion channel function [129]. Mechanosensory function of the pri-
mary cilium is tightly linked to SAC (e.g. Transient Receptor Poten-
tial Vanilloid 4) [130]. Little is actually known regarding the
function of the primary cilia in tendon tissue mechanotransduc-
tion, however they have been identified in tendon cells [131], have
been shown to deflect in response to applied mechanical tissue
loads [132], and their length is apparently affected by mechanical
signaling from the ECM [77,133]. Assuming that primary cilia play
a central role as mechanosensory elements for tendon cells, we
have hypothesized that age-related changes in the extracellular
matrix, particularly loss of viscoelastic relative fiber movements
(i.e. fiber shear), may have potentially adverse consequences for
cell-mediated tissue homeostasis and repair [57,85].

4.1.4. Nuclear deformations
Accumulating evidence increasingly suggests that the cell

nucleus is an important mechanosensitive element [134], with a
mechanistic link between tissue-specific mechanical stresses and
the structural composition of the cell’s nuclear envelope. It has
been demonstrated that mechanical distortion of the cell nucleus
provokes a relative shift in nuclear envelope composition [109].
This change is not only associated with very direct modulation of
several important cell signaling pathways [135], but may more
generally regulate gene expression by physically modulating chro-
matin accessibility - potentially acting as a molecular ‘‘state
switch” [110]. While tendon nuclei have been established to
deform under tissue loading [136], a current challenge is to unravel
the implications of these deformations. Again, age-related changes
in the extracellular matrix, particularly loss of viscoelastic relative
fiber movements (i.e. fiber shear) or diminished tissue hydration
(i.e. matrix compression) are likely to potentially affect the manner
in which the nucleus deforms under mechanical stress [85,136].
5. The fundamental role of mechanical forces in regulating
tendon homeostasis and repair

Scarce data on mechanical regulation of tissue repair, leaves
many open questions related to the role of external loading in heal-
ing outcomes. On one hand, sub-regions of weakened or otherwise
damaged tissue likely create a cellular niche that may mechani-
cally stimulate a tendon cell from normal quiescence into an
active, reparative mode [43,69,137]. On the other hand, localized
damage can also induce high stress concentrations and strains
[137] that potentially overload sensory vectors to drive an adverse
remodeling response [125] (Fig. 7). Important questions to be
resolved here include ‘‘How does the intrinsic compartment deal
with such (localized) damage and (locally) high matrix stresses?”,
‘‘How is the extrinsic compartment activated?”, and ‘‘How does
cross-talk between both compartments contribute to repair
quality?”.

Although we remain far from full understanding, numerous
interacting cellular and inter-cellular signaling pathways have
been shown to be directly regulated by mechanical load
[116,138] and play a role in the adaptive response towards new
homeostasis [139]. We suspect that tendon cell sensitivity and
downstream signaling response to these mechanical triggers is
modulated by the overall state of health of both the intrinsic
(matrix structure & composition) and extrinsic compartments
(tissue vascularity, state of inflammation, pain) [24,140,141].
When loaded above a certain threshold, functional adaptation is
a likely result. Convincing support from models of partial tissue
dissection, where loads are shunted to intact tissue, show resulting
anabolic net synthesis of functional collagen matrix, probably in
direct response to increased mechanical stresses and strains in
the tissue [43,69,137]. Additionally, mechanical loading has been
observed to upregulate collagen synthesis of tendon fascicles
[142] and whole tendons [143]. Although net collagen synthesis
is generally viewed as a positive sign of functional healing, how
these collagens are structured is also important (highly aligned
vs. more randomly distributed). Conversely, much evidence
suggests that both overload and underload (e.g. post-rupture) of
tendon tissues can trigger net catabolic matrix remodeling
pathways [123,124,144,145]. However, the complexity of tissue
response to mechanical loading viewed in terms of associated col-
lagen turnover [146] is exacerbated by the multi-faceted role that
remodeling enzymes play in tissue remodeling.

The breakdown of damaged tendon collagen matrix, and the
initiation of various tissue repair events, centrally involves matrix
metalloproteinases (MMPs) [147–149]. In tendon, there is a close
but still poorly understood relationship between mechanically
mediated MMP activity/inhibition, and how MMP-regulated sig-
naling may govern collagen matrix modeling and remodeling
[150]. In tendon, triggering of MMP activity is thought to be driven
both by increased mechanical stimulus (tissue overload) as well as
removal of mechanical stimulus (e.g. breakage of elastic matrix
fibers; loss of cellular pre-tension) [123,124,144,145]. Also impor-
tant in this frame are tissue inhibitors of metalloproteinases
(TIMPs) known to regulate MMP activity and ECM turnover [12].
TIMPs act as endogenous inhibitors of MMPs by binding to the
active site of the MMP catalytic domain [151]. Four TIMPs have
so far been identified, with all being expressed in tendon tissue
[151]. Similar to MMPs, mechanical regulation of TIMP activity is
central among a wider range of signaling pathways, with many
of these still being poorly understood [2,147–149,152–154]. Since
the interplay between MMPs and TIMPs drives tissue remodeling
outcome [147–149,153–158], the role of both MMPs and TIMPs
are highly contextual, both spatially and temporally [147,148,158].

The matrix metalloproteinases most likely to play central roles
in immediate tendon tissue response to mechanical loading/dam-
age include the ‘‘collagenase” MMPs that degrade fibrillar assem-
blies of triple helix collagen molecules (MMP-1, MMP-8, and
MMP-13), the ‘‘gelatinase” MMPs that target Type-III collagen
and Type-I collagen fragments (MMP-2 and MMP-9), and finally
the so-called membrane-type 1 MMP (MT1-MMP, also known as
MMP-14) that has been shown to play an essential role in enabling
fibroblast motility within tightly packed ECM of many connective
tissues [152,159]. An immense body of scientific work has shown
that connective tissue MMP gene expression is regulated by vari-
ous cytokines and signaling molecules (most importantly TGF-b,
IL-1b, TNF-a, and Wnt) [160–165] but it is only vaguely under-
stood how these signal transduction pathways are initiated and
then coordinated toward a successful tissue repair [152]. Substan-
tial scientific research effort is required to enable better under-
standing of how these aspects contribute to tissue repair outcome.

Aside from local mechanical regulation of MMP expression,
apoptotic pathways have been shown to be initiated by mechanical
overload/matrix damage [125]. The acute disruption of the tendon
collagen matrix has been shown to trigger release/activation of
transforming growth factor (TGF)-b (perhaps secondary to MMP-
mediated breakdown of the ECM) that subsequently has been tied
to apoptosis in tenocytes (as demonstrated by prevention of apop-
tosis by the small molecule TGF-b receptor inhibitor SD208 [125]).



Fig. 7. (Left) We extend Arnoczky’s paradigm of damage-mediated tissue remodeling to consider in detail how tendon damage leads to shunting of mechanical loads to the
remaining intact tissues that may provoke a (dys)functional cellular response [43,275,276]. (Right) Our own experiments have shown that resection of the medial
gastrocnemius leads to reduced nominal stress (upper image) but elevated cell-level strains in the remaining tendons (lower image)[43]. In intact murine tendon, such cell-
level strains remain consistently below 3% – a threshold that is dramatically exceeded after tendon injury. These data support that ‘‘mechanical overload” could be an
important factor in the onset of cell-induced tissue remodeling.
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Although this sequence of events (acute matrix disruption, TGF-b
activation, apoptosis) has been demonstrated to occur in vivo,
important mechanistic details are still lacking on how this process
is mediated by mechanical forces [166].

6. Tendon damage and Repair: Intrinsic microdamage vs.
Damage crossing tissue compartments

We consider tendon damage as being conceptually dividable
into two subclasses: acute damage (traumatic damage of previ-
ously healthy tissue), and chronic (degenerative) damage. Acute
injuries (e.g. laceration of the finger flexor tendons) involve a sud-
den external disruption of originally healthy tendon. Although
such injuries often heal with acceptable recovery of function, the
tissue quality of biological and/or surgical repair rarely returns to
preinjury levels [5,167]. Tendon ruptures may also occur sponta-
neously during activities of daily living. It is now widely viewed
that such tendon ruptures can be attributed to underlying accumu-
lated tissue damage associated with degenerative tissue remodel-
ing processes [168].

Tendon matrix damage can stem from many sources including
acute tearing or cutting, oxidative damage [169], accumulation of
micro-tears [170–174], or de novo generation of aberrant matrix
within the tendon (e.g. ectopic calcification) [175,176]. Damage
may ultimately result in the mechanical and biological propagation
of a tendon lesion until catastrophic structural disruption at the
organ level (Fig. 8). Strikingly little is known regarding the actual
mechanisms by which originally healthy tendon accumulates
damage, and then how the intrinsic and extrinsic compartments
activate and coordinate tissue remodeling [18,21–23]. Only
slightly more is known about this process after acute injury, how-
ever studies using animal models of acute injury and repair are
beginning to shed some light [53,54].

Consistent with the classic view of wound healing, tendon inju-
ries first repair with an initial matrix that provides both stop-gap
mechanical integrity and a tissue template to guide later matrix
remodeling [177–179]. The cells that participate in this early repair
are thought to originate primarily from the extrinsic compart-
ments, as resident cells of the intrinsic tendon core are understood
to be limited in their reparative capacity, with low numbers and a
low metabolic rate [180–182]. As such, repair of larger tissue
defects likely involves cells from the epitenon and endotenon that
migrate into the wound [23,183]. The coordinated activities of cells
from these two compartments has been suggested to promote
optimal healing [184], and extrinsic compartment involvement in
healing is often demonstrated as extensive vascular and nerve out-
growth from the peritenon into the tendon proper [19,184–188].
Here the tissue barriers between the intrinsic and extrinsic com-
partments are violated, following a classic wound healing para-
digm that includes bleeding, clot formation, recruitment of
immune and progenitor cells to an assembly of granulation tissue,
early tissue remodeling, and finally late tissue remodeling that
should ideally involve resolution and retreat of neo-vasculature
and neo-innervation (Fig. 9) [9,18,187]. Inflammation plays a key
role in the early stages of healing, with intricate coordination
and cross-talk between the tendon core and the vascular, nervous,



Fig. 8. (Left) A schematic representation of ‘‘ideal” tendon healing after which a tendon recovers its pre-injury strength, dimensions, and material quality. (Right) The typical
course of tissue healing by scar formation leads to near-full recovery of tissue strength, but with non-efficiently packaged collagen structures and an accordingly diminished
‘‘material quality” as reflected by lower elastic modulus.

Fig. 9. An acute injury crosses from the intrinsic tendon core into the extrinsic (synovial) tissue compartment. Thus, tendon healing after rupture involves complex
coordination between the tendon proper and the vascular, nervous, and immune systems [18,21–23]. Healing after such injuries generally results in a scar tissue that fails to
re-establish tissue boundaries to appropriately compartmentalize the tissue [189,190]. This lack of compartmentalization may adversely affect tendon function (multi-scale
structure-function) and may prevent a return to homeostasis of the tendon.
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and immune systems [24,52]. The complexity of these interactions
is potentially immense, and elucidation of them will be a major
area of research focus in the coming years.

An important consequence of the involvement of the extrinsic
compartment is the formation of a fibrotic scar [189,190]. Tendon
scar tissue is generally characterized by resident cell phenotypes
that differ from healthy tenocytes in morphology and function
[139,191]. The matrix surrounding these cells is typically less
well-structured, with inadequate hierarchical compartmentaliza-
tion at the level of fascicles and above, and relatively disordered
collagen structures at the level of fibers and below [192]. Addition-
ally, the associated biochemical composition of the tissue may pro-
mote a chronic state of tissue inflammation, since among others
pathological levels of collagen III with fewer cross links and
increased presence of fragmented fibronectin are detected
[191,193–199]. At the levels of the tissue and organ, the effect of
this aberrant tissue remodeling is an increased tendon cross-
section that can provide adequate overall strength, but with subop-
timal stiffness and function [8,200–203]. In synovial tendons such
as the digital flexors of the hand, the scar tissue may become
entwined with the tendon sheath [204–206]. Such adhesions can
severely limit joint function, and are a common complication fol-
lowing surgical tendon repair [204–206]. However, the manner
in which injury is initiated remains a poor predictor of whether
the affected tissue will proceed to functional healing, chronic scar-
ring or adhesion formation.



