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ABSTRACT

Degenerative disorders of the rotator cuff tendons account for nearly 75% of all shoulder pain, causing
considerable pain and morbidity. Given the strong correlation between age and tendinopathy, and
unprecedented population aging, these disorders will become increasingly prevalent. Improved
understanding of tendon degeneration will guide the development of future diagnostic and treatments,
and is therefore urgently needed. However, the aetiology and pathology of rotator cuff tendinopathy

remain unclear.

The complicated mechanical environment of the rotator cuff is hypothesised to influence the susceptibility
of the tendons to degeneration and tearing. Studies have reported biological adaptations in torn cuff
tendons indicative of increased compressive loading within the tendon. The material adaptations of
healthy and degenerative cuff tendons are largely unreported but will provide further insight into the role
of the mechanical environment in rotator cuff aetiology and pathology. This thesis examined the material
adaptations of healthy and diseased tendons to explore the role of mechanical loading in rotator cuff
pathology. The material adaptations of healthy animal tendons, and healthy and delaminated human
cadaveric rotator cuff tendons, in response to different loading environments were characterised. The
effects of age, tears, steroid injection and subacromial decompression surgery on the structural
adaptations of human cuff tendons were also studied, as was the effect of tendon cell proliferation on the
mechanical properties and degradation behaviour of collagen scaffolds.

Loading environment significantly affected the structural adaptations of healthy tendons. Regions exposed
to compressive and shear strains exhibited thinner fibres, shorter crimp lengths and thinner, less aligned
fibrils compared with regions exposed to tensile strains alone. In healthy rotator cuff tendons, the
inhomogeneous loading environment produced topographically inhomogeneous structural adaptations.
The tendons of a delaminated rotator cuff exhibited less topographical variation in properties and thinner,
less aligned fibrils compared with healthy cuff tendons. Torn cuff tendons exhibited thinner fibrils and
shorter crimp lengths compared with control samples. These adaptations were identifiable early in the
disease progression, and neither steroid injection nor subacromial decompression surgery significantly
influenced these adaptations at seven weeks post-treatment. Significant correlations between decreasing
dimensions and increasing tear size were found when age was included as a confounding factor, reflecting
the importance of age and tear size in determining the material properties of tendons. Tendon cell
proliferation influenced the mechanical properties and degradation behaviour of the collagen scaffolds,
emphasising the integral role of cells in the functional adaptation of biological materials.

These results demonstrate the effect of mechanical environment on the material adaptations of tendons.
They also indicate the importance of the complicated mechanical environment experienced by the rotator
cuff tendons in predisposing the tendons to degeneration and tearing. The observed material adaptations
of degenerative and torn tendons suggest that rotator cuff pathology is associated with increased levels of
compressive and/or shear strains within the tendon. These changes begin early in the disease progression
and neither steroid injection nor sub-acromial decompression surgery are capable of reversing the changes
in the timeframe investigated. These findings highlight the urgent clinical need for pre-rupture diagnostic
techniques for the detection of early pathological changes in the rotator cuff. They also emphasize the
requirement for new intervention strategies that restore the healthy mechanical environment and reverse
early pathological adaptations in order to prevent catastrophic failure of the tendons.
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Posterior
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Glossary

Abduct’ to move a limb or any other part of the body away from the midline
of the body.
—abduction n.

Acromion’ an oblong process at the top of the spine of the scapula.
—acromial adj.

Adipose tissue® fibrous connective tissue packed with masses of fat cells.

Aggrecan a high molecular weight proteoglycan with approximately 100-150

chondroitin sulfate and keratin sulfate side-chains attached to its
core protein. Major structural proteoglycan in the extracellular
matrix of cartilage.

Aldehyde+ organic compound that contains the —CH=0 group.
Anterior describing or relating to the front (ventral) portion of the body or
limbs.

c.f. posterior

Anterior stabilisation of the shoulder’ surgical procedure which aims to tighten and/or repair the over-
stretched and damaged ligaments, rim of cartilage and muscle
damaged by recurrent dislocation of the shoulder.

Apoptosisz programmed cell death.
—apoptotic adj.

Arthroscopic surgery procedure enabling a surgeon to repair the interior of a joint
through a small incision.

Atrophy* the wasting away of a normally developed organ or tissue due to
degeneration of the cells. This may occur due to undernourishment,
disuse, or aging.

Biglycan a small, leucine-rich repeat proteoglycan with two chondroitin
sulfate and/or dermatan sulfate side chains found in a range of
connective tissues.

Bony process’ a prominence on a bone.
Bursa® a small sac of fibrous tissue that is lined with synovial membrane
and filled with fluid.
—bursal adj.
1. Oxford Concise Colour Medical Dictionary, 1st edition (1996). E.A. Martin (Ed.). Oxford University Press,
Oxford.
2. Marieb, E.N., (2001). Human Anatomy & Physiology, 5th edition. Edited by.Benjamin Cummings, San
Francisco / London.
3. Yeovil Elbow and Shoulder Service (2009). Information for You after Your Operation: Anterior Stabilisation of

the Shoulder. Published by Yeovil District Hospital, NHS Foundation Trust. Accessed on 05/05/11. Available from
http://www.yeovilhospital.nhs.uk/Downloads/Patient%20information%20leaflets/Orthopaedics/Anterior-
stabilisation-of-the-shoulder-post-op.pdf
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Glossary

Bursa-side®
Chondrocyte®

Chondroid metaplasia

Chondroitin sulphate1

Chondroitinase ABC

Collagen profile

Confounding variable

. . 1
Connective tissue

Corticosteroid®

Crimp

Critical zone

‘D’ spacing

Decorin

Degeneration1

Delamination

Dermatan sulphate

on the side of the bursa.

mature cell found in cartilage.

replacement of differentiated cells in a particular tissue with mature
differentiated cells typically found in cartilage.

a mucopolysaccharide that forms an important constituent of
cartilage, bone and other connective tissues. It is composed of
glucuronic acid and N-acetyl-D-galactosamine units.

an enzyme that acts to breakdown chondroitin sulfate A,
chondroitin sulfate B and chondroitin sulfate C.

the ratio of different types of collagen present in a particular tissue
or organ.

a variable other than the independent variable in a statistical model
that correlates with the dependent and independent variables
measured; i.e. a variable which affects the measurements of an
experiment such that the experimental results will not solely reflect
the correlation between the investigated variables.

the tissue that supports, binds, or separates more specialised tissues
and organs or functions as a packing tissue of the body.