Fig. 10. A proposed mechanism for development of painful tendinopathy. Damage
accumulates in the tendon until ‘‘intrinsic repair mechanisms” are overwhelmed. At
this point, the metabolic cost of extracellular matrix remodeling exceeds the locally
available nutrient supply. At this ‘‘Metabolic Tipping Point”, the vascular system is
recruited along with accompanying nerve supply (and pain) and the tissue enters
into a chronic disease state characterized by high matrix turnover and increasingly
poor tissue quality.
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Many key details of the repair response remain unclear: Which
are the cell-level stimuli that trigger central aspects of matrix syn-
thesis and remodeling? Do tenocytes modulate intrinsic tendon
matrix repair, or is the process coordinated by cells from the
extrinsic tendon compartment? If any individual tendon cell
becomes activated, what is its role in the repair process, and what
becomes of these cells after the repair is achieved? What are the
interactions between the intrinsic compartment, and neurovascu-
lar and immune components of the extrinsic compartment?
7. A suggested paradigm to explain the onset and propagation
of degenerative tendon disease

Poor clinical outcome in both acute and chronic tendon disor-
ders is multi-factorial, and not only due to limited intrinsic regen-
erative capacity of the tendon core [180–182]. Complex
interactions between the tendon core and the vascular, nervous,
and immune system components of the extrinsic (synovial) com-
partment of the tendon play a major, but poorly understood role
Fig. 11. (Left): Acute tendon injury typically manifests as either a laceration of originally
case of a laceration, the tissue ideally returns to pre-injury quality and function. Howev
function, particularly in torn tendons with pre-existing tissue degeneration [5,167]. (Ri
immune system) is heavily involved in early stages of wound healing [19,184–188]. Id
suppression perhaps being tightly coordinated by the intrinsic tendon compartment. A
tendon proper, as the organ returns to levels of pre-injury function.
[18,21–23]. In chronic tendon disorders we propose that a progres-
sive accumulation of intrinsic tissue damage occurs until the ten-
don core reaches a ‘‘metabolic tipping point” (Fig. 10). Based on
our own collective experiences in the laboratory, we speculate that
this tipping point is reached when the metabolic demands of the
tendon core (activated by mechanical stimulus) exceed the avail-
able nutrient supply of the normally avascular core [140]. Beyond
this tipping point, we suspect that the extrinsic tissue compart-
ment is recruited by the tendon core to participate in organ/tissue
remodelling (Fig. 11). This could be a chemotactic process whereby
low oxygen levels and high lactate levels stimulate angiogenesis
[186], mediated by the release of TGF-b1 and VEGF [184,207]. This
paradigm resonates with studies using animal models that report
mechanical overload triggers appositional tendon growth at the
organ perimeter [69]. We suspect that mechanically driven recruit-
ment of vasculature and associated nerve supply to the tendon
core may lie at the cause of tendon disease and the tendon pain
that often accompanies chronic tendon disease [208]. Relatedly,
we speculate that tissue vascularity and innervation that fail to
fully resolve after a tendon disruption may lie behind perpetuation
of chronic tendon disease. While the importance of cross-talk
between the nervous system the vascular supply is increasingly
appreciated [209], how this signaling may be dysregulated is rela-
tively unexplored [20], providing substantial ground for fruitful
future study, and potential therapeutic exploitation.

8. Unmet clinical needs, and the role of biomaterials in
addressing tendon disorders

In our view, the application of biomaterials to the clinical treat-
ment of tendon disorders falls into three potentially overlapping
categories: drug delivery, mechanical augmentation, and re-
establishment of appropriate tissue compartmentalization.
Although any biomaterial-based therapy will likely aim to address
several of these aspects, the functional needs are distinct and
should be explicitly considered.

- Mechanical augmentation is important for short- and
medium-term survival of a surgical repair. This demand reflects
the immediate need to restore functional continuity (‘‘primary
healthy and intact tissue, or as a rupture of already degenerated tissue [168]. In the
er, injured tendon often does not fully attain ‘‘normal” levels of tissue quality and
ght): Following acute injury, the extrinsic healing system (vasculature, nerve, and
eally, the involvement of these systems resolves over time, with vascular system
successful tissue repair process should thus conclude with ‘‘fine tuning” within the



30 J.G. Snedeker, J. Foolen / Acta Biomaterialia 63 (2017) 18–36
stability”) of the muscle-tendon-bone unit. Augmentation
should aim to facilitate optimal tissue templating and initial tis-
sue remodeling – setting the longer-term repair process onto a
good track.

- Guiding appropriate tissue compartmentalization is well
appreciated in the context of preventing formation of adhesions
between the tendon sheath and surrounding tissues
[204–206,210]. However, the subtler need for appropriate
‘‘internal compartmentalization” is less well recognized
(Fig. 9). As we have discussed in previous sections, individual
tendon architecture is exquisitely tuned for optimal function,
and scar-like healing generally fails to return to its pre-injury
structure. Biomaterials that can guide fine tuning of tendon
structure may play an important role in longer term recovery
of tissue structure and biomechanical function.

- Bioactive biomaterials and drug delivery: As a poorly
vascularized tissue, without identified tissue specific surface
receptors, systemic delivery of pharmacologic agents to treat
tendons is not likely to be efficient or effective. Appropriately
timed, locally targeted delivery of pharmacological agents from
biomaterial carriers will continue to be a major topic in tendon
research for the foreseeable future.

In the section below, we very briefly summarize the main
subfields of biomaterial development in the context of tendon
disease, and tendon repair. This review is far from comprehensive,
and we refer the interested reader to excellent focused reviews
[187,211–213].

8.1. Injectable gels for drug delivery (tendinopathy, tendon repair)

Injection of biopolymers, such as collagen or fibrin gels
[214,215], provides a potential minimally-invasive technique to
locally administer a combination of structural proteins and a
plethora of bioactive molecules that can potentially favorably
assist in the healing process [187]. Collagen type I is ‘‘tissue-
mimetic” and may eventually integrate to the host, whereas fibrin
should predominantly function as a provisional scaffold and a car-
rier for bioactive molecules [216,217]. Both collagen [200,218–
220] and fibrin [221–223] have been used for tendon healing and
ligament fusion with occasionally promising results, however
restoring native mechanical properties remains an open challenge
[221,223]. One possible hurdle to overcome is the fact that once
injected, the materials polymerize into randomly organized scaf-
folds that may provide a suboptimal, or even scar-inducing, tissue
template. Tendon cells from the intrinsic compartment, as well as
migrated progenitors from the extrinsic compartment show poorer
tenogenic expression when exposed to a randomly organized
niche, compared to an aligned niche [224–229,306]. A promising
development therefore is the fabrication of aligned collagen con-
structs [230], which recently have been produced with properties
that resemble native tendon tissue [231,232]. A potentially
promising future direction may be to engineer injectable gels that
adopt an aligned configuration upon administration, providing a
tissue template for re-establishing a native tissue multi-scale
architecture. Additionally, drugs delivered via such scaffolds may
aid in pushing the resident and recruited cells to remodel the
ECM into a native-like structure.

8.2. Tissue grafts (tendon repair)

In the case that inadequate native tissue exists to bridge a torn
tendon or ligament autografts, allografts or xenografts can be used
to bridge such defects [187]. Surgical reconstruction of tendons
using grafts often result in suboptimal clinical outcome for various
reasons, including donor site morbidity [233,234], immunological
rejection [235] and poor graft integration [236,237]. These draw-
backs accompany re-tears in 35 to 95% of cases [238,239], although
these rates depend highly on the clinical indication and the indi-
vidual case. Autografts remain the gold-standard, despite inevita-
ble short- and medium-term donor site morbidity that manifests
as muscle weakness. Although autograft material immediately pro-
vides a well-structured tissue with potentially appropriate mate-
rial properties, cell-matrix remodeling typically resets the
structure of the graft, and can resemble healing stages after tendon
injury or even tendinopathy. The result is diminished mechanical
properties compared to the initial graft, decreased structural qual-
ity of the tissue [240] and occasional adhesion formation [210].

We speculate that graft remodeling involves a high metabolic
demand on the resident cells, and may cross the metabolic tipping
point - then driving the graft into a potentially adverse response.
Excised grafts, irrespective of the source, are completely cut off
from an already limited blood supply. Still viable resident cells in
an autograft will be exposed to a low-nutrient environment may
then potentially recruit participation from the extrinsic compart-
ment. This may plausibly explain why autografts do not generally
perform superiorly better than allografts [210,241–243]. A promis-
ing approach to promote beneficial graft remodeling may be to
functionalize the graft with bioactive molecules [244], however
such approaches are still in their very early stages and lack clinical
evidence of efficacy.

8.3. Synthetic (Non)-Degradable materials (tendon repair)

In view of the drawbacks associated with tissue grafts, the
development of novel biomaterial implants will play an important
future role, and the potential range of biomaterials that could be
usefully employed is immense. However, the functional require-
ments on a synthetic tendon graft may provide unifying themes
to guide the design of next generation implants: 1) A graft must
provide adequate mechanical strength and resistance to mechani-
cal damage until host tissue is able to compensate for degrading
implant function over time 2) An implant should provide strong
contextual cues (structure, biochemical, mechanical) to guide graft
integration in an aggressive biophysical environment (limited
baseline regenerative capacity, aberrant mechanical cues, inflam-
mation, predisposition of host tissue toward a net catabolic
turnover).

Synthetic grafts have therefore been exploited for repair, as
reviewed recently [187,245,246], ranging from grafts based on
e.g. polyester [247–251], polypropylene [252,253], polyethelene(-
terephthalate) [254–258] and carbon [259,260]. Despite the suc-
cess reported for these non-degradable scaffold materials, the high
mechanical demands on a tendon (or ligament) graft have not
resulted in long-term, functional repair [187]. Among the many
materials that may potentially bridge between short- and
medium-term mechanical stability and longer-term tissue integra-
tion – silk has emerged as a potentially interesting candidate mate-
rial. Because of negligible loss of tensile strength in vivo, silk is
considered by many as a non-degradable material. In practice
however, silk is enzymatically degradable in vivo, but over an
extended period of time [261]. Silk has been used extensively in
the repair of tendon ruptures, primarily as suture material
[262,263], and has shown tenogenic potential [229,264] and ten-
don regenerative potential [265,266]. Silk scaffolds have shown
promising results when tested in large animal models as candi-
dates for ACL replacement [267]. Silks fibers also are amenable to
manufacture in various structures that can capture a range of tis-
sue level mechanical properties. Using various wiring methods,
mechanical properties in the range of the native ACL could be
attained [268]. Silk grafts have also been successfully combined
with osteoconductive biomaterials in large animal models to
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achieve native-like histological integration in a bone tunnel
[269,270] with adequate mechanical stability up to 6 months after
reconstruction [269]. Still, it should be recognized that synthetic
grafts for tendon and ligament repair face an uphill climb in terms
of convincing clinicians to adopt them into daily practice.
9. Concluding statement

Tendon tissue repair involves a complex coordination between
the intrinsic tendon core tissue, and the extrinsic synovial tissues
that surround it. In this perspective article, we suggest that meta-
bolic demands on resident tendon cells may play a key role in reg-
ulating the interplay between these tissue compartments. We
describe a threshold we dub the ”metabolic tipping point”, which
delineates a balance between recruitment and suppression of the
extrinsic vascular-nervous system. This in turn may differentially
steer tendon towards either functional remodeling or degenerative
disease. We believe that future research must focus on better
understanding the handshaking between the intrinsic and extrinsic
tendon compartments in the disease and repair processes. These
efforts will be challenging, but may open paths to better address-
ing tendon disorders in the clinic.

References

[1] A. McCormick, J. Charlton, D. Fleming, Assessing health needs in primary care.
Morbidity study from general practice provides another source of
information, BMJ 310 (1995) 1534.

[2] G. Riley, Tendinopathy–from basic science to treatment, Nat. Clin. Pract.
Rheumatol. 4 (2008) 82–89.

[3] M.D. McElvany, E. McGoldrick, A.O. Gee, M.B. Neradilek, F.A. Matsen III,
Rotator cuff repair: published evidence on factors associated with repair
integrity and clinical outcome, Am. J. Sports Med. 43 (2015) 491–500.

[4] M.I. Boyer, C.A. Goldfarb, R.H. Gelberman, Recent progress in flexor tendon
healing. The modulation of tendon healing with rehabilitation variables, J.
Hand Ther. 18 (2005) 80–85.

[5] R.H. Gelberman, D. Amifl, M. Gonsalves, S. Woo, W.H. Akeson, The influence of
protected passive mobilization on the healing of flexor tendons: a
biochemical and microangiographic study, Hand 13 (1981) 120–128.

[6] M.J. Silva, M.D. Brodt, M.I. Boyer, T.S. Morris, H. Dinopoulos, D. Amiel, R.H.
Gelberman, Effects of increased in vivo excursion on digital range of motion
and tendon strength following flexor tendon repair, J. Orthop. Res. 17 (1999)
777–783.

[7] A.K. Waljee, M.A. Rogers, P. Lin, A.G. Singal, J.D. Stein, R.M. Marks, J.Z. Ayanian,
B.K. Nallamothu, Short term use of oral corticosteroids and related harms
among adults in the United States: population based cohort study, BMJ 357
(2017) j1415.

[8] E.T. Ricchetti, A. Aurora, J.P. Iannotti, K.A. Derwin, Scaffold devices for rotator
cuff repair, J. Shoulder. Elbow. Surg. 21 (2012) 251–265.

[9] P. Sharma, N. Maffulli, Biology of tendon injury: healing, modeling and
remodeling, J. Musculoskelet. Neuronal. Interact. 6 (2006) 181–190.

[10] A.A. Biewener, Muscle-tendon stresses and elastic energy storage during
locomotion in the horse, Comp Biochem, Physiol B Biochem. Mol. Biol. 120
(1998) 73–87.

[11] W.R. Su, H.H. Chen, Z.P. Luo, Effect of cyclic stretching on the tensile
properties of patellar tendon and medial collateral ligament in rat, Clin.
Biomech. (Bristol., Avon.) 23 (2008) 911–917.

[12] M. Kjaer, Role of extracellular matrix in adaptation of tendon and skeletal
muscle to mechanical loading, Physiol Rev. 84 (2004) 649–698.

[13] K.M. Heinemeier, P. Schjerling, J. Heinemeier, S.P. Magnusson, M. Kjaer, Lack
of tissue renewal in human adult Achilles tendon is revealed by nuclear bomb
(14)C, FASEB J. 27 (2013) 2074–2079.

[14] T.A. Jarvinen, P. Kannus, N. Maffulli, K.M. Khan, Achilles tendon disorders:
etiology and epidemiology, Foot Ankle Clin. 10 (2005) 255–266.

[15] T.L. Willett, R.S. Labow, N.C. Avery, J.M. Lee, Increased proteolysis of collagen
in an in vitro tensile overload tendon model, Ann. Biomed. Eng 35 (2007)
1961–1972.

[16] L.J. Soslowsky, S. Thomopoulos, S. Tun, C.L. Flanagan, C.C. Keefer, J. Mastaw, J.
E. Carpenter, Neer Award, Overuse activity injures the supraspinatus tendon
in an animal model: a histologic and biomechanical study, J. Shoulder. Elbow.
Surg. 9 (2000) (1999) 79–84.

[17] J.H. Wang, Mechanobiology of tendon, J. Biomech. 39 (2006) 1563–1582.
[18] C.F. Liu, L. Aschbacher-Smith, N.J. Barthelery, N. Dyment, D. Butler, C. Wylie,

What we should know before using tissue engineering techniques to repair
injured tendons: a developmental biology perspective, Tissue Eng Part B Rev.
17 (2011) 165–176.

[19] P.W. Ackermann, P. Salo, D.A. Hart, Tendon Innervation, Adv. Exp. Med. Biol.
920 (2016) 35–51.
[20] P.W. Ackermann, S.L. Franklin, B.J. Dean, A.J. Carr, P.T. Salo, D.A. Hart,
Neuronal pathways in tendon healing and tendinopathy-update, Front Biosci.
(Landmark.Ed) 19 (2014) 1251–1278.

[21] M.I. Boyer, Flexor tendon biology, Hand Clin. 21 (2005) 159–166.
[22] M.E. Jones, V. Mudera, R.A. Brown, A.D. Cambrey, A.O. Grobbelaar, D.A.

McGrouther, The early surface cell response to flexor tendon injury, J. Hand
Surg. Am. 28 (2003) 221–230.

[23] R.H. Gelberman, P.R. Manske, J.S. Vande Berg, P.A. Lesker, W.H. Akeson, Flexor
tendon repair in vitro: a comparative histologic study of the rabbit, chicken,
dog, and monkey, J. Orthop. Res. 2 (1984) 39–48.

[24] N.L. Millar, G.A. Murrell, I.B. McInnes, Inflammatory mechanisms in
tendinopathy - towards translation, Nat. Rev. Rheumatol. 13 (2017) 110–122.

[25] S.J. Warden, Animal models for the study of tendinopathy, Br. J. Sports Med.
41 (2007) 232–240.

[26] G. Yang, B.B. Rothrauff, R.S. Tuan, Tendon and ligament regeneration and
repair: clinical relevance and developmental paradigm, Birth Defects Res. C.
Embryo.Today 99 (2013) 203–222.

[27] D. Curzi, Ultrastructural study of myotendinous junction plasticity: from
disuse to exercise, Sport Sci. Health 12 (2016) 279–286.

[28] T.J. Noonan, W.E. Garrett Jr., Injuries at the myotendinous junction, Clin.
Sports Med. 11 (1992) 783–806.

[29] B. Charvet, F. Ruggiero, G.D. Le, The development of the myotendinous
junction. A review, Muscles. Ligaments.Tendons. J. 2 (2012) 53–63.

[30] L. Rossetti, L.A. Kuntz, E. Kunold, J. Schock, K.W. Muller, H. Grabmayr, J.
Stolberg-Stolberg, F. Pfeiffer, S.A. Sieber, R. Burgkart, A.R. Bausch, The
microstructure and micromechanics of the tendon-bone insertion, Nat.
Mater. (2017).

[31] M. Benjamin, H. Toumi, J.R. Ralphs, G. Bydder, T.M. Best, S. Milz, Where
tendons and ligaments meet bone: attachment sites (‘entheses’) in relation to
exercise and/or mechanical load, J. Anat. 208 (2006) 471–490.

[32] S. Thomopoulos, G.M. Genin, L.M. Galatz, The development and
morphogenesis of the tendon-to-bone insertion - what development can
teach us about healing, J. Musculoskelet. Neuronal. Interact. 10 (2010) 35–45.

[33] P. Claudepierre, M.C. Voisin, The entheses: histology, pathology, and
pathophysiology, Joint Bone Spine 72 (2005) 32–37.

[34] J. Apostolakos, T.J. Durant, C.R. Dwyer, R.P. Russell, J.H. Weinreb, F. Alaee, K.
Beitzel, M.B. McCarthy, M.P. Cote, A.D. Mazzocca, The enthesis: a review of
the tendon-to-bone insertion, Muscles. Ligaments. Tendons. J. 4 (2014) 333–
342.

[35] G.A. Lichtwark, A.M. Wilson, Interactions between the human gastrocnemius
muscle and the Achilles tendon during incline, level and decline locomotion,
J. Exp. Biol. 209 (2006) 4379–4388.

[36] G.A. Lichtwark, A.M. Wilson, Is Achilles tendon compliance optimised for
maximum muscle efficiency during locomotion?, J Biomech. 40 (2007) 1768–
1775.

[37] P. Kannus, Structure of the tendon connective tissue, Scand. J. Med. Sci. Sports
10 (2000) 312–320.

[38] J.W. Strickland, The scientific basis for advances in flexor tendon surgery, J.
Hand Ther. 18 (2005) 94–110.

[39] D.A. Parry, A.S. Craig, Quantitative electron microscope observations of the
collagen fibrils in rat-tail tendon, Biopolymers 16 (1977) 1015–1031.

[40] J.M. Clark, D.T. Harryman, Tendons, ligaments, and capsule of the rotator cuff.
Gross and microscopic anatomy, J. Bone Joint Surg. Am. 74 (1992) 713–725.

[41] H.L. Birch, Tendon matrix composition and turnover in relation to functional
requirements, Int. J. Exp. Pathol. 88 (2007) 241–248.

[42] C.T. Thorpe, C.P. Udeze, H.L. Birch, P.D. Clegg, H.R. Screen, Specialization of
tendon mechanical properties results from interfascicular differences, J. R.
Soc Interface 9 (2012) 3108–3117.

[43] J.G. Snedeker, A.A. Ben, Y. Zilberman, G. Pelled, D. Gazit, Functional fibered
confocal microscopy: a promising tool for assessing tendon regeneration,
Tissue Eng Part C. Methods 15 (2009) 485–491.

[44] J.G. Snedeker, G. Pelled, Y. Zilberman, F. Gerhard, R. Muller, D. Gazit,
Endoscopic cellular microscopy for in vivo biomechanical assessment of
tendon function, J. Biomed. Opt. 11 (2006) 064010.

[45] J.G. Snedeker, G. Pelled, Y. Zilberman, A.A. Ben, E. Huber, R. Muller, D. Gazit,
An analytical model for elucidating tendon tissue structure and
biomechanical function from in vivo cellular confocal microscopy images,
Cells Tissues. Organs 190 (2009) 111–119.

[46] C.T. Thorpe, M.S. Godinho, G.P. Riley, H.L. Birch, P.D. Clegg, H.R. Screen, The
interfascicular matrix enables fascicle sliding and recovery in tendon, and
behaves more elastically in energy storing tendons, J. Mech. Behav. Biomed.
Mater. 52 (2015) 85–94.

[47] C.T. Thorpe, C.P. Udeze, H.L. Birch, P.D. Clegg, H.R. Screen, Capacity for sliding
between tendon fascicles decreases with ageing in injury prone equine
tendons: a possible mechanism for age-related tendinopathy?, Eur Cell
Mater. 25 (2013) 48–60.

[48] H.S. Gupta, J. Seto, S. Krauss, P. Boesecke, H.R. Screen, In situ multi-level
analysis of viscoelastic deformation mechanisms in tendon collagen, J. Struct.
Biol. 169 (2010) 183–191.

[49] H.R. Screen, D.A. Lee, D.L. Bader, J.C. Shelton, An investigation into the effects
of the hierarchical structure of tendon fascicles on micromechanical
properties, Proc. Inst. Mech. Eng H. 218 (2004) 109–119.

[50] J.A. Cadby, E. Buehler, C. Godbout, P.R. van Weeren, J.G. Snedeker, Differences
between the cell populations from the peritenon and the tendon core with
regard to their potential implication in tendon repair, PLoS One 9 (2014)
e92474.

http://refhub.elsevier.com/S1742-7061(17)30546-9/h0005
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0005
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0005
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0010
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0010
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0015
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0015
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0015
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0020
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0020
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0020
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0025
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0025
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0025
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0035
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0035
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0035
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0035
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0040
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0040
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0045
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0045
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0055
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0055
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0055
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0060
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0060
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0065
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0065
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0065
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0070
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0070
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0075
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0075
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0075
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0080
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0080
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0080
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0080
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0085
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0095
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0095
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0100
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0100
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0100
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0105
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0110
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0110
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0110
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0115
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0115
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0115
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0120
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0120
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0125
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0125
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0135
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0135
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0140
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0140
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0145
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0145
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0160
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0160
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0160
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0165
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0165
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0180
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0180
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0180
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0185
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0185
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0190
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0190
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0195
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0195
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0200
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0200
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0205
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0205
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0210
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0210
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0210
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0240
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0240
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0240
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0245
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0245
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0245
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0250
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0250
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0250
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0250


32 J.G. Snedeker, J. Foolen / Acta Biomaterialia 63 (2017) 18–36
[51] M. Benjamin, E. Kaiser, S. Milz, Structure-function relationships in tendons: a
review, J. Anat. 212 (2008) 211–228.

[52] P.W. Ackermann, Neuronal regulation of tendon homoeostasis, Int. J. Exp.
Pathol. 94 (2013) 271–286.

[53] K. Howell, C. Chien, R. Bell, D. Laudier, S.F. Tufa, D.R. Keene, N. Andarawis-
Puri, A.H. Huang, Novel model of tendon regeneration reveals distinct cell
mechanisms underlying regenerative and fibrotic tendon healing, Sci. Rep. 7
(2017) 45238.

[54] N.A. Dyment, Y. Hagiwara, B.G. Matthews, Y. Li, I. Kalajzic, D.W. Rowe, Lineage
tracing of resident tendon progenitor cells during growth and natural healing,
PLoS One 9 (2014) e96113.

[55] H.R. Screen, D.E. Berk, K.E. Kadler, F. Ramirez, M.F. Young, Tendon functional
extracellular matrix, J. Orthop. Res. 33 (2015) 793–799.

[56] A. Gautieri, F.S. Passini, U. Silvan, M. Guizar-Sicairos, G. Carimati, P. Volpi, M.
Moretti, H. Schoenhuber, A. Redaelli, M. Berli, J.G. Snedeker, Advanced
glycation end-products: mechanics of aged collagen from molecule to tissue,
Matrix Biol. 59 (2017) 95–108.

[57] Y. Li, G. Fessel, M. Georgiadis, J.G. Snedeker, Advanced glycation end-products
diminish tendon collagen fiber sliding, Matrix Biol. 32 (2013) 169–177.

[58] B.R. Freedman, N.D. Bade, C.N. Riggin, S. Zhang, P.G. Haines, K.L. Ong, P.A.
Janmey, The (dys)functional extracellular matrix, Biochim. Biophys. Acta
2015 (1853) 3153–3164.

[59] F.H. Silver, J.W. Freeman, G.P. Seehra, Collagen self-assembly and the
development of tendon mechanical properties, J. Biomech. 36 (2003) 1529–
1553.

[60] S. Rigozzi, R. Muller, J.G. Snedeker, Local strain measurement reveals a varied
regional dependence of tensile tendon mechanics on glycosaminoglycan
content, J. Biomech. 42 (2009) 1547–1552.

[61] K.E. Kadler, A. Hill, E.G. Canty-Laird, Collagen fibrillogenesis: fibronectin,
integrins, and minor collagens as organizers and nucleators, Curr. Opin. Cell
Biol. 20 (2008) 495–501.

[62] N.L. Millar, D.S. Gilchrist, M. Akbar, J.H. Reilly, S.C. Kerr, A.L. Campbell, G.A.
Murrell, F.Y. Liew, M. Kurowska-Stolarska, I.B. McInnes, MicroRNA29a
regulates IL-33-mediated tissue remodelling in tendon disease, Nat.
Commun. 6 (2015) 6774.

[63] R.J. Wenstrup, J.B. Florer, E.W. Brunskill, S.M. Bell, I. Chervoneva, D.E. Birk,
Type V collagen controls the initiation of collagen fibril assembly, J. Biol.
Chem. 279 (2004) 53331–53337.

[64] M.J. Peffers, C.T. Thorpe, J.A. Collins, R. Eong, T.K. Wei, H.R. Screen, P.D. Clegg,
Proteomic analysis reveals age-related changes in tendon matrix
composition, with age- and injury-specific matrix fragmentation, J. Biol.
Chem. 289 (2014) 25867–25878.

[65] Y. Izu, H.L. Ansorge, G. Zhang, L.J. Soslowsky, P. Bonaldo, M.L. Chu, D.E. Birk,
Dysfunctional tendon collagen fibrillogenesis in collagen VI null mice, Matrix
Biol. 30 (2011) 53–61.

[66] H.B. Henninger, C.J. Underwood, S.J. Romney, G.L. Davis, J.A. Weiss, Effect of
elastin digestion on the quasi-static tensile response of medial collateral
ligament, J. Orthop. Res. 31 (2013) 1226–1233.

[67] J.H. Yoon, J. Halper, Tendon proteoglycans: biochemistry and function, J.
Musculoskelet. Neuronal. Interact. 5 (2005) 22–34.

[68] J.K. Mouw, G. Ou, V.M. Weaver, Extracellular matrix assembly: a multiscale
deconstruction, Nat. Rev. Mol. Cell Biol. 15 (2014) 771–785.

[69] J.P. Gumucio, A.C. Phan, D.G. Ruehlmann, A.C. Noah, C.L. Mendias, Synergist
ablation induces rapid tendon growth through the synthesis of a neotendon
matrix, J.Appl. Physiol. (1985) 117 (2014) 1287–1291.

[70] M. Kjaer, N.R. Jorgensen, K. Heinemeier, S.P. Magnusson, Exercise and
Regulation of Bone and Collagen Tissue Biology, Prog. Mol. Biol. Transl. Sci.
135 (2015) 259–291.