any steroid hormone synthesised by the adrenal cortex.

characteristic zigzag pattern found in tendon at the microstructural
level; can be defined by a length, amplitude and angle.

hypovascular area on the articular-side of the supraspinatus tendon,
close to the enthesis.

characteristic striations that run perpendicular to the long axis of a
collagen fibril; thought to be related to the stacking of the
tropocollagen molecules within the fibril.

a small, leucine-rich repeat proteoglycan with one chondroitin
sulfate or dermatan sulfate side chain found in a range of connective
tissues; binds to collagen fibrils and is thought to play a role in
regulation of collagen fibrillogenesis.

the deterioration and loss of specialised function of the cells or
tissues of an organ.
-degenerative adj.

separation of the layers in a fibrous composite
(a.k.a. Chondroitin sulfate B)
a mucopolysaccharide that forms an important constituent of skin,

blood vessels, heart valves, lungs and tendon. Generally no longer
classified as a form of chondroitin sulfate.
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Glossary

Distal*

Dorsal*

Enthesis’

Enzyme1

. 1
Fascicles

Fatty degeneration1

Fibrillogenesis

Fibril*

Fibroblast

Fibrocartilage1

Fibronectin®

3
Fossa

Full thickness rotator cuff tear

Glenoid cavity1

Glycosaminoglycanz

Greater tubercle

1
Ground substance

Hemiarthroplasty

situated away from the origin or point of attachment or from the
median line of the body.

c.f. proximal

relating to or situated at or close to the back of the body or to the
posterior part of an organ.

c.f. ventral

the junction of tendon and bone.

a protein that, in small amounts, speeds up the rate of a biological
reaction without itself being used up in the reaction (i.e. it acts as a

catalyst).

(a.k.a fasciculus)
a bundle, e.g. of nerve or muscle fibres.

deterioration in the health of a tissue due to the deposition of
abnormally large amounts of fat in its cells.

the formation and development of collagen fibrils.

a very small fibre or a constituent thread or a fibre.
—fibrillar ad)j.

a widely distributed cell in connective tissue that is responsible for
the production of both the ground substance and of the precursors

of collagen, elastic fibres, and reticular fibres.

a tough kind of cartilage in which there are dense bundles of fibres
in the matrix.

a large glycoprotein that acts as a host defence mechanism.

a shallow, basin-like depression in a bone, often an articular surface.

a tear spanning the full superior-inferior thickness of one or more
rotator cuff tendons.

(a.k.a. glenoid fossa)
the socket of the shoulder joint.

long, linear, highly charged polysaccharide composed of repeating
pairs of sugars, one of which is always an amino sugar. Mainly found
covalently linked to a protein core in extracellular matrix
proteoglycans.

the tubercle of the humerus, lateral to the humeral head.

the matrix of connective tissue, in which various fibres and cells are
embedded.

joint replacement operation.
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Glossary

Humeral head

. 1
In vitro

. 1
In vivo

. 1
Inferior

. 3
Infraspinatus

Inter-fascicle’
Inter-fibre®
Inter-fibrillar*

Knock-out model

Lateral

Lipoid degeneration

« 1
Macroscopic

Matrix metalloproteinase

Maturation®

Medial'

Micro-trauma

Morbidity’

Mucoid degeneration

the head of the humerus.

describing biological phenomena that are made to occur outside the
living body.

describing biological phenomena that occur or are observed
occurring within the bodies of living organisms.

lower in the body in relation to another structure or surface.
c.f. superior

muscle [and associated tendon] named for its scapular location; a
rotator cuff muscle.

Origin: infraspinous fossa of scapular.

Insertion: greater tubercle of humerus, posterior to insertion of
supraspinatus.

lying between fascicles.

lying between fibres.

lying between fibrils.

genetically-engineered animal model in which a particular gene, or
genes, is inactivated.

1. Situated at or relating to the side of an organ or organism.

2. Relating to the region or parts of the body that are furthest
from the medial plane.

c.f. medial

(a.k.a. fatty degeneration)

deterioration in the health of a tissue due to the deposition of

abnormally large amounts of fat in its cells.

visible to the naked eye.

an enzyme that acts to breakdown extracellular matrix proteins.

the process of obtaining full development.

related to or situated in the central region of an organ, tissue or the

body.

c.f. lateral

damage and/or injury to the body, an organ, or a tissue on the

micrometre scale.

E.g. tearing of collagen fibrils.

the state of being diseased.

accumulation of deposits of proteoglycans and glycosaminoglycans

in a tissue or organ.
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Glossary

Mucopolysaccharide® one of a group of complex carbohydrates functioning mainly as
structural components in connective tissue. Mucopolysaccharide
molecules are usually built up of two repeating sugar units, one of
which is an amino sugar.

Musculotendinous junction junction between muscle and tendon.
Nanoindentation instrumented indentation at nanometre indentation depths.
Partial tear a tear that does not span the full superior-inferior thickness of one

or more rotator cuff tendons.

Phenotype® the observable character of a cell or an organism.
Posterior' situated at or near the back of the body or an organ.
c.f. anterior
Proteoglycan2 molecule consisting of one or more glycosaminoglycan (GAG)

chains attached to a core protein.

Proximal® situated close to the origin or at the point of attachment or close
to the medial line of the body.
c.f. distal

Scapula® the shoulder blade: a triangular bone, a pair of which form the

back part of the shoulder girdle. The spine on its dorsal (back)
surface ends at the acromion process at the top of the shoulder.

Senescence’ the condition of aging, which is often marked by a decrease in
physical and mental abilities.
—senescent adj.

Significant difference the results are statistically different, i.e. result is unlikely to have
occurred by chance alone.

« a1 .
Subacromial below the acromion.

Impingement narrowing of the gap between the acromion and the rotator cuff
causing the acromion to impose on / rub against the subacromial
bursa and the rotator cuff tendons.

Subscapularis3 muscle [and associated tendon] that passes under the scapular to
the front of the shoulder joint; a rotator cuff muscle.
Origin: subscapular fossa of scapular.
Insertion: lesser tubercle of humerus.