[71] S.P. Magnusson, M.V. Narici, C.N. Maganaris, M. Kjaer, Human tendon
behaviour and adaptation, in vivo, J. Physiol. 586 (2008) 71–81.

[72] R.F. Ker, X.T. Wang, A.V. Pike, Fatigue quality of mammalian tendons, J. Exp.
Biol. 203 (2000) 1317–1327.

[73] K.M. Heinemeier, M. Kjaer, In vivo investigation of tendon responses to
mechanical loading, J. Musculoskelet. Neuronal. Interact. 11 (2011)
115–123.

[74] B.J. Rigby, N. Hirai, J.D. Spikes, H. Eyring, The Mechanical Properties of Rat Tail
Tendon, J. Gen. Physiol. 43 (1959) 265–283.

[75] S.P. Arnoczky, M. Lavagnino, M. Egerbacher, O. Caballero, K. Gardner, M.A.
Shender, Loss of homeostatic strain alters mechanostat ‘‘set point” of tendon
cells in vitro, Clin. Orthop. Relat Res. 466 (2008) 1583–1591.

[76] E. Maeda, J.C. Shelton, D.L. Bader, D.A. Lee, Differential regulation of gene
expression in isolated tendon fascicles exposed to cyclic tensile strain in vitro,
J. Appl. Physiol. (1985.) 106 (2009) 506–512.

[77] D. Rowson, M.M. Knight, H.R. Screen, Zonal variation in primary cilia
elongation correlates with localized biomechanical degradation in stress
deprived tendon, J. Orthop. Res. 34 (2016) 2146–2153.

[78] T.L. Willett, R.S. Labow, I.G. Aldous, N.C. Avery, J.M. Lee, Changes in collagen
with aging maintain molecular stability after overload: evidence from an
in vitro tendon model, J. Biomech. Eng. 132 (2010) 031002.

[79] D.R. Leigh, E.L. Abreu, K.A. Derwin, Changes in gene expression of individual
matrix metalloproteinases differ in response to mechanical unloading of
tendon fascicles in explant culture, J. Orthop. Res. 26 (2008) 1306–1312.

[80] R.C. Haut, The effect of a lathyritic diet on the sensitivity of tendon to strain
rate, J. Biomech. Eng. 107 (1985) 166–174.

[81] K.L. Goh, D.F. Holmes, Y. Lu, P.P. Purslow, K.E. Kadler, D. Bechet, T.J. Wess,
Bimodal collagen fibril diameter distributions direct age-related variations in
tendon resilience and resistance to rupture, J. Appl. Physiol. (1985.) 113
(2012) 878–888.

[82] S. Rigozzi, R. Muller, J.G. Snedeker, Collagen fibril morphology and mechanical
properties of the Achilles tendon in two inbred mouse strains, J. Anat. 216
(2010) 724–731.

[83] L.B. Sloane, J.T. Stout, D.J. Vandenbergh, G.P. Vogler, G.S. Gerhard, G.E.
McClearn, Quantitative trait loci analysis of tail tendon break time in mice of
C57BL/6J and DBA/2J lineage, J. Gerontol. A Biol. Sci. Med. Sci. 66 (2011) 170–
178.

[84] B. Mikic, E. Amadei, K. Rossmeier, L. Bierwert, Sex matters in the
establishment of murine tendon composition and material properties
during growth, J. Orthop. Res. 28 (2010) 631–638.

[85] G. Fessel, Y. Li, V. Diederich, M. Guizar-Sicairos, P. Schneider, D.R. Sell, V.M.
Monnier, J.G. Snedeker, Advanced glycation end-products reduce collagen
molecular sliding to affect collagen fibril damage mechanisms but not
stiffness, PLoS One 9 (2014) e110948.

[86] G. Fessel, J. Wernli, Y. Li, C. Gerber, J.G. Snedeker, Exogenous collagen cross-
linking recovers tendon functional integrity in an experimental model of
partial tear, J. Orthop. Res. 30 (2012) 973–981.

[87] P. Fratzl, K. Misof, I. Zizak, G. Rapp, H. Amenitsch, S. Bernstorff, Fibrillar
structure and mechanical properties of collagen, J. Struct. Biol. 122 (1998)
119–122.

[88] D.L. Christiansen, E.K. Huang, F.H. Silver, Assembly of type I collagen: fusion
of fibril subunits and the influence of fibril diameter on mechanical
properties, Matrix Biol. 19 (2000) 409–420.

[89] S. Rigozzi, A. Stemmer, R. Muller, J.G. Snedeker, Mechanical response of
individual collagen fibrils in loaded tendon as measured by atomic force
microscopy, J. Struct. Biol. 176 (2011) 9–15.

[90] R.B. Svensson, H. Mulder, V. Kovanen, S.P. Magnusson, Fracture mechanics of
collagen fibrils: influence of natural cross-links, Biophys. J. 104 (2013) 2476–
2484.

[91] R.B. Svensson, A. Herchenhan, T. Starborg, M. Larsen, K.E. Kadler, K. Qvortrup,
S.P. Magnusson, Evidence of structurally continuous collagen fibrils in
tendons, Acta Biomater. 50 (2017) 293–301.

[92] K.E. Kadler, D.F. Holmes, J.A. Trotter, J.A. Chapman, Collagen fibril formation,
Biochem. J. 316 (Pt 1) (1996) 1–11.

[93] E.G. Canty, K.E. Kadler, Procollagen trafficking, processing and fibrillogenesis,
J. Cell Sci. 118 (2005) 1341–1353.

[94] Y. Ezura, S. Chakravarti, A. Oldberg, I. Chervoneva, D.E. Birk, Differential
expression of lumican and fibromodulin regulate collagen fibrillogenesis in
developing mouse tendons, J. Cell Biol. 151 (2000) 779–788.

[95] S. Chen, D.E. Birk, The regulatory roles of small leucine-rich proteoglycans in
extracellular matrix assembly, FEBS J. 280 (2013) 2120–2137.

[96] G. Zhang, Y. Ezura, I. Chervoneva, P.S. Robinson, D.P. Beason, E.T. Carine, L.J.
Soslowsky, R.V. Iozzo, D.E. Birk, Decorin regulates assembly of collagen fibrils
and acquisition of biomechanical properties during tendon development, J.
Cell Biochem. 98 (2006) 1436–1449.

[97] S. Chakravarti, Functions of lumican and fibromodulin: lessons from
knockout mice, Glycoconj. J. 19 (2002) 287–293.

[98] S. Rigozzi, R. Muller, A. Stemmer, J.G. Snedeker, Tendon glycosaminoglycan
proteoglycan sidechains promote collagen fibril sliding-AFM observations at
the nanoscale, J. Biomech. 46 (2013) 813–818.

[99] G. Fessel, J.G. Snedeker, Evidence against proteoglycan mediated collagen
fibril load transmission and dynamic viscoelasticity in tendon, Matrix Biol. 28
(2009) 503–510.

[100] G. Fessel, J.G. Snedeker, Equivalent stiffness after glycosaminoglycan
depletion in tendon–an ultra-structural finite element model and
corresponding experiments, J. Theor. Biol. 268 (2011) 77–83.

[101] N.C. Avery, A.J. Bailey, Enzymic and non-enzymic cross-linking mechanisms
in relation to turnover of collagen: relevance to aging and exercise, Scand. J.
Med. Sci. Sports 15 (2005) 231–240.

[102] A.J. Bailey, T.J. Sims, N.C. Avery, E.P. Halligan, Non-enzymic glycation of
fibrous collagen: reaction products of glucose and ribose, Biochem. J. 305 (Pt
2) (1995) 385–390.

[103] D.A. Slatter, N.C. Avery, A.J. Bailey, Identification of a new cross-link and
unique histidine adduct from bovine serum albumin incubated with
malondialdehyde, J. Biol. Chem. 279 (2004) 61–69.

[104] L. Knott, J.F. Tarlton, A.J. Bailey, Chemistry of collagen cross-linking:
biochemical changes in collagen during the partial mineralization of turkey
leg tendon, Biochem. J. 322 (Pt 2) (1997) 535–542.

[105] A. Gautieri, S. Vesentini, A. Redaelli, M.J. Buehler, Hierarchical structure and
nanomechanics of collagen microfibrils from the atomistic scale up, Nano.
Lett. 11 (2011) 757–766.

[106] T.A. Wren, D.R. Carter, A microstructural model for the tensile constitutive
and failure behavior of soft skeletal connective tissues, J. Biomech. Eng. 120
(1998) 55–61.

[107] J. Wolff, Das Gesetz der Transformation der Knochen (Translated as The Law
of Bone Remodeling (trans. Maquet, P. & Furlong, R.)), Springer, Berlin, 1892.
1986.

[108] V. Vogel, M.P. Sheetz, Cell fate regulation by coupling mechanical cycles to
biochemical signaling pathways, Curr. Opin. Cell Biol. 21 (2009) 38–46.

[109] K.N. Dahl, E.A. Booth-Gauthier, B. Ladoux, In the middle of it all: mutual
mechanical regulation between the nucleus and the cytoskeleton, J. Biomech.
43 (2010) 2–8.

[110] J.G. Snedeker, The nuclear envelope as a mechanostat: a central cog in the
machinery of cell and tissue regulation?, Bonekey Rep. 3 (2014) 562.

http://refhub.elsevier.com/S1742-7061(17)30546-9/h0255
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0255
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0260
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0260
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0270
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0270
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0270
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0275
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0275
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0280
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0280
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0280
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0280
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0285
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0285
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0290
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0290
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0290
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0295
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0295
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0295
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0300
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0300
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0300
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0305
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0305
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0305
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0315
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0315
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0315
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0325
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0325
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0325
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0330
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0330
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0330
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0335
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0335
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0340
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0340
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0350
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0350
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0350
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0355
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0355
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0360
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0360
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0365
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0365
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0365
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0370
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0370
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0380
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0380
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0380
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0385
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0385
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0385
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0390
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0390
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0390
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0395
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0395
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0395
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0400
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0400
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0420
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0420
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0420
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0435
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0435
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0435
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0440
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0440
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0440
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0445
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0445
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0445
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0450
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0450
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0450
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0455
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0455
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0455
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0460
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0460
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0465
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0465
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0470
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0470
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0470
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0475
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0475
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0485
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0485
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0490
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0490
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0490
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0500
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0500
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0500
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0505
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0505
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0505
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0515
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0515
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0515
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0525
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0525
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0525
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0530
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0530
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0530
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0535
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0535
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0535
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0535
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0540
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0540
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0545
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0545
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0545
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0550
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0550


J.G. Snedeker, J. Foolen / Acta Biomaterialia 63 (2017) 18–36 33
[111] J.C. Friedland, M.H. Lee, D. Boettiger, Mechanically activated integrin switch
controls alpha5beta1 function, Science 323 (2009) 642–644.

[112] J. Renkawitz, K. Schumann, M. Weber, T. Lammermann, H. Pflicke, M. Piel, J.
Polleux, J.P. Spatz, M. Sixt, Adaptive force transmission in amoeboid cell
migration, Nat. Cell Biol. 11 (2009) 1438–1443.

[113] G. Bartalena, R. Grieder, R.I. Sharma, T. Zambelli, R. Muff, J.G. Snedeker, A
novel method for assessing adherent single-cell stiffness in tension: design
and testing of a substrate-based live cell functional imaging device, Biomed.
Microdevices. 13 (2011) 291–301.

[114] N. Wang, J.D. Tytell, D.E. Ingber, Mechanotransduction at a distance:
mechanically coupling the extracellular matrix with the nucleus, Nat. Rev.
Mol. Cell Biol. 10 (2009) 75–82.

[115] R.B. Svensson, K.M. Heinemeier, C. Couppe, M. Kjaer, S.P. Magnusson, Effect of
aging and exercise on the tendon, J. Appl. Physiol. (1985) 121 (2016) 1237–
1246.

[116] M. Lavagnino, M.E. Wall, D. Little, A.J. Banes, F. Guilak, S.P. Arnoczky, Tendon
mechanobiology: Current knowledge and future research opportunities, J.
Orthop. Res. 33 (2015) 813–822.

[117] P.A. Gottlieb, F. Sachs, Cell biology: The sensation of stretch, Nature 483
(2012) 163–164.

[118] T.D. Plant, TRPs in mechanosensing and volume regulation, Handb. Exp.
Pharmacol. 223 (2014) 743–766.

[119] F. Guilak, H.A. Leddy, W. Liedtke, Transient receptor potential vanilloid 4: the
sixth sense of the musculoskeletal system?, Ann N.Y. Acad. Sci. 1192 (2010)
404–409.

[120] C.J. O’Conor, H.A. Leddy, H.C. Benefield, W.B. Liedtke, F. Guilak, TRPV4-
mediated mechanotransduction regulates the metabolic response of
chondrocytes to dynamic loading, Proc. Natl. Acad. Sci. U.S.A. 111 (2014)
1316–1321.

[121] M.P. Stewart, J. Helenius, Y. Toyoda, S.P. Ramanathan, D.J. Muller, A.A. Hyman,
Hydrostatic pressure and the actomyosin cortex drive mitotic cell rounding,
Nature 469 (2011) 226–230.

[122] M.E. Wall, A.J. Banes, Early responses to mechanical load in tendon: role for
calcium signaling, gap junctions and intercellular communication, J.
Musculoskelet. Neuronal. Interact. 5 (2005) 70–84.

[123] M. Lavagnino, S.P. Arnoczky, T. Tian, Z. Vaupel, Effect of amplitude and
frequency of cyclic tensile strain on the inhibition of MMP-1 mRNA
expression in tendon cells: an in vitro study, Connect. Tissue Res. 44 (2003)
181–187.

[124] M. Lavagnino, S.P. Arnoczky, M. Egerbacher, K.L. Gardner, M.E. Burns, Isolated
fibrillar damage in tendons stimulates local collagenase mRNA expression
and protein synthesis, J. Biomech. 39 (2006) 2355–2362.

[125] T. Maeda, T. Sakabe, A. Sunaga, K. Sakai, A.L. Rivera, D.R. Keene, T. Sasaki, E.
Stavnezer, J. Iannotti, R. Schweitzer, D. Ilic, H. Baskaran, T. Sakai, Conversion
of mechanical force into TGF-beta-mediated biochemical signals, Curr. Biol.
21 (2011) 933–941.

[126] B. Zhang, Q. Luo, J. Sun, B. Xu, Y. Ju, L. Yang, G. Song, MGF enhances tenocyte
invasion through MMP-2 activity via the FAK-ERK1/2 pathway, Wound.
Repair Regen. 23 (2015) 394–402.

[127] B. Xu, G. Song, Y. Ju, X. Li, Y. Song, S. Watanabe, RhoA/ROCK, cytoskeletal
dynamics, and focal adhesion kinase are required for mechanical stretch-
induced tenogenic differentiation of human mesenchymal stem cells, J. Cell
Physiol 227 (2012) 2722–2729.

[128] K.C. Corbit, P. Aanstad, V. Singla, A.R. Norman, D.Y. Stainier, J.F. Reiter,
Vertebrate Smoothened functions at the primary cilium, Nature 437 (2005)
1018–1021.

[129] K.L. Lee, M.D. Guevarra, A.M. Nguyen, M.C. Chua, Y. Wang, C.R. Jacobs, The
primary cilium functions as a mechanical and calcium signaling nexus, Cilia.
4 (2015) 7.

[130] M. Jin, Z. Wu, L. Chen, J. Jaimes, D. Collins, E.T. Walters, R.G. O’Neil,
Determinants of TRPV4 activity following selective activation by small
molecule agonist GSK1016790A, PLoS One 6 (2011) e16713.

[131] E. Donnelly, M.G. Ascenzi, C. Farnum, Primary cilia are highly oriented with
respect to collagen direction and long axis of extensor tendon, J. Orthop. Res.
28 (2010) 77–82.

[132] M. Lavagnino, S.P. Arnoczky, K. Gardner, In situ deflection of tendon cell-cilia
in response to tensile loading: an in vitro study, J. Orthop. Res. 29 (2011)
925–930.

[133] K. Gardner, S.P. Arnoczky, M. Lavagnino, Effect of in vitro stress-deprivation
and cyclic loading on the length of tendon cell cilia in situ, J. Orthop. Res. 29
(2011) 582–587.

[134] J. Swift, I.L. Ivanovska, A. Buxboim, T. Harada, P.C. Dingal, J. Pinter, J.D.
Pajerowski, K.R. Spinler, J.W. Shin, M. Tewari, F. Rehfeldt, D.W. Speicher, D.E.
Discher, Nuclear lamin-A scales with tissue stiffness and enhances matrix-
directed differentiation, Science 341 (2013) 1240104.

[135] X. Varelas, The Hippo pathway effectors TAZ and YAP in development,
homeostasis and disease, Development 141 (2014) 1614–1626.

[136] S.P. Arnoczky, M. Lavagnino, J.H. Whallon, A. Hoonjan, In situ cell nucleus
deformation in tendons under tensile load; a morphological analysis using
confocal laser microscopy, J. Orthop. Res. 20 (2002) 29–35.

[137] M.M. Smith, G. Sakurai, S.M. Smith, A.A. Young, J. Melrose, C.M. Stewart, R.C.
Appleyard, J.L. Peterson, R.M. Gillies, A.J. Dart, D.H. Sonnabend, C.B. Little,
Modulation of aggrecan and ADAMTS expression in ovine tendinopathy
induced by altered strain, Arthritis Rheum. 58 (2008) 1055–1066.

[138] M. Kjaer, M.L. Bayer, P. Eliasson, K.M. Heinemeier, What is the impact of
inflammation on the critical interplay between mechanical signaling and
biochemical changes in tendon matrix?, J Appl. Physiol. (1985.) 115 (2013)
879–883.

[139] S.P. Magnusson, H. Langberg, M. Kjaer, The pathogenesis of tendinopathy:
balancing the response to loading, Nat. Rev. Rheumatol. 6 (2010) 262–268.

[140] P.W. Ackermann, D.A. Hart, General overview and summary of concepts
regarding tendon disease topics addressed related to metabolic disorders,
Adv. Exp. Med. Biol. 920 (2016) 293–298.

[141] L. Hackett, N.L. Millar, P. Lam, G.A. Murrell, Are the symptoms of calcific
tendinitis due to neoinnervation and/or neovascularization?, J Bone Joint
Surg. Am. 98 (2016) 186–192.

[142] H.R. Screen, J.C. Shelton, D.L. Bader, D.A. Lee, Cyclic tensile strain upregulates
collagen synthesis in isolated tendon fascicles, Biochem. Biophys. Res.
Commun. 336 (2005) 424–429.

[143] A.J. Banes, P. Weinhold, X. Yang, M. Tsuzaki, D. Bynum, M. Bottlang, T. Brown,
Gap junctions regulate responses of tendon cells ex vivo to mechanical
loading, Clin. Orthop. Relat Res. (1999) S356–S370.

[144] E. Maeda, M. Sugimoto, T. Ohashi, Cytoskeletal tension modulates MMP-1
gene expression from tenocytes on micropillar substrates, J. Biomech. 46
(2013) 991–997.

[145] E.M. Spiesz, C.T. Thorpe, S. Chaudhry, G.P. Riley, H.L. Birch, P.D. Clegg, H.R.
Screen, Tendon extracellular matrix damage, degradation and inflammation
in response to in vitro overload exercise, J. Orthop. Res. 33 (2015) 889–897.

[146] J.L. Cook, E. Rio, C.R. Purdam, S.I. Docking, Revisiting the continuum model of
tendon pathology: what is its merit in clinical practice and research?, Br J.
Sports Med. (2016).

[147] N. Andarawis-Puri, E.L. Flatow, L.J. Soslowsky, Tendon basic science:
Development, repair, regeneration, and healing, J. Orthop. Res. 33 (2015)
780–784.

[148] G.P. Riley, V. Curry, J. DeGroot, E.B. van, N. Verzijl, B.L. Hazleman, R.A. Bank,
Matrix metalloproteinase activities and their relationship with collagen
remodelling in tendon pathology, Matrix Biol. 21 (2002) 185–195.

[149] M. Magra, N. Maffulli, Matrix metalloproteases: a role in overuse
tendinopathies, Br. J. Sports Med. 39 (2005) 789–791.

[150] A.L. Mackey, K.M. Heinemeier, S.O. Koskinen, M. Kjaer, Dynamic adaptation of
tendon and muscle connective tissue to mechanical loading, Connect. Tissue
Res. 49 (2008) 165–168.

[151] K. Brew, H. Nagase, The tissue inhibitors of metalloproteinases (TIMPs): an
ancient family with structural and functional diversity, Biochim. Biophys.
Acta 2010 (1803) 55–71.

[152] M.E. Davis, J.P. Gumucio, K.B. Sugg, A. Bedi, C.L. Mendias, MMP inhibition as a
potential method to augment the healing of skeletal muscle and tendon
extracellular matrix, J. Appl. Physiol. (1985) 115 (2013) 884–891.

[153] H.B. Sun, N. Andarawis-Puri, Y. Li, D.T. Fung, J.Y. Lee, V.M. Wang, J. Basta-
Pljakic, D.J. Leong, J.B. Sereysky, S.J. Ros, R.A. Klug, J. Braman, M.B. Schaffler, K.
J. Jepsen, E.L. Flatow, Cycle-dependent matrix remodeling gene expression
response in fatigue-loaded rat patellar tendons, J. Orthop. Res. 28 (2010)
1380–1386.

[154] B.A. Del, F. Oliva, U.G. Longo, S.A. Rodeo, J. Orchard, V. Denaro, N. Maffulli,
Metalloproteases and rotator cuff disease, J. Shoulder. Elbow. Surg. 21 (2012)
200–208.

[155] M. Leung, A. Cooper, S. Jana, C.T. Tsao, T.A. Petrie, M. Zhang, Nanofiber-based
in vitro system for high myogenic differentiation of human embryonic stem
cells, Biomacromolecules 14 (2013) 4207–4216.

[156] J. Malmstrom, H. Lindberg, C. Lindberg, C. Bratt, E. Wieslander, E.L. Delander,
B. Sarnstrand, J.S. Burns, P. Mose-Larsen, S. Fey, G. Marko-Varga,
Transforming growth factor-beta 1 specifically induce proteins involved in
the myofibroblast contractile apparatus, Mol. Cell Proteomics. 3 (2004) 466–
477.

[157] B.C. Willis, Z. Borok, TGF-beta-induced EMT: mechanisms and implications
for fibrotic lung disease, Am. J. Physiol. Lung Cell Mol. Physiol. 293 (2007)
L525–L534.

[158] M. Abate, K.G. Silbernagel, C. Siljeholm, I.A. Di, A.D. De, V. Salini, S. Werner, R.
Paganelli, Pathogenesis of tendinopathies: inflammation or degeneration?,
Arthritis Res Ther. 11 (2009) 235.

[159] M. Dobaczewski, C. Gonzalez-Quesada, N.G. Frangogiannis, The extracellular
matrix as a modulator of the inflammatory and reparative response following
myocardial infarction, J. Mol. Cell Cardiol. 48 (2010) 504–511.

[160] Y.M. Farhat, A.A. Al-Maliki, T. Chen, S.C. Juneja, E.M. Schwarz, R.J. O’Keefe, H.A.
Awad, Gene expression analysis of the pleiotropic effects of TGF-beta1 in an
in vitro model of flexor tendon healing, PLoS One 7 (2012) e51411.

[161] B.P. Thampatty, H. Li, H.J. Im, J.H. Wang, EP4 receptor regulates collagen type-
I, MMP-1, and MMP-3 gene expression in human tendon fibroblasts in
response to IL-1 beta treatment, Gene 386 (2007) 154–161.

[162] H.B. Sun, Y. Li, D.T. Fung, R.J. Majeska, M.B. Schaffler, E.L. Flatow, Coordinate
regulation of IL-1beta and MMP-13 in rat tendons following subrupture
fatigue damage, Clin. Orthop. Relat Res. 466 (2008) 1555–1561.

[163] G. Yang, H.J. Im, J.H. Wang, Repetitive mechanical stretching modulates IL-
1beta induced COX-2, MMP-1 expression, and PGE2 production in human
patellar tendon fibroblasts, Gene 363 (2005) 166–172.

[164] K. Chen, P. Li, H. Zhao, X. Yan, Y. Ma, Effects of Tumor Necrosis Factor
Inhibitor on Stress-Shielded Tendons, Orthopedics 40 (2017) 49–55.

[165] Y. Jiang, H. Liu, H. Li, F. Wang, K. Cheng, G. Zhou, W. Zhang, M. Ye, Y. Cao, W.
Liu, H. Zou, A proteomic analysis of engineered tendon formation under
dynamic mechanical loading in vitro, Biomaterials 32 (2011) 4085–4095.

[166] A. Sharir, E. Zelzer, Tendon homeostasis: the right pull, Curr. Biol. 21 (2011)
R472–R474.

http://refhub.elsevier.com/S1742-7061(17)30546-9/h0555
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0555
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0560
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0560
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0560
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0565
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0565
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0565
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0565
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0570
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0570
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0570
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0575
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0575
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0575
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0580
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0580
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0580
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0585
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0585
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0590
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0590
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0595
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0595
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0595
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0600
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0600
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0600
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0600
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0605
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0605
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0605
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0610
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0610
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0610
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0615
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0615
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0615
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0615
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0620
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0620
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0620
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0625
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0625
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0625
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0625
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0630
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0630
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0630
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0635
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0635
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0635
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0635
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0640
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0640
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0640
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0645
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0645
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0645
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0650
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0650
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0650
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0655
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0655
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0655
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0660
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0660
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0660
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0665
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0665
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0665
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0670
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0670
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0670
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0670
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0675
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0675
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0680
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0680
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0680
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0685
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0685
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0685
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0685
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0690
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0690
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0690
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0690
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0695
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0695
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0700
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0700
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0700
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0705
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0705
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0705
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0710
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0710
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0710
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0715
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0715
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0715
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0720
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0720
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0720
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0725
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0725
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0725
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0730
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0730
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0730
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0735
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0735
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0735
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0740
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0740
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0740
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0745
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0745
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0750
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0750
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0750
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0755
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0755
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0755
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0760
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0760
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0760
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0765
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0765
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0765
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0765
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0765
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0770
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0770
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0770
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0775
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0775
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0775
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0780
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0780
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0780
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0780
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0780
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0785
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0785
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0785
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0790
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0790
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0790
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0795
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0795
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0795
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0800
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0800
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0800
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0805
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0805
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0805
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0810
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0810
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0810
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0815
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0815
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0815
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0820
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0820
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0825
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0825
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0825
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0830
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0830


34 J.G. Snedeker, J. Foolen / Acta Biomaterialia 63 (2017) 18–36
[167] R.H. Gelberman, J.S. Vande Berg, G.N. Lundborg, W.H. Akeson, Flexor tendon
healing and restoration of the gliding surface. An ultrastructural study in
dogs, J. Bone Joint Surg. Am. 65 (1983) 70–80.

[168] P. Kannus, L. Jozsa, Histopathological changes preceding spontaneous rupture
of a tendon. A controlled study of 891 patients, J. Bone Joint Surg. Am. 73
(1991) 1507–1525.