Superior* situated uppermost in the body in relation to another structure or
surface.
c.f. inferior

Supraspinatus3 muscle [and associated tendon] named for its location on the

posterior aspect of the scapula; a rotator cuff muscle.
Origin: supraspinous fossa of scapula.
Insertion: superior part of greater tubercle of humerus.
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Glossary

Tendinitis®

Tendinopathy

Tendinosis

Tendon'

Tenoblast

Tenocyte

. 3
Teres minor

1
Tropocollagen

Ultrastructure

1
Vascular

Ventral'

Wrap-around tendon

acute inflammation of a tendon. Occurs most commonly after
excessive overuse but is sometimes due to bacterial infection or a
generalised rheumatic disease.

disease of the tendon.

non-inflammatory (or post-inflammatory) chronic disorder of
tendon.

a tough whitish cord, consisting of numerous parallel bundles of
collagen fibres, that serves to attach a muscle to a bone.

tendon cell that is ovoid in shape; considered to be immature
tenocyte precursor.

(a.k.a. tendon forming cell, tendon fibroblast)
elongated, specialised fibroblast found in tendon.

small, elongated muscle [and associated tendon]; lies inferior to
infraspinatus and may be inseparable from that muscle; a rotator
cuff muscle.

Origin: lateral border of the dorsal scapular surface.

Insertion: greater tubercle of the humerus, inferior to
infraspinatus insertion.

the molecular unit of collagen; consists of a helix of three collagen
molecules.

structure of a biological material on a sub-micron scale; i.e. not
visible using light microscopy.

relating to or supplied with blood vessels.
relating to or situated at or close to the front of the body or to the
anterior part of an organ.

c.f. dorsal

tendon which wraps around, and articulates with, a bone.
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INTRODUCTION






Chapter One

Clinical Motivation

Chronic, non-inflammatory tendon disorders, generally referred to as tendinosis, are widespread and
debilitating. These degenerative disorders are associated with failed healing of the tendon after micro-
traumas and commonly affect energy storage tendons such as those in the hand, wrist, forearm, elbow,
shoulder, knee, and heel often leading to rupture. Conditions such as jumper’s knee, tennis elbow,
runner’s heel, pitcher’s shoulder are common amongst athletes: the incidence of runner’s heel (Achilles
tendinosis) is almost 50% in elite endurance athletes and greater than 10% in soccer players [4, 5],
swimmer’s shoulder (supraspinatus tendinosis) is reportedly seen in 67% of elite swimmers [6, 7], tennis
elbow (lateral epicondylitis) affects up to half of club tennis players over the age of 30 [8-10], and
prevalence of jumper’s knee (patellar tendinosis) is greater than 10% across the athletic community,

affecting almost 50% of elite male volleyball players and up to 40% of basketball players [11-13].

Tendinosis is not limited to the athletic community. Incidence of tendinosis is reportedly 11 per 100,000
workers in the USA [14] while a Swedish study found that approximately 5% of a sample population visiting
a rheumatologist were suffering from chronic tendinitis (a common mis-diagnosis of tendinosis) [15]. It has
been reported that 6-31% of sedentary people experience Achilles tendinosis during their lifetime [4, 16,
17], while an estimated 3% of the population suffer from lateral epicondylitis, making it the most prevalent
elbow condition [18]. Supraspinatus tendinosis, generally referred to as rotator cuff disease, is a particular
issue in the general population; shoulder pain affects up to 30% of the population and is most commonly
caused (up to 75% of all shoulder pain) by disorders of the rotator cuff tendons [19]. These disorders range
from inflammation and tendinitis to full thickness tears and tendinosis of the cuff tendons. Incidence of

rotator cuff tears is also reportedly in excess of 20% in the general population [20-23], but is thought to be
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higher in older sub-populations [24, 25], and participants in manual labour, particularly those who work at,

or above, shoulder height [26].

The aetiology of chronic degenerative tendon disorders is unclear but is considered to be related to tissue
degeneration, possibly associated with aging and mechanical loading. As early as 1959, Arner et al
proposed that degeneration played a significant role in tendon and ligament ruptures, based on their
findings that all of the ruptured tendons they examined contained ‘degenerative lesions’ [27]. In a seminal
study, Kannus et al [28] showed that degenerative changes, such as hypoxic degeneration (oxygen
starvation), mucoid degeneration (increased ground substance), lipoid degeneration (fatty degeneration)
and calcifying tendinopathy (calcium deposits) are associated with spontaneous rupture, and are also
increasingly common in older patients, regardless of pre-rupture symptoms. Subsequent studies have
provided further evidence supporting the link between degeneration, tendinosis and rupture [29, 30].
These studies have shown that degeneration and ruptures are also associated with changing collagen and
ground substance profiles, decreased metabolism, increased apoptosis and altered enzyme concentrations
[31, 32]. Furthermore, tears of the rotator cuff tendons are thought to be associated with alterations in the
complex stress distributions within the cuff tendons, with partial tears resulting in larger regions of
compressive stresses in the extracellular matrix (ECM) surrounding the tear [33-35]. In agreement with
these studies increased concentrations and sizes of proteoglycans and glycosaminoglycans [24, 36]
(substances typically associated with compressive stresses [37, 38]), and evidence of chondroid metaplasia

[32, 39-41] have been reported in torn cuff tendons.

Since the structure of biological materials is intrinsically related to their loading environment, alterations in
loading can be expected to produce structural changes in the extracellular matrix (ECM) of torn cuff
tendons [42]. Changes in the thermal stability and structural organisation of torn cuff tendons have
previously been reported [43]. However, to date quantitative data regarding the effect of rotator cuff tears
on the micro- and ultrastructural properties of the extracellular matrix of the tendons, a characteristic

known to be sensitive to the loading environment [44], has not been reported.

Given the strong correlation between patient age and tendon disease [18, 45], and recent levels of

population aging [46], tendinosis prevalence is set to increase. Improved understanding and diagnosis of

[4]
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non-inflammatory tendon disorders is therefore urgently needed to aid clinician decision-making. The
primary objective of the research presented in this thesis is therefore to expand current knowledge
regarding the material adaptations of rotator cuff tendons in order to elucidate further information
regarding the influence of the mechanical environment in the aetiology and pathology of rotator cuff
tendinosis. The effectiveness of common treatment modalities and the viability of tissue engineering for
treatment of rotator cuff tears will also be investigated in order to provide information that may guide

future research and clinical decision-making.
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Chapter Two

Thesis Outline

The work presented in this thesis is arranged as follows.

Part Il acts as an introduction to the material adaptations of tendon. In Chapter 3 the background literature
concerning the material characteristics of tendon, their adaptability to different mechanical environments,
and their importance in determining the mechanical properties of tendon is reviewed, with a focus on the
adaptations of wrap-around tendons. In Chapter 4 a range of characterisation techniques is used to
compare the material adaptations of wrap-around tendons in two animal models. The suitability of each
technique for determining the adaptations of the tendon is evaluated in order to establish a portfolio of
techniques suitable for characterising the adaptations of the human rotator cuff tendon in health and
disease. Concurrently, the adaptations of these tendons as a result of the different loading conditions they
experience are characterised. The inter-relation of the compositional and structural adaptations is also

investigated.