[169] J.G. Snedeker, A. Gautieri, The role of collagen crosslinks in ageing and
diabetes - the good, the bad, and the ugly, Muscles. Ligaments. Tendons. J. 4
(2014) 303–308.

[170] J.H. Shepherd, H.R. Screen, Fatigue loading of tendon, Int. J. Exp. Pathol. 94
(2013) 260–270.

[171] D.T. Fung, V.M. Wang, D.M. Laudier, J.H. Shine, J. Basta-Pljakic, K.J. Jepsen, M.
B. Schaffler, E.L. Flatow, Subrupture tendon fatigue damage, J. Orthop. Res. 27
(2009) 264–273.

[172] H. Schechtman, D.L. Bader, Fatigue damage of human tendons, J. Biomech. 35
(2002) 347–353.

[173] H. Schechtman, D.L. Bader, In vitro fatigue of human tendons, J. Biomech. 30
(1997) 829–835.

[174] T.A. Wren, D.P. Lindsey, G.S. Beaupre, D.R. Carter, Effects of creep and cyclic
loading on the mechanical properties and failure of human Achilles tendons,
Ann. Biomed. Eng 31 (2003) 710–717.

[175] P.P. Lui, L.S. Chan, Y.C. Cheuk, Y.W. Lee, K.M. Chan, Expression of bone
morphogenetic protein-2 in the chondrogenic and ossifying sites of calcific
tendinopathy and traumatic tendon injury rat models, J. Orthop. Surg. Res. 4
(2009) 27.

[176] E. Takeuchi, K. Sugamoto, T. Nakase, T. Miyamoto, M. Kaneko, T. Tomita, A.
Myoui, T. Ochi, H. Yoshikawa, Localization and expression of osteopontin in
the rotator cuff tendons in patients with calcifying tendinitis, Virchows Arch.
438 (2001) 612–617.

[177] L.M. Galatz, L. Gerstenfeld, E. Heber-Katz, S.A. Rodeo, Tendon regeneration
and scar formation: The concept of scarless healing, J. Orthop. Res. 33 (2015)
823–831.

[178] P.K. Beredjiklian, M. Favata, J.S. Cartmell, C.L. Flanagan, T.M. Crombleholme, L.
J. Soslowsky, Regenerative versus reparative healing in tendon: a study of
biomechanical and histological properties in fetal sheep, Ann. Biomed. Eng 31
(2003) 1143–1152.

[179] B.J. Herdrich, E. Danzer, M.G. Davey, D.M. Bermudez, A. Radu, L. Zhang, Z.
Zhang, L.J. Soslowsky, K.W. Liechty, Fetal tendon wound size modulates
wound gene expression and subsequent wound phenotype, Wound. Repair
Regen. 18 (2010) 543–549.

[180] T. Pufe, W. Petersen, B. Kurz, M. Tsokos, B. Tillmann, R. Mentlein, Mechanical
factors influence the expression of endostatin–an inhibitor of angiogenesis–
in tendons, J. Orthop. Res. 21 (2003) 610–616.

[181] T. Pufe, W.J. Petersen, R. Mentlein, B.N. Tillmann, The role of vasculature and
angiogenesis for the pathogenesis of degenerative tendons disease, Scand. J.
Med. Sci. Sports 15 (2005) 211–222.

[182] J.D. Rees, A.M. Wilson, R.L. Wolman, Current concepts in the management of
tendon disorders, Rheumatology (Oxford) 45 (2006) 508–521.

[183] P.R. Manske, P.A. Lesker, Biochemical evidence of flexor tendon participation
in the repair process–an in vitro study, J. Hand Surg. Br. 9 (1984) 117–120.

[184] P.B. Voleti, M.R. Buckley, L.J. Soslowsky, Tendon healing: repair and
regeneration, Annu. Rev. Biomed. Eng 14 (2012) 47–71.

[185] P.W. Ackermann, M. Ahmed, A. Kreicbergs, Early nerve regeneration after
achilles tendon rupture–a prerequisite for healing? A study in the rat, J.
Orthop. Res. 20 (2002) 849–856.

[186] M. Hope, T.S. Saxby, Tendon healing, Foot Ankle Clin. 12 (2007) 553–567.
[187] A.J. Lomas, C.N. Ryan, A. Sorushanova, N. Shologu, A.I. Sideri, V. Tsioli, G.C.

Fthenakis, A. Tzora, I. Skoufos, L.R. Quinlan, G. O’Laighin, A.M. Mullen, J.L.
Kelly, S. Kearns, M. Biggs, A. Pandit, D.I. Zeugolis, The past, present and future
in scaffold-based tendon treatments, Adv. Drug Deliv. Rev. 84 (2015) 257–
277.

[188] S.A. Fenwick, B.L. Hazleman, G.P. Riley, The vasculature and its role in the
damaged and healing tendon, Arthritis Res. 4 (2002) 252–260.

[189] C. Frank, D. McDonald, D. Bray, R. Bray, R. Rangayyan, D. Chimich, N. Shrive,
Collagen fibril diameters in the healing adult rabbit medial collateral
ligament, Connect. Tissue Res. 27 (1992) 251–263.

[190] G. Pelled, J.G. Snedeker, A. Ben-Arav, S. Rigozzi, Y. Zilberman, N. Kimelman-
Bleich, Z. Gazit, R. Muller, D. Gazit, Smad8/BMP2-engineered mesenchymal
stem cells induce accelerated recovery of the biomechanical properties of the
Achilles tendon, J. Orthop. Res. 30 (2012) 1932–1939.

[191] I.F. Williams, A. Heaton, K.G. McCullagh, Cell morphology and collagen types
in equine tendon scar, Res. Vet. Sci. 28 (1980) 302–310.

[192] J.A. Cadby, F. David, C. van de Lest, G. Bosch, P.R. van Weeren, J.G. Snedeker, H.
T. van Schie, Further characterisation of an experimental model of
tendinopathy in the horse, Equine Vet. J. 45 (2013) 642–648.

[193] N. Maffulli, S.W. Ewen, S.W. Waterston, J. Reaper, V. Barrass, Tenocytes from
ruptured and tendinopathic achilles tendons produce greater quantities of
type III collagen than tenocytes from normal achilles tendons. An in vitro
model of human tendon healing, Am. J. Sports Med. 28 (2000) 499–505.

[194] A. Pajala, J. Melkko, J. Leppilahti, P. Ohtonen, Y. Soini, J. Risteli, Tenascin-C and
type I and III collagen expression in total Achilles tendon rupture. An
immunohistochemical study, Histol. Histopathol. 24 (2009) 1207–1211.

[195] J.M. Archambault, S.A. Jelinsky, S.P. Lake, A.A. Hill, D.L. Glaser, L.J. Soslowsky,
Rat supraspinatus tendon expresses cartilage markers with overuse, J.
Orthop. Res. 25 (2007) 617–624.
[196] S.M. Perry, S.E. McIlhenny, M.C. Hoffman, L.J. Soslowsky, Inflammatory and
angiogenic mRNA levels are altered in a supraspinatus tendon overuse
animal model, J. Shoulder. Elbow. Surg. 14 (2005) 79S–83S.

[197] M. Attia, A. Scott, A. Duchesnay, G. Carpentier, L.J. Soslowsky, M.B. Huynh, T.
H. Van Kuppevelt, C. Gossard, J. Courty, M.C. Tassoni, I. Martelly, Alterations
of overused supraspinatus tendon: a possible role of glycosaminoglycans and
HARP/pleiotrophin in early tendon pathology, J. Orthop. Res. 30 (2012) 61–
71.

[198] S.G. Dakin, F.O. Martinez, C. Yapp, G. Wells, U. Oppermann, B.J. Dean, R.D.
Smith, K. Wheway, B. Watkins, L. Roche, A.J. Carr, Inflammation activation
and resolution in human tendon disease, Sci. Transl. Med. 7 (2015). 311ra173.

[199] N.L. Millar, G.A. Murrell, I.B. McInnes, Alarmins in tendinopathy: unravelling
new mechanisms in a common disease, Rheumatology (Oxford) 52 (2013)
769–779.

[200] S.J. Kew, J.H. Gwynne, D. Enea, M. Abu-Rub, A. Pandit, D. Zeugolis, R.A. Brooks,
N. Rushton, S.M. Best, R.E. Cameron, Regeneration and repair of tendon and
ligament tissue using collagen fibre biomaterials, Acta Biomater. 7 (2011)
3237–3247.

[201] U.G. Longo, A. Lamberti, N. Maffulli, V. Denaro, Tendon augmentation grafts: a
systematic review, Br. Med. Bull. 94 (2010) 165–188.

[202] K. Nagasawa, M. Noguchi, K. Ikoma, T. Kubo, Static and dynamic
biomechanical properties of the regenerating rabbit Achilles tendon, Clin.
Biomech. (Bristol., Avon.) 23 (2008) 832–838.

[203] S.I. Docking, J. Cook, Pathological tendons maintain sufficient aligned fibrillar
structure on ultrasound tissue characterization (UTC), Scand. J. Med. Sci.
Sports 26 (2016) 675–683.

[204] R. James, G. Kesturu, G. Balian, A.B. Chhabra, Tendon: biology, biomechanics,
repair, growth factors, and evolving treatment options, J. Hand Surg. Am. 33
(2008) 102–112.

[205] A. Khanna, M. Friel, N. Gougoulias, U.G. Longo, N. Maffulli, Prevention of
adhesions in surgery of the flexor tendons of the hand: what is the evidence?,
Br Med. Bull. 90 (2009) 85–109.

[206] J.K. Wong, Y.H. Lui, Z. Kapacee, K.E. Kadler, M.W. Ferguson, D.A. McGrouther,
The cellular biology of flexor tendon adhesion formation: an old problem in a
new paradigm, Am. J. Pathol. 175 (2009) 1938–1951.

[207] W.B. Leadbetter, Cell-matrix response in tendon injury, Clin. Sports Med. 11
(1992) 533–578.

[208] E. Rio, L. Moseley, C. Purdam, T. Samiric, D. Kidgell, A.J. Pearce, S. Jaberzadeh, J.
Cook, The pain of tendinopathy: physiological or pathophysiological?, Sports
Med 44 (2014) 9–23.

[209] A. Quaegebeur, C. Lange, P. Carmeliet, The neurovascular link in health and
disease: molecular mechanisms and therapeutic implications, Neuron 71
(2011) 406–424.

[210] S. Hasslund, J.A. Jacobson, T. Dadali, P. Basile, M. Ulrich-Vinther, K. Soballe, E.
M. Schwarz, R.J. O’Keefe, D.J. Mitten, H.A. Awad, Adhesions in a murine flexor
tendon graft model: autograft versus allograft reconstruction, J. Orthop. Res.
26 (2008) 824–833.

[211] G. Walden, X. Liao, S. Donell, M.J. Raxworthy, G.P. Riley, A. Saeed, A. Clinical,
Biological, and biomaterials perspective into tendon injuries and
regeneration, Tissue Eng Part B Rev. 23 (2017) 44–58.

[212] I.T. Swinehart, S.F. Badylak, Extracellular matrix bioscaffolds in tissue
remodeling and morphogenesis, Dev. Dyn. 245 (2016) 351–360.

[213] D.S. Morais, J. Torres, R.M. Guedes, M.A. Lopes, Current approaches and future
trends to promote tendon repair, Ann. Biomed. Eng 43 (2015)
2025–2035.

[214] J.L. Drury, D.J. Mooney, Hydrogels for tissue engineering: scaffold design
variables and applications, Biomaterials 24 (2003) 4337–4351.

[215] E.S. Place, N.D. Evans, M.M. Stevens, Complexity in biomaterials for tissue
engineering, Nat. Mater. 8 (2009) 457–470.

[216] N.C. Hunt, L.M. Grover, Cell encapsulation using biopolymer gels for
regenerative medicine, Biotechnol. Lett. 32 (2010) 733–742.

[217] W. Friess, Collagen–biomaterial for drug delivery, Eur. J. Pharm. Biopharm. 45
(1998) 113–136.

[218] A. Moshiri, A. Oryan, A. Meimandi-Parizi, Synthesis, development,
characterization and effectiveness of bovine pure platelet gel-collagen-
polydioxanone bioactive graft on tendon healing, J. Cell Mol. Med. 19
(2015) 1308–1332.

[219] M.M. Murray, B.M. Flutie, L.A. Kalish, K. Ecklund, B.C. Fleming, B.L. Proffen, L.J.
Micheli, The Bridge-Enhanced Anterior Cruciate Ligament Repair (BEAR)
Procedure: An Early Feasibility Cohort Study, Orthop. J. Sports Med. 4 (2016).
2325967116672176.

[220] H. Ueda, N. Meguri, J. Minaguchi, T. Watanabe, A. Nagayasu, Y. Hosaka, P.
Tangkawattana, Y. Kokai, K. Takehana, Effect of collagen oligopeptide
injection on rabbit tenositis, J. Vet. Med. Sci. 70 (2008) 1295–1300.

[221] D.A. Lusardi, J.E. Cain Jr., The effect of fibrin sealant on the strength of tendon
repair of full thickness tendon lacerations in the rabbit Achilles tendon, J. Foot
Ankle Surg. 33 (1994) 443–447.

[222] H. Thermann, O. Frerichs, A. Biewener, C. Krettek, Healing of the Achilles
tendon: an experimental study, Foot Ankle Int. 22 (2001) 478–483.

[223] S. Thomopoulos, L.J. Soslowsky, C.L. Flanagan, S. Tun, C.C. Keefer, J. Mastaw, J.
E. Carpenter, The effect of fibrin clot on healing rat supraspinatus tendon
defects, J. Shoulder. Elbow. Surg. 11 (2002) 239–247.