Part Ill investigates the material adaptations of the rotator cuff tendons. Chapter 5 gives an introduction to
function and anatomy of the rotator cuff and the loading environment experienced by the cuff tendons.
The implications of this for the material adaptation of these tendons and the effect of degeneration and
tearing on these adaptations are then discussed. In Chapter 6, the topographical adaptations of the cuff
tendons in health and disease are compared. The effect of age and tear progression on the structural

adaptation of the supraspinatus tendon are then investigated in Chapter 7.
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Part IV investigates the relationship between current treatment and structural adaptations, and the
suitability of collagen scaffolds for use in a potential new treatment, tissue engineering. Chapter 8 gives a
brief outline of current and future treatment modalities, Chapter 9 investigates the effect of treatment on
the structural adaptations of torn tendons, and Chapter 10 investigates the influence of tenocyte

proliferation on the degradation behaviour and tensile properties of collagen scaffolds.

Finally, important conclusions and suggestions for further work based on the findings in this thesis are

outlined in Part V, Chapter 11.
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Chapter Three

Background Literature: Form Follows Function”

3.1 INTRODUCTION

Tendons are the fibrous connective tissues that connect muscle to bone. They must therefore be strong
and flexible whilst facilitating highly efficient energy storage and return. This functionality is achieved
through the use of fibre reinforced composite material with a hierarchical structure, in which elastic
collagen fibres provide strength, flexibility and energy storage, and a viscous mucopolysaccharide matrix
provides viscoelasticity. As in all biological materials, the design of this rope-like structure is capable of
adapting to the loading environment it experiences. This is achieved by the action of the cells of the tissue,
which adapt the composition and structure of the surrounding material in order that the form of the tissue
is appropriate for its required function. The purpose of this literature review is to give an insight into the
key features of tendons, their adaptability to different mechanical environments, and their importance in

determining the mechanical properties of tendon.

3.2 TENDON FUNCTION

Tendons provide structural support whilst facilitating transmission of the muscle contraction forces.
Concurrently, they act as shock absorbers, absorbing some of the energy associated with the muscle
contraction force in order to prevent damage to the bone, and then returning this energy to the muscle as
required [47]. Tendons are thus designed to allow highly efficient energy storage and recovery, greatly
increasing the force-generating capacity of the associated muscle [48]. It is important to emphasise that
there is a clear distinction between tendon and ligament. While there are similarities between the two

tissues, they perform different functions: tendons connect muscle to bone and facilitate force transmission

" Sections of text in this chapter are adapted from Atomic Force Microscopy (AFM): Principles, Modes of Operation
and Limitations 1(6), H. Yang (Editor). Characterisation of Tendons at Different Length Scales Using Atomic Force
Microscopy and Polarised Light Microscopy May Provide Insight into Tendon Disease, J. M. R. Tilley A. J. Carr and J. T.
Czernuszka, copyright (2014), with permission from Nova Science Publishers, Inc.
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within joints, whereas ligaments connect bone to bone and act to ‘prevent excessive or abnormal

movements occurring in joints’ [49]. In other words, while tendons facilitate joint motion, ligaments

prevent it. Consequently, there are distinct biological differences between the two tissues [49-52], and

ligament literature will not be included in this review.

3.3 TENDON FORM AND MATERIAL PROPERTIES

To achieve high stiffness and strength coupled with a high degree of flexibility and energy absorption,
tendon has evolved to be a fibre composite composed of elastic collagen fibres embedded in a viscous acid
mucopolysaccharide matrix. Being biological, this composite material has a far more complicated,

hierarchical structure than typical engineering composites, as discussed below (Section 3.3.1).

3.3.1 Collagen Backbone

Thorough reviews of the hierarchical structure of tendon (depicted in Figure 3:1) have already been
performed, and will not be repeated in detail here [53, 54]. Briefly, collagen protein triple helices are
arranged in a quarter-stagger array, forming tropocollagen molecules with regular striations along their
length, the most pronounced of which is termed the ‘D’ spacing and is thought to correspond to the gap
region within the array [55] (Hierarchical level 2, Figure 3:1). These tropocollagen molecules are wound
together into fibrils (Hierarchical level 3, Figure 3:1). The fibrils also display the characteristic ‘D’ spacing,
although the manner in which the molecules pack together in order to reproduce the ‘D’ spacing at this
hierarchical level is not known. Fibrils are then wound together to form fibres ((Hierarchical level 4, Figure
3:1), which in turn are wound together to form fascicles (Hierarchical levels 5, 6, Figure 3:1). Alignment of
the fascicles parallel to the loading axis therefore gives tendon its tensile strength [56], and the strength
and stability of the structure is improved by crosslinking the tropocollagen molecules together via specific
lysyl, hydroxylysyl and allysine residues on the telepeptides [57]. As an in-built safety factor, the unloaded
fibres contain a crimp pattern (Figure 3:1, Hierarchical level 4), a wave-like formation that must be removed
before load is applied directly to the fibres. The average period of this crimp varies with function, loading
and collagen type [58]. The vast majority of the collagen present in tendon is type | collagen [59], although

some type lll and type IV may also be present [51, 60-63].
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Figure 3:1 Hierarchical Structure of Collagen Architecture in Tendon. Original artwork inspired by previous
illustrations by Lakes [64] and Kastelic et al [65].
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The characteristic stress-strain curve of tendon, shown in Figure 3:2, can be explained with reference to
this hierarchical structure as follows; initially, under tensile loading, the crimp stretches and disappears,
giving rise to a low stiffness (low strain Tensile modulus), illustrated in Figure 3:2. Once the crimp has been
removed, the tendon reaches the heel point in the curve defined by characteristic heel stress and heel
strain as shown on Figure 3:2. Once this point is exceeded, all the load is transmitted directly along the
longitudinal axis of the collagen fibres and fascicles, giving an increased stiffness (high strain Tensile
modulus), the value of which is determined by stretching and sliding of the fibres and fibrils [66-69].
Finally, the applied load overcomes the forces between the collagen chains, fibrils and fibres and, as the
chains begins to slide past each other, the tendon yields and finally fails. It is interesting to note that once
the failure point has been exceeded, the stress born by the tendon gradually decreases with increasing
extension. This feature of the stress-strain curve of tendon, shown in Figure 3:2, is not often commented
upon but may suggest that, as in engineering fibre composites, fibre pull-out from the matrix is an