[224] J. Zhu, J. Li, B. Wang, W.J. Zhang, G. Zhou, Y. Cao, W. Liu, The regulation of
phenotype of cultured tenocytes by microgrooved surface structure,
Biomaterials 31 (2010) 6952–6958.

http://refhub.elsevier.com/S1742-7061(17)30546-9/h0835
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0835
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0835
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0840
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0840
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0840
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0845
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0845
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0845
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0850
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0850
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0855
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0855
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0855
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0860
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0860
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0865
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0865
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0870
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0870
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0870
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0875
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0875
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0875
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0875
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0880
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0880
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0880
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0880
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0885
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0885
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0885
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0890
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0890
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0890
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0890
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0895
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0895
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0895
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0895
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0900
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0900
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0900
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0905
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0905
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0905
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0910
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0910
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0915
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0915
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0920
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0920
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0925
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0925
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0925
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0930
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0935
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0935
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0935
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0935
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0935
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0940
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0940
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0945
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0945
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0945
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0950
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0950
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0950
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0950
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0955
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0955
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0960
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0960
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0960
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0965
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0965
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0965
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0965
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0970
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0970
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0970
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0975
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0975
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0975
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0980
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0980
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0980
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0985
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0985
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0985
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0985
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0985
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0990
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0990
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0990
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0995
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0995
http://refhub.elsevier.com/S1742-7061(17)30546-9/h0995
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1000
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1000
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1000
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1000
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1005
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1005
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1010
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1010
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1010
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1015
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1015
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1015
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1020
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1020
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1020
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1025
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1025
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1025
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1030
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1035
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1035
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1040
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1040
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1040
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1045
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1045
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1045
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1050
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1055
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1055
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1055
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1060
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1060
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1065
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1065
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1065
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1070
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1070
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1075
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1075
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1080
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1080
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1085
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1085
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1090
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1095
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1095
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1095
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1095
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1100
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1100
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1100
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1105
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1105
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1105
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1110
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1110
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1115
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1115
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1115
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1120
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1120
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1120


J.G. Snedeker, J. Foolen / Acta Biomaterialia 63 (2017) 18–36 35
[225] Z. Yin, X. Chen, J.L. Chen, W.L. Shen, T.M. Hieu Nguyen, L. Gao, H.W. Ouyang,
The regulation of tendon stem cell differentiation by the alignment of
nanofibers, Biomaterials 31 (2010) 2163–2175.

[226] Z. Yin, X. Chen, H.X. Song, J.J. Hu, Q.M. Tang, T. Zhu, W.L. Shen, J.L. Chen, H. Liu,
B.C. Heng, H.W. Ouyang, Electrospun scaffolds for multiple tissues
regeneration in vivo through topography dependent induction of lineage
specific differentiation, Biomaterials 44 (2015) 173–185.

[227] S.R. Caliari, B.A. Harley, Structural and biochemical modification of a collagen
scaffold to selectively enhance MSC tenogenic, chondrogenic, and osteogenic
differentiation, Adv. Healthc. Mater. 3 (2014) 1086–1096.

[228] V. Kishore, W. Bullock, X. Sun, W.S. Van Dyke, O. Akkus, Tenogenic
differentiation of human MSCs induced by the topography of
electrochemically aligned collagen threads, Biomaterials 33 (2012) 2137–
2144.

[229] T.K. Teh, S.L. Toh, J.C. Goh, Aligned fibrous scaffolds for enhanced
mechanoresponse and tenogenesis of mesenchymal stem cells, Tissue Eng
Part A 19 (2013) 1360–1372.

[230] S.J. Kew, J.H. Gwynne, D. Enea, R. Brookes, N. Rushton, S.M. Best, R.E.
Cameron, Synthetic collagen fascicles for the regeneration of tendon tissue,
Acta Biomater. 8 (2012) 3723–3731.

[231] X. Cheng, U.A. Gurkan, C.J. Dehen, M.P. Tate, H.W. Hillhouse, G.J. Simpson, O.
Akkus, An electrochemical fabrication process for the assembly of
anisotropically oriented collagen bundles, Biomaterials 29 (2008) 3278–
3288.

[232] D. Denning, M.T. Abu-Rub, D.I. Zeugolis, S. Habelitz, A. Pandit, A. Fertala, B.J.
Rodriguez, Electromechanical properties of dried tendon and isoelectrically
focused collagen hydrogels, Acta Biomater. 8 (2012) 3073–3079.

[233] B.R. Bach Jr., M.E. Levy, J. Bojchuk, S. Tradonsky, C.A. Bush-Joseph, N.H. Khan,
Single-incision endoscopic anterior cruciate ligament reconstruction using
patellar tendon autograft. Minimum two-year follow-up evaluation, Am. J.
Sports Med. 26 (1998) 30–40.

[234] B.R. Bach Jr., S. Tradonsky, J. Bojchuk, M.E. Levy, C.A. Bush-Joseph, N.H. Khan,
Arthroscopically assisted anterior cruciate ligament reconstruction using
patellar tendon autograft. Five- to nine-year follow-up evaluation, Am. J.
Sports Med. 26 (1998) 20–29.

[235] S.F. Badylak, R. Tullius, K. Kokini, K.D. Shelbourne, T. Klootwyk, S.L. Voytik, M.
R. Kraine, C. Simmons, The use of xenogeneic small intestinal submucosa as a
biomaterial for Achilles tendon repair in a dog model, J. Biomed. Mater. Res.
29 (1995) 977–985.

[236] H.H. Lu, J. Jiang, Interface tissue engineering and the formulation of multiple-
tissue systems, Adv. Biochem. Eng Biotechnol. 102 (2006) 91–111.

[237] W. Maletius, J. Gillquist, Long-term results of anterior cruciate ligament
reconstruction with a Dacron prosthesis. The frequency of osteoarthritis after
seven to eleven years, Am. J. Sports Med. 25 (1997) 288–293.

[238] L.M. Galatz, C.M. Ball, S.A. Teefey, W.D. Middleton, K. Yamaguchi, The
outcome and repair integrity of completely arthroscopically repaired large
and massive rotator cuff tears, J. Bone Joint Surg. Am. 86-A (2004) 219–224.

[239] J. Bishop, S. Klepps, I.K. Lo, J. Bird, J.N. Gladstone, E.L. Flatow, Cuff integrity
after arthroscopic versus open rotator cuff repair: a prospective study, J.
Shoulder. Elbow. Surg. 15 (2006) 290–299.

[240] R.P. Janssen, S.U. Scheffler, Intra-articular remodelling of hamstring tendon
grafts after anterior cruciate ligament reconstruction, Knee. Surg. Sports
Traumatol. Arthrosc. 22 (2014) 2102–2108.

[241] J.S. Mulford, S.E. Hutchinson, J.R. Hang, Outcomes for primary anterior
cruciate reconstruction with the quadriceps autograft: a systematic review,
Knee. Surg. Sports Traumatol. Arthrosc. 21 (2013) 1882–1888.

[242] T. Moore, B. Anderson, J.G. Seiler III, Flexor tendon reconstruction, J. Hand
Surg. Am. 35 (2010) 1025–1030.

[243] H.O. Mayr, D. Willkomm, A. Stoehr, M. Schettle, N.P. Suedkamp, A. Bernstein,
R. Hube, Revision of anterior cruciate ligament reconstruction with patellar
tendon allograft and autograft: 2- and 5-year results, Arch. Orthop. Trauma
Surg. 132 (2012) 867–874.

[244] P. Basile, T. Dadali, J. Jacobson, S. Hasslund, M. Ulrich-Vinther, K. Soballe, Y.
Nishio, M.H. Drissi, H.N. Langstein, D.J. Mitten, R.J. O’Keefe, E.M. Schwarz, H.A.
Awad, Freeze-dried tendon allografts as tissue-engineering scaffolds for Gdf5
gene delivery, Mol. Ther. 16 (2008) 466–473.

[245] R.J. Gillespie, D.M. Knapik, O. Akkus, Biologic and synthetic grafts in the
reconstruction of large to massive rotator cuff tears, J. Am. Acad. Orthop.
Surg. 24 (2016) 823–828.

[246] O. Hakimi, P.A. Mouthuy, A. Carr, Synthetic and degradable patches: an
emerging solution for rotator cuff repair, Int. J. Exp. Pathol. 94 (2013) 287–
292.

[247] E. Audenaert, N.J. Van, A. Schepens, M. Verhelst, R. Verdonk, Reconstruction of
massive rotator cuff lesions with a synthetic interposition graft: a
prospective study of 41 patients, Knee. Surg. Sports Traumatol. Arthrosc. 14
(2006) 360–364.

[248] A.N. Nada, U.K. Debnath, D.A. Robinson, C. Jordan, Treatment of massive
rotator-cuff tears with a polyester ligament (Dacron) augmentation: clinical
outcome, J. Bone Joint Surg. Br. 92 (2010) 1397–1402.

[249] I.T. Schroven, S. Geens, L. Beckers, W. Lagrange, G. Fabry, Experience with the
Leeds-Keio artificial ligament for anterior cruciate ligament reconstruction,
Knee. Surg. Sports Traumatol. Arthrosc. 2 (1994) 214–218.

[250] A.W. Murray, M.F. Macnicol, 10–16 year results of Leeds-Keio anterior
cruciate ligament reconstruction, Knee. 11 (2004) 9–14.

[251] S. Zaffagnini, G.M. Marcheggiani Muccioli, V. Chatrath, A. Bondi, P. De, V.D.
Martini, B. Bacchelli, M. Marcacci, Histological and ultrastructural evaluation
of Leeds-Keio ligament 20 years after implant: a case report, Knee. Surg.
Sports Traumatol. Arthrosc. 16 (2008) 1026–1029.

[252] P. Ciampi, C. Scotti, A. Nonis, M. Vitali, S.C. Di, G.M. Peretti, G. Fraschini, The
benefit of synthetic versus biological patch augmentation in the repair of
posterosuperior massive rotator cuff tears: a 3-year follow-up study, Am. J.
Sports Med. 42 (2014) 1169–1175.

[253] G.K. McPherson, H.V. Mendenhall, D.F. Gibbons, H. Plenk, W. Rottmann, J.B.
Sanford, J.C. Kennedy, J.H. Roth, Experimental mechanical and histologic
evaluation of the Kennedy ligament augmentation device, Clin. Orthop. Relat
Res. (1985) 186–195.

[254] H. Pinar, J. Gillquist, Dacron augmentation of a free patellar tendon graft: a
biomechanical study, Arthroscopy 5 (1989) 328–330.

[255] S.P. Arnoczky, R.F. Warren, J.P. Minei, Replacement of the anterior cruciate
ligament using a synthetic prosthesis. An evaluation of graft biology in the
dog, Am. J. Sports Med. 14 (1986) 1–6.

[256] H.M. Shepherd, P.H. Lam, G.A. Murrell, Synthetic patch rotator cuff repair: A
10-year follow-up, Shoulder. Elbow. 6 (2014) 35–39.

[257] J. Ronquillo, L. Briggs, P. Lam, G.A.C. Murrell, Morphological changes of
synthetic (ePTFE) interpositional patch repair for massive irrepairable rotator
cuff tear; a short term prospective clinical study, Tech Shoulder Elbow Surg
14 (2013) 73–80.

[258] H.M. Shepherd, G.A.C. Murrell, Use of synthetic patches as tendon substitutes
in knotless arthroscopic repairs of massive rotator cuff tears, Tech Shoulder
Elbow Surg 13 (2012) 32–35.

[259] P.D. Evans, G.A. Pritchard, D.H. Jenkins, Carbon fibre used in the late
reconstruction of rupture of the extensor mechanism of the knee, Injury 18
(1987) 57–60.

[260] A.A. Amis, S.A. Kempson, J.R. Campbell, J.H. Miller, Anterior cruciate ligament
replacement. Biocompatibility and biomechanics of polyester and carbon
fibre in rabbits, J. Bone Joint Surg. Br. 70 (1988) 628–634.

[261] Y. Cao, B. Wang, Biodegradation of silk biomaterials, Int. J. Mol. Sci. 10 (2009)
1514–1524.

[262] G.H. Altman, F. Diaz, C. Jakuba, T. Calabro, R.L. Horan, J. Chen, H. Lu, J.
Richmond, D.L. Kaplan, Silk-based biomaterials, Biomaterials 24 (2003) 401–
416.

[263] D.H. Hooker, R.L. Conrad, Tendon injuries: A study of one hundred and
sixteen cases, The American Journal of Surgery 54 (1941) 412–416.

[264] G.H. Altman, R.L. Horan, H.H. Lu, J. Moreau, I. Martin, J.C. Richmond, D.L.
Kaplan, Silk matrix for tissue engineered anterior cruciate ligaments,
Biomaterials 23 (2002) 4131–4141.

[265] T. Kardestuncer, M.B. McCarthy, V. Karageorgiou, D. Kaplan, G. Gronowicz,
RGD-tethered silk substrate stimulates the differentiation of human tendon
cells, Clin. Orthop. Relat Res. 448 (2006) 234–239.

[266] Y.K. Seo, J.K. Park, K.Y. Song, S.Y. Kwon, H.S. Lee, Wound healing effect of
collagen-hyaluronic acid implanted in partially injured anterior cruciate
ligament of dog, Biotechnol. Bioprocess Eng. 15 (2010) 552–558.

[267] H. Fan, H. Liu, S.L. Toh, J.C. Goh, Anterior cruciate ligament regeneration using
mesenchymal stem cells and silk scaffold in large animal model, Biomaterials
30 (2009) 4967–4977.

[268] X. Li, J.G. Snedeker, Wired silk architectures provide a biomimetic
ACL tissue engineering scaffold, J. Mech. Behav. Biomed. Mater. 22 (2013)
30–40.