important feature of the failure mechanism of tendon.
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Figure 3:2 the characteristic ‘S’ shaped tensile stress-strain curve of tendon, annotated to show key
properties and regions of behaviour. Data obtained experimentally in preliminary mechanical studies of
the bovine flexor tendon performed as part of the current research project.
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Table 3:1 presents the high strain Tensile modulus of a variety of tendons at different hierarchical levels. In
can be seen that the value of high strain Tensile modulus for a collagen molecule, as calculated by Sasaki et
al [68], is relatively high for a polymeric material, being similar to nylon and polystyrene and approximately
10x greater than natural rubber [70]. This stiffness is produced by the semi-rigid nature of the triple helix
[71]. However, examination of the Tensile modulus values presented for higher levels within the structure
reveals that the bulk tissue, fibres and fibrils are generally less stiff than the collagen molecule, as might be

expected from the rule of mixtures for composite materials.

There is also a great deal of variability between the tensile modulus reported for different tendons at
different hierarchical levels using different test methods. Whilst this variability is, in part, caused by
experimental inconsistencies such as variations in test method and testing media, the more important
consideration is the effect of strain rate; in general tendons are stiffer at higher strain rates, and fail
increasingly by brittle fracture as strain rate increases [72, 73], indicating the importance of viscoelasticity
in determining the mechanical properties of tendon. This viscoelastic behaviour gives tendon its energy
absorption capabilities and is strongly associated with the second most important constituent of tendon, its

ground substance.
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Table 3:1 Variation in Tensile Modulus of Tendon in Different Tendons and at Different Hiearchical Levels

Tensile
Hierarchical . Investigation Testing
Source Tendon Modulus Strain Rate . . Comments Ref.
Level Technique medium
(GPa)
Human Plantaris 1.24 ) ) e Samples were embalmed and tested in air so
— not stated Tensile Air . . . [74]
Human Digitorum mechanical properties expected to be high
0.76
Profundus
Bulk Human Anterior o Stiffness calculated using ultrasound measurement
Tissue Tibialis 045-1.2 N/A Joint Flexion In vivo of joint displacement and tendon cross-sectional [75]
area
Bovine Achilles =0.4 Rate of creep Tensile (creep) Saline [67]
Rat Tail 0.8 10% min™ Tensile Saline [76]
Fibres .1
0.48 100% min
Tensile PBS [77]
Rat Tail 0.57 10% min™*
0.50 50% min-1 Tensile PBS [78]
Fibrils 3 4 . e Changing buffer solution has an influence on the
2x10 600 nm s Indentation PBS . . - [79]
mechanical properties of the fibrils
) ) e ‘Small-angle X-ray scattering(SAXS) methods were [67]
=0.43 Rate of creep Tensile (creep) Saline . . _ ,
. . employed for measuring strain €p at the fibril level
Bovine Achilles
0.07-0.17 <3um at 1.3Hz Indentation PBS o Stiffness dependent on fibril thickness [80]
0.25-0.45 not stated Tensile (with AFM) PBS [81]
) ] ) e Tested in air so value is expected to be significantly
Rat Tail 5-11.5 5Hz Indentation Air . . [82]
higher than values for wet tissue
Collagen . . . . e ‘molecular strain was estimated from elongation of [68]
Bovine Achilles 2.9 Rate of creep Tensile (creep) Saline o ,
Molecule the helix pitch of a collagen molecule
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3.3.2 Ground Substance

‘Ground substance’ is the material in which the cells and collagenous architecture of tendon are embedded,
and is thus the matrix component of this fibre composite material [83, 84]. The ground substance is
primarily composed of water and acid mucopolysaccharide (proteoglycan) complexes. Figure 3:3 illustrates
how these space-occupying gel-like structures are composed of proteoglycans (PGs) (disaccharide core
proteins chains with sulphated glycosaminoglycan (GAG) side chains) attached to a central strand of
hyaluronic acid, a non-sulphated GAG [85]. In vivo, the sulphate and carboxyl groups of the PGs and
sulphated GAGs are ionised, creating a fixed negative charge that attracts water molecules and cations,

giving rise to the considerable swelling properties of tendon.

A) Proteoglycan Complex

B) Proteoglycan

1> Core Protein

Sulfated glycosaminoglycan
(long chains of repeating disaccharides)

C) Common Glycosaminoglycans

Hyaluronic acid Chondroitin sulfate
o OH OH 0SQ0aH
le) o]
O
.&é/o ,EQ,
OH NH
h O}\ n A\

Keratan sulfate

[y

Figure 3:3 Hierarchical structure of a proteoglycan complex. A) The complex is composed of proteoglycans
(PGs) attached to a central hyaluronic acid strand. B) The typical structure of a PG consists of a central
disaccharide core protein to which are attached one or more sulphated glycosaminoglycans (GAGs). C)
The molecular structure of some common GAGs, hyaluronic acid, chondroitin sulphate and keratin
sulphate. Original Artwork.

Hyaluronic Acid
(non-sulfated glycosaminoglycan)
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GAGs constitute approximately 0.2% of the dry mass of tendon subjected to tension, and over half of this
GAG component is dermatan sulphate [86]. PGs constitute between 1-5% of the dry weight [87, 88] and
approximately 90% of these PGs are small leucine-rich proteoglycans (SLRPs), so named for the presence of
the leucine-rich repeat unit within their structure [86, 89]. The primary SLRP found in tendon is decorin, an
SLRP which has only one chondroitin sulphate or dermatan sulphate side-chain. As the name suggests,
decorin ‘decorates’ the collagen fibrils [90], binding via electrostatic interactions (binding force of
approximately 12.4nN [91]) between its core protein and particular locations on collagen fibrils [92-95].
The GAG side-chains of the decorin molecules stretch out across the fibrils and into the inter-fibrillar space
where they interact with each other, ‘forming antiparallel dimers’ [96]. For a thorough review of the

interactions between SLRPs and collagen fibrils, the reader is referred to Kalamajski et al [97].