[269] X. Li, J. He, W. Bian, Z. Li, W. Zhang, D. Li, J.G. Snedeker, A novel silk-based
artificial ligament and tricalcium phosphate/polyether ether ketone anchor
for anterior cruciate ligament reconstruction - safety and efficacy in a porcine
model, Acta Biomater. 10 (2014) 3696–3704.

[270] X. Li, J. He, W. Bian, Z. Li, D. Li, J.G. Snedeker, A novel silk-TCP-PEEK construct
for anterior cruciate ligament reconstruction: an off-the shelf alternative to a
bone-tendon-bone autograft, Biofabrication. 6 (2014) 015010.

[271] M.S. Thompson, M.N. Bajuri, H. Khayyeri, H. Isaksson, Mechanobiological
modelling of tendons: Review and future opportunities, Proc. Inst. Mech. Eng.
H 231 (2017) 369–377.

[272] S. Durgam, M. Stewart, Cellular and Molecular Factors Influencing Tendon
Repair, Tissue Eng. Part B Rev. (2017).

[273] N.R. Schiele, J.E. Marturano, C.K. Kuo, Mechanical factors in embryonic tendon
development: potential cues for stem cell tenogenesis, Curr. Opin.
Biotechnol. 24 (2013) 834–840.

[274] Y. Shwartz, E. Blitz, E. Zelzer, One load to rule them all: mechanical control of
the musculoskeletal system in development and aging, Differentiation 86
(2013) 104–111.

[275] J.M. Archambault, J.P. Wiley, R.C. Bray, Exercise loading of tendons and the
development of overuse injuries. A review of current literature, Sports Med.
20 (1995) 77–89.

[276] S.P. Arnoczky, M. Lavagnino, M. Egerbacher, The mechanobiological
aetiopathogenesis of tendinopathy: is it the over-stimulation or the under-
stimulation of tendon cells?, Int J. Exp. Pathol. 88 (2007) 217–226.

[277] E. Karousou, M. Ronga, D. Vigetti, A. Passi, N. Maffulli, Collagens,
proteoglycans, MMP-2, MMP-9 and TIMPs in human achilles tendon
rupture, Clin. Orthop. Relat Res. 466 (2008) 1577–1582.

[278] D. Ireland, R. Harrall, V. Curry, G. Holloway, R. Hackney, B. Hazleman, G. Riley,
Multiple changes in gene expression in chronic human Achilles
tendinopathy, Matrix Biol. 20 (2001) 159–169.

[279] A.N. Corps, A.H. Robinson, T. Movin, M.L. Costa, D.C. Ireland, B.L. Hazleman, G.
P. Riley, Versican splice variant messenger RNA expression in normal human
Achilles tendon and tendinopathies, Rheumatology. (Oxford) 43 (2004) 969–
972.

http://refhub.elsevier.com/S1742-7061(17)30546-9/h1125
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1125
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1125
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1130
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1135
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1135
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1135
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1140
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1140
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1140
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1140
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1145
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1145
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1145
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1150
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1155
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1160
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1160
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1160
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1165
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1165
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1165
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1165
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1170
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1175
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1180
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1180
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1185
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1185
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1185
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1190
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1190
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1190
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1195
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1195
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1195
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1200
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1200
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1200
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1205
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1205
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1205
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1210
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1210
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1215
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1220
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1225
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1230
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1235
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1240
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1240
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1240
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1245
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1245
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1245
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1250
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1250
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1255
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1255
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1255
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1255
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1260
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1260
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1260
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1260
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1265
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1270
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1270
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1275
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1275
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1275
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1280
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1280
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1285
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1285
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1285
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1285
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1290
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1290
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1290
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1295
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1295
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1295
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1300
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1300
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1300
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1305
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1305
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1310
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1315
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1315
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1320
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1325
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1325
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1325
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1330
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1330
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1330
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1335
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1335
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1335
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1340
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1340
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1340
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1345
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1350
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1350
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1350
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1355
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1355
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1355
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1360
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1360
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1365
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1365
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1365
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1370
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1370
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1370
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1375
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1380
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1380
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1380
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1385
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1385
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1385
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1390
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1390
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1390
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1395
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1395
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1395
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1395


36 J.G. Snedeker, J. Foolen / Acta Biomaterialia 63 (2017) 18–36
[280] M.M. de, E.B. van, J. DeGroot, H. Jahr, H.T. van Schie, E.R. van Arkel, H. Tol, R.
Heijboer, G.J. van Osch, J.A. Verhaar, Achilles tendinosis: changes in
biochemical composition and collagen turnover rate, Am. J. Sports Med. 35
(2007) 1549–1556.

[281] T. Samiric, J. Parkinson, M.Z. Ilic, J. Cook, J.A. Feller, C.J. Handley, Changes in
the composition of the extracellular matrix in patellar tendinopathy, Matrix
Biol. 28 (2009) 230–236.

[282] F. Sodersten, K. Hultenby, D. Heinegard, C. Johnston, S. Ekman,
Immunolocalization of collagens (I and III) and cartilage oligomeric matrix
protein in the normal and injured equine superficial digital flexor tendon,
Connect. Tissue Res. 54 (2013) 62–69.

[283] S. Chaudhury, C. Dicko, M. Burgess, F. Vollrath, A.J. Carr, Fourier transform
infrared spectroscopic analysis of normal and torn rotator-cuff tendons, J.
Bone Joint Surg Br. 93 (2011) 370–377.

[284] P.P. Lui, S.C. Fu, L.S. Chan, L.K. Hung, K.M. Chan, Chondrocyte phenotype and
ectopic ossification in collagenase-induced tendon degeneration, J.
Histochem. Cytochem. 57 (2009) 91–100.

[285] A. Burssens, R. Forsyth, W. Bongaerts, M. Jagodzinski, N. Mahieu, M. Praet, J.
Victor, Arguments for an increasing differentiation towards
fibrocartilaginous components in midportion Achilles tendinopathy, Knee.
Surg Sports Traumatol. Arthrosc. 21 (2013) 1459–1467.

[286] G.P. Riley, R.L. Harrall, C.R. Constant, M.D. Chard, T.E. Cawston, B.L. Hazleman,
Tendon degeneration and chronic shoulder pain: changes in the collagen
composition of the human rotator cuff tendons in rotator cuff tendinitis, Ann.
Rheum. Dis. 53 (1994) 359–366.

[287] H.A. Eriksen, A. Pajala, J. Leppilahti, J. Risteli, Increased content of type III
collagen at the rupture site of human Achilles tendon, J. Orthop. Res. 20
(2002) 1352–1357.

[288] P.P. Lui, L.S. Chan, Y.W. Lee, S.C. Fu, K.M. Chan, Sustained expression of
proteoglycans and collagen type III/type I ratio in a calcified tendinopathy
model, Rheumatology (Oxford) 49 (2010) 231–239.

[289] S.A. Jelinsky, S.A. Rodeo, J. Li, L.V. Gulotta, J.M. Archambault, H.J. Seeherman,
Regulation of gene expression in human tendinopathy, BMC. Musculoskelet.
Disord. 12 (2011) 86.

[290] H.L. Birch, J.V. Bailey, A.J. Bailey, A.E. Goodship, Age-related changes to the
molecular and cellular components of equine flexor tendons, Equine Vet. J. 31
(1999) 391–396.

[291] H.L. Birch, A.J. Bailey, A.E. Goodship, Macroscopic ’degeneration’ of equine
superficial digital flexor tendon is accompanied by a change in extracellular
matrix composition, Equine Vet. J. 30 (1998) 534–539.

[292] E. Satomi, W.R. Teodoro, E.R. Parra, T.D. Fernandes, A.P. Velosa, V.L. Capelozzi,
N.H. Yoshinari, Changes in histoanatomical distribution of types I, III and V
collagen promote adaptative remodeling in posterior tibial tendon rupture,
Clinics. (Sao Paulo) 63 (2008) 9–14.

[293] O. Hakimi, N. Ternette, R. Murphy, B.M. Kessler, A. Carr, A quantitative label-
free analysis of the extracellular proteome of human supraspinatus tendon
reveals damage to the pericellular and elastic fibre niches in torn and aged
tissue, PLoS One 12 (2017) e0177656.

[294] D. Thakkar, T.M. Grant, O. Hakimi, A.J. Carr, Distribution and expression of
type VI collagen and elastic fibers in human rotator cuff tendon tears,
Connect. Tissue Res. 55 (2014) 397–402.

[295] L. Jozsa, M. Lehto, P. Kannus, M. Kvist, A. Reffy, T. Vieno, M. Jarvinen, S. Demel,
E. Elek, Fibronectin and laminin in Achilles tendon, Acta Orthop. Scand. 60
(1989) 469–471.

[296] I.F. Williams, K.G. McCullagh, I.A. Silver, The distribution of types I and III
collagen and fibronectin in the healing equine tendon, Connect. Tissue Res.
12 (1984) 211–227.

[297] B. Tillander, L. Franzen, R. Norlin, Fibronectin, MMP-1 and histologic changes
in rotator cuff disease, J. Orthop. Res. 20 (2002) 1358–1364.

[298] J P, U F, K Q, J O L, P S, K H, M K, H L, Local biochemical and morphological
differences in human Achilles tendinopathy: a case control study, BMC.
Musculoskelet. Disord. 13 (2012) 53.

[299] S.G. Dakin, R.K. Smith, D. Heinegard, P. Onnerfjord, A. Khabut, J. Dudhia,
Proteomic analysis of tendon extracellular matrix reveals disease stage-
specific fragmentation and differential cleavage of COMP (cartilage
oligomeric matrix protein), J. Biol. Chem. 289 (2014) 4919–4927.

[300] Y.T. Wu, W.R. Su, P.T. Wu, P.C. Shen, I.M. Jou, Degradation of elastic fiber and
elevated elastase expression in long head of biceps tendinopathy, J. Orthop.
Res. (2016).

[301] H. Alfredson, M. Lorentzon, S. Backman, A. Backman, U.H. Lerner, cDNA-
arrays and real-time quantitative PCR techniques in the investigation of
chronic Achilles tendinosis, J. Orthop. Res. 21 (2003) 970–975.

[302] A.D. Mazzocca, M.B. McCarthy, F.A. Ledgard, D.M. Chowaniec, W.J. McKinnon
Jr., S. Delaronde, L.J. Rubino, J. Apolostakos, A.A. Romeo, R.A. Arciero, K.
Beitzel, Histomorphologic changes of the long head of the biceps tendon in
common shoulder pathologies, Arthroscopy 29 (2013) 972–981.

[303] A.N. Corps, A.H. Robinson, T. Movin, M.L. Costa, B.L. Hazleman, G.P. Riley,
Increased expression of aggrecan and biglycan mRNA in Achilles
tendinopathy, Rheumatology (Oxford) 45 (2006) 291–294.

[304] Y. Bi, D. Ehirchiou, T.M. Kilts, C.A. Inkson, M.C. Embree, W. Sonoyama, L. Li, A.I.
Leet, B.M. Seo, L. Zhang, S. Shi, M.F. Young, Identification of tendon stem/
progenitor cells and the role of the extracellular matrix in their niche, Nat.
Med. 13 (2007) 1219–1227.

[305] A.N. Corps, A.H. Robinson, R.L. Harrall, N.C. Avery, V.A. Curry, B.L. Hazleman,
G.P. Riley, Changes in matrix protein biochemistry and the expression of
mRNA encoding matrix proteins and metalloproteinases in posterior tibialis
tendinopathy, Ann. Rheum. Dis. 71 (2012) 746–752.

[306] J. Foolen, S.L. Wunderli, S. Loerakker, J.G. Snedeker, Tissue alignment
enhances remodeling potential of tendon-derived cells - Lessons from a
novel microtissue model of tendon scarring, Matrix Biol. (2017), http://dx.
doi.org/10.1016/j.matbio.2017.06.002.

http://refhub.elsevier.com/S1742-7061(17)30546-9/h1400
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1400
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1400
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1400
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1405
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1410
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1415
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1420
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1420
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1420
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1425
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1430
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1435
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1435
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1435
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1440
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1440
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1440
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1445
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1445
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1445
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1450
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1450
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1450
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1455
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1455
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1455
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1460
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1460
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1460
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1460
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1465
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1465
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1465
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1465
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1470
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1470
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1470
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1475
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1475
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1475
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1480
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1485
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1485
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1495
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1500
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1500
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1500
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1505
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1505
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1505
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1510
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1515
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1515
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1515
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1520
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1525
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1525
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1525
http://refhub.elsevier.com/S1742-7061(17)30546-9/h1525
http://dx.doi.org/10.1016/j.matbio.2017.06.002
http://dx.doi.org/10.1016/j.matbio.2017.06.002

	Tendon injury and repair – A perspective on the basic mechanisms of tendon disease and future clinical therapy
	1 Introduction
	2 Muscle and tendon – An intricate, multiscale, multi-tissue handshake
	3 The tendon proper, its composition and structure
	4 Tendon core – Multiscale structure and function
	4.1 The tendon cell as a mechanical sensor and arbiter of tendon structure
	4.1.1 Stretch activated ion channels (SACs) or other mechanosensitive channels
	4.1.2 Focal adhesion-mediated mechanical signal transduction
	4.1.3 The primary cilium
	4.1.4 Nuclear deformations


	5 The fundamental role of mechanical forces in regulating tendon homeostasis and repair
	6 Tendon damage and Repair: Intrinsic microdamage vs. Damage crossing tissue compartments
	7 A suggested paradigm to explain the onset and propagation of degenerative tendon disease
	8 Unmet clinical needs, and the role of biomaterials in addressing tendon disorders
	8.1 Injectable gels for drug delivery (tendinopathy, tendon repair)
	8.2 Tissue grafts (tendon repair)
	8.3 Synthetic (Non)-Degradable materials (tendon repair)

	9 Concluding statement
	References