The spacial arrangement of decorin and its GAG side-chains in tendon has led researchers to speculate that
PGs and GAGs play an important role in the elastic properties of tendon, possibly acting as pseudo-
crosslinks between the fibrils and fibres [98-100]. It has also been suggested that the ground substance
plays an important role in the viscoelastic properties of tendon. For example, Shen et al reported that
during creep and stress-relaxation tests the ‘fibrillar relaxation time was smaller than literature values for
tissue-level relaxation time’ and suggested that this indicated the importance of the ground substance
[101]. This work supports the findings of other studies which have shown that, although fibril arrangement
does occur, fibre sliding is a more significant contributing factor in tendon deformation mechanics (i.e.
elongation of fibrils is always less than elongation of bulk sample) [66, 69, 102-105]. This is further
supported by the series of studies by Fung et al which have shown that fatigue damage accumulation in

tendon is associated with accumulation of fibre delamination and discontinuities [106-108].

Experimental evidence for the role of ground substance in the mechanical properties of tendon is often
contradictory. For example, GAG-depleted (chondroitinase-treated) tendon samples exhibit increased fibre
sliding and decreased fibril sliding, with inter-fibre failure being more dominant compared with control
samples, indicating that ground substance plays a role in strain transfer [109, 110]. However, GAG-
depletion also increases the failure stress, possibly due to increased interaction between the collagen units.
Similarly, when Fessel et al removed the GAGs from tendon, they found no change in the viscoelastic

properties of rat tail tendon [111], but when Smith et al examined the strain-rate dependence of bovine
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flexor tendons, they found that GAG-depleted tendons exhibited significant reductions in their viscoelastic

behaviour compared with untreated samples [73].

Such discrepancies between the findings of various experiments may be explained by consideration of the
fibre composite nature of tendon. The properties of fibre composites are dominated by load transfer
between the different elements of the composite, and are thus controlled by parameters such as fibre
length (critical length), fibre spacing, fibre cross-section etc. Consequently GAGs alone cannot account for
the changes in properties, and features such as fibril and fibre spacing and length must also be considered
[99, 100, 112, 113]. The viscoelastic nature of the ground substance itself must also be taken into account.
As Puxkandl et al note, ‘the ratio of fibril strain to tendon strain is dependent on the applied strain rate’
[114], increasing as the strain rate increases. Given this observation, differences in strain rate between

different experimental studies are likely to lead to very different results.

3.4 TENDON ADAPTABILITY

3.4.1 Regulation of Composition and Structure

A key advantage of biological materials compared to engineering materials is their ability to adapt their
loading environment, altering their form to better suit their function. This regulation is performed by the
cells within the tissue, the vast majority of which have a fibroblastic phenotype [115, 116]. These spindle-
shaped cells, termed tenocytes, are aligned longitudinally along the collagen fibres, with their cell processes
extending such that the cells are interconnected in 3D space; each cell is associated with up to nine
collagen bundles [117-119]. Tenocytes synthesise growth factors, secrete the collagens and glycoproteins
of the extracellular matrix [48, 120] and produce the matrix metalloproteinases (enzymes) that breakdown
and remove old extracellular matrix and the associated tissue inhibitors of metalloproteinases [117, 121],

in order to better adapt the tendon to its mechanical environment.

One key way in which cells are thought to regulate the collagen architecture of tendon is through the
interaction between collagen fibrils and SLRPs. Numerous studies of collagen-based tissues in knock-out
mice have shown that SLRPs play an important role in the regulation of fibril diameter, spacing and

alignment during fibrillogenesis [122, 123]. For example, Danielson et al reported that the collagen fibrils in
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the skin and tendons of decorin-null mice were ‘coarser and irregular in size and shape. Furthermore, they

were often haphazardly arranged with increased inter-fibrillar spaces’ [124].

The importance of SLRPs is further highlighted by the results of studies of collagen fibril formation in vitro
studies [125-128] and during maturation in vivo [129, 130], which appear to indicate that SLRPs, and
particularly decorin, play a regulatory (not inhibitory) role in the lateral fusion of fibrils [131, 132], while
their glycosaminoglycan side-chains may play an important role in the determination of inter-fibrillar
spacing [96, 133, 134]. Since the in vivo proliferation capacity of tenocytes is reportedly less than 4% [135,
136], regulation of the form of tendon by proteoglycans, which have a much higher turnover rate than
collagen [137], allows this relatively avascular, metabolically inactive material to adapt reasonably well to

its loading environment.

3.4.2 Adaptation to Mechanical Environment

Studies of tendons from a range of species during development, maturation and aging have demonstrated
differences in their material properties. For example, maturation is associated with increasing mechanical
tensile stiffness and strength coupled with structural adaptations such as decreased fibril packing density,
increased structural organisation and increases in collagen fibril diameter [37, 138-140], and compositional
changes such as alterations in the ratios of collagen type | to type Il and collagen to proteoglycans, and in
the crosslinking densities [140, 141]. Post-maturity further adaptation occurs, probably as a result of
senescence. According to the excellent review by Tuite et al [142], senescent tissue exhibits decreased
fibril diameters, decreased GAG content, decreased collagen turnover and changes in the crosslinks
compared with mature tissue, all of which lead to lower mechanical properties. Aging has also been
reported to produce changes in crimp length and angle [143]. These changes associated with maturation
and aging occur to different extents in tendons that perform different anatomical functions [141, 144, 145]
and, given the strong correlation between structure, composition and mechanical properties [37, 146, 147],

are likely to correspond to difference in the mechanical environments.
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This dependence of the material properties of tendons on their mechanical environment is epitomised by
the functional adaptations of wrap-around tendons such as the digital flexor tendons (DFT) and, to a lesser
extent the rotator cuff tendons. Much like the superficial DFT (SDFT), the deep DFT (DDFT) contains two
distinct sections, a proximal section and a distal section. The proximal section runs down the back of the
limb and is thus in pure tension, while the distal section runs under the sesamoid bones, exerting forces on
these bones that are similar to the contact pressures between long bones of the foot [148, 149]. Finite
element analysis studies have shown that in this distal region wrap-around tendons experience hydrostatic
compressive strains that decrease as they radiate away from the region of contact, in addition to a non-

constant strain fields [150-153].

Several studies have reported compositional adaptations in the compressive regions of wrap-around
tendons compared with purely tensile regions; higher fractions of PGs and GAGs, higher ratios of aggrecan
to decorin and of dermatan sulphate to chondroitin sulphate, and higher proportions of keratin sulphate
and biglycan compared with tensile tendon have all been reported [86, 154-158]. These differences are
generally associated with the development of fibrocartilage, localised on the articular (bone) side of the
tendon [151, 159, 160]. Such compositional adaptations, particularly increased content of aggrecan (a PG
typically found in cartilage [159]), allow the tissue to better resist the compressive forces: the fixed
negative charge of aggrecan creates an osmotic gradient that dramatically reduces the permeability of the
tissue, and thus significantly increases the time taken for fluid to flow out of the tissue upon application of
load. Therefore the presence of this fibrocartilage increase the length of time the load can be applied

before it is transferred from the fluid to the surrounding tissue [115, 161].

The existence of microstructural and ultrastructural differences between the collagen architecture of
tendon subjected to tension compared with tendon subjected to compression have also been
demonstrated, with regions of tendon subjected to tensile forces alone exhibiting fibrils with larger
diameters and ‘D’ spacing (also known as repeat unit) compared with regions subjected to compressive
forces [151, 162-165]. Furthermore, differences in the PG and GAG distribution, collagen fibre
arrangement and bulk structure within the dorso-ventral plane have been reported [38, 159, 166, 167],
with the collagen fibres taking on ‘basket-weave-like arrangements’ [63, 163]. Whether similar variations

in other structural features exist in the dorso-ventral plane is unclear [141, 151] but, given the differential
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hydrostatic pressure and differential strain fields experienced by this region, and the role of proteoglycans

in adaptation of tendon, such structural differences are expected [115].

3.5 OBIJECTIVE AND AIMS

Later in this thesis (Chapters 6, 7 and 9), the material adaptation of healthy and degenerative human
rotator cuff tendon samples will be characterised in order to gain insight into the relationship between the
mechanical environment and adaptations of tendon in health and disease. To achieve this it is first
necessary to establish a portfolio of techniques suitable for the characterisation of human tendon samples.
These techniques must be able to extract information from samples that have been preserved and
processed in the manner favoured by surgeons and pathologists. It is also necessary to establish the effect
of different loading environments on the material properties of tendons, as measureable by the intended

analysis techniques.

The work presented in the next chapter (Chapter 4) aims to establish a portfolio of techniques suitable for
characterisation of bulk histological samples whilst gaining insight into the adaptations of tendon in
response to different loading environments. To this end, a spectrum of compositional, structural and
mechanical characterisation techniques will be used to assess the healthy material adaptations at different
anatomical locations within the bovine deep digital flexor tendon (DDFT) and the ovine infraspinatus

tendon, with the aim of testing the following hypotheses:

1. There are significant material adaptations in wrap-around tendons subjected to different

loading environments.

2. In regions of compression the material adaptations of tendon vary with distance from the

bony contact.

3. The material adaptations of tendon are inter-related.
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Chapter Four

Material Adaptations in Response to
Loading Environment

4.1 MATERIALS AND METHODS '
4.1.1 Sample Collection and Pre-embedding Treatment

4.1.1.1 Bovine Deep Digital Foot Flexor Tendon

Biopsy Samples — Effect of Fixation and Location

Twelve hind feet of cattle under thirty months of age were obtained from a wholesale butcher
(Mutchmeats Ltd, Witney, UK) and dissected within eight hours of slaughter. Using a handheld razor blade
and a no. 10 surgical blade each hoof was dissected to expose the digital flexor tendons, remove the
tendon sheath and peel back the superficial digital flexor tendon to reveal the underlying deep digital foot
flexor tendon (DDFT) (Figure 4:1a). The DDFT was then released from the foot and a 2.5mm disposable
biopsy punch (Kai Medical, Hawaii, USA) was used to remove two through-thickness biopsies from the
region approximately 3cm distal to the point of bifurcation, and four through-thickness biopsies from the
region 3cm proximal of the point of bifurcation (Figure 4:1b). The distal biopsy samples incorporated the
mid-substance fibrocartilage described by Vogel and Peters [159], and for consistency, were all taken from

the right-hand bifurcation of the tendon.

" Sections 4.1.1.1,4.1.2.2,4.1.4.4,4.2.3,4.3.1.4, and 4.3.2.1 in this chapter are adapted from Micron 42(5) p.531-535
Atomic Force Microscopy of Bulk Tendon Samples: Affect of Location and Fixation on Tissue Ultrastructure. Tilley,
J.M.R,, Carr, A.J.,, Czernuszka, J.T. Copyright (2011). with permission from Elsevier [DOI: 10.1016/j.micron.2011.01.001]

" Sections of text in this chapter are adapted from Atomic Force Microscopy (AFM): Principles, Modes of Operation
and Limitations 1(6), H. Yang (Editor). Characterisation of Tendons at Different Length Scales Using Atomic Force
Microscopy and Polarised Light Microscopy May Provide Insight into Tendon Disease, J. M. R. Tilley A. J. Carr and J. T.
Czernuszka, copyright (2014), with permission from Nova Science Publishers, Inc.
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Storage conditions and fixatives used for biological samples are generally believed to influence the degree
of preservation of the tissues’ structure [168-170]. Glutaraldehyde fixation is widely held to be the gold
standard for preservation of ultrastructural features and is the preferred technique for electron
microscopists [171-173]. Conversely, formalin fixation is most commonly used by pathologists as it is
compatible with a wide range of histological and immunohistological stains [174-176]. Both of these
fixation techniques result in dramatic alterations in the mechanical properties of tissue due to the
introduction of chemical crosslinks [177, 178]. Consequently, the freeze-thaw technique is commonly used
in mechanical studies of bulk tissue as it avoids the need for a chemical fixative. In the absence of a
cryopreservation medium it is, however, thought to damage the structural properties of the tissue [179,

180].

The human tissue samples used later in this thesis (Chapters 6, 7 and 9) were provided in the formalin-fixed
state, while chondroitinase-ABC treated samples examined in this chapter (see pg 25 below) had been
frozen prior to treatment and fixation. In order to assess the effect of these different storage conditions on
the ultrastructure of tendon compared to the effect of the ‘Gold Standard’ glutaraldehyde fixation process,
the structural adaptations of comparable samples stored under different conditions were compared. Each
biopsy was cut into dorsal and ventral samples using a handheld razor blade, and stored in either 4%
glutaraldehyde (4% GA) (Sigma Aldrich, Dorset, UK) or 10% formaldehyde (10% FA) (Sigma Aldrich, Dorset,
UK) in ambient conditions, or in 0.1M NaH,PO, (PBS) (Sigma Aldrich, Dorset, UK) at -80°C, as indicated by

Table 4:1 for at least one month prior to further processing.

[24]



Chapter 4 Material Adaptations in Response to Loading

Figure 4:1 Obtaining bovine deep digital flexor tendon samples: A) Hoof dissection to reveal deep digital
flexor tendon, and B) lllustration of sample origins on removed deep digital flexor tendon.

Table 4:1 Storage Conditions for Bovine Deep Digital Flexor Tendon Biopsy Samples

Anatomical Sample Intende:d Preservation Preservation
Position Number Embedfimg Medium Temperature
Media
Proximal 1 Resin 4% GA Ambient
Ventral 2 Wax 10% FA Ambient
Proximal 1 Resin 4% GA Ambient
Dorsal 2 Wax 10% FA Ambient
1 Resin 4% GA Ambient
Distal 2 Wax 10% FA Ambient
Ventral 3 Resin 10% FA Ambient
4 Resin 0.1M PBS -80°C
1 Resin 4% GA Ambient
Distal 2 Wax 10% FA Ambient
Dorsal 3 Resin 10% FA Ambient
4 Resin 0.1M PBS -80°C

Bulk Cross-section Samples — Effect of Enzyme Treatment

To further assess the validity and reproducibility of the characterisation techniques tested below (detailed
in Section 4.1.4 below), the structural and compositional properties of as received and GAG-depleted
tendons were compared. GAG-depletion was produced by treatment of tendon samples with
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chondroitinase-ABC, an enzyme which attacks and degrades the GAG-side chains content within tendon
[113, 137, 181]. While GAG-depletion was expected to alter the composition of the tendon samples, it was
not expected to alter the ultrastructural characteristics of tendon, thus providing a method for validating

the usefulness of the characterisation techniques tested below (detailed in Section 4.1.4 below).

After collection of the through-thickness biopsies, the proximal region of each DDFT was cut in half
transversely and into thirds longitudinally, producing six strips of equal length. Each strip was then rinsed
in 0.1M phosphate buffer, wrapped in surgical gauze, and stored at -80°C for up to three months. At an
appropriate time point, these strips were allowed to defrost in ambient conditions prior to immersion in
50mM Tris-hydroxymethy-methylamine (Tris buffer) (Sigma Aldrich, Dorset, UK) at 37°C for 24 hours, at
which point 0.15U ml? chondroitinase ABC (Sigma Aldrich, Dorset, UK) was added to the solution. The
samples were then incubated at 37°C for a further 72 hours, before being rinsed in a 1M-phosphate buffer
and re-frozen at -80°C [73]. As received (i.e. un-incubated) samples served as controls. At a suitable time
point, samples were defrosted once more and mechanically tested as part of another study [73]. Post-
mechanical characterization, through-thickness cross-sections were taken from six chondroitinase ABC-
treated samples and from six untreated samples and immersed in 10% formalin at ambient conditions for

at least 1 month.

4.1.1.2 OQvine Infraspinatus Tendon

Twelve front shoulders from six-month-old sheep were obtained from a wholesale butcher (Mutchmeats
Ltd, Witney, UK) and dissected within four hours of slaughter. Using the acromion as a landmark, each
shoulder was sliced along the deltoid muscle with a kitchen knife to reveal the infraspinatus muscle and
tendon (Figure 4:2). A 2.5mm disposable biopsy punch (Kai Medical, Hawaii, USA) was then used to remove
two through-thickness biopsies from the central region of the tendon, and each biopsy was cut in half
transversely to produce a bursa-side sample and an articular-side sample. One bursa-side sample and one-
articular-side sample from each tendon was stored in 4% glutaraldehyde (4% GA) prior to resin embedding.
The remaining bursa-side and articular-side samples were fixed in 10% formaldehyde (10% FA) prior to wax
embedding. All samples were fixed in ambient conditions for at least one month prior to further
processing. One biopsy sample was also removed from the musculotendinous junction of the infraspinatus

of one animal. Samples were fixed in 10% formaldehyde (10% FA) prior to wax embedding.

(26]



Chapter 4 Material Adaptations in Response to Loading

infra f"mlul

delteid

Figure 4:2 Dissection of Ovine Front Shoulder to reveal Infraspinatus tendon. Images courtesy of Dr.
Richard Murphy.
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4.1.2 Sample Embedding

4.1.2.1 Wax-Embedded Samples

Post-storage, formalin-fixed samples intended for wax-embedding were processed as follows: samples
were removed from the storage medium and placed between two biopsy foam pads in histology
embedding cassettes with detachable lids. The cassettes were then dehydrated through graded industrial
Methylated spirit (IMS) (70%, 90%, 95%, 100%), immersed in xylene, and perfused with Formula R paraffin
wax (Surgipath, Cambridgeshire, UK) in a Shandon Pathcentre tissue processor (Thermo Fisher Scientific,
Waltham USA) over the course of 16 hours. Post-perfusion, samples were removed from the cassettes and
embedded in paraffin wax blocs using an embedding centre (Leica, Wetzlar, DE). Finally, 10um sections
were cut from each embedded sample using a RM 2165microtome (Leica, Wetzlar, DE) fitted with a steel
blade (Model 819), and floated off onto warm tap water. Each section was mounted on an Xtra glass slide
(Sugipath, Peterborough, UK) and baked at 60°C for 24 hours before being stored in ambient conditions in

standard slide boxes.

4.1.2.2 Resin-Embedded Samples

Post-storage, glutaraldehyde-fixed, formalin-fixed and frozen biopsy samples intended for resin embedding
were electro-negatively stained with osmium tetroxide, dehydrated through graded alcohol and then
embedded in medium low viscosity (Taab Laboratories Equipment, Aldermaston, UK) resin following the
steps detailed in Table 4:2. At each stage, the samples were immersed in approximately 4ml of medium.
After Step 12, samples were immersed in approximately 1ml of resin in polyethylene containers and cured
at 60°C for 16 hours. They were then cut at 0.5mm s using a PT-PC PowerTome Ultramicrotome (RMC
Products, Boeckeler Instruments, Inc, Tucson, USA) fitted with a 3mm, 45° diamond ultra-microtome knife
(Boeckeler Instruments Inc, Tucson, USA) to produce 500nm slices. Slices were deposited onto glass
microscope slides (Thermo Fisher Scientific, Waltham USA) moistened with distilled water. The slides were
then dried on a hot plate and each slice was stained with 1% Toludine blue in order to differentiate the

collagen from the resin.
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Table 4:2 Resin Embedding Procedure

Step Medium Imm.ersion No. of

Time repeats
1 water” 10 minutes X2
2 1:99 osmium: water” 60 minutes x1
3 water” 10 minutes X2
4 1:1 ethanol: water” 10 minutes x2
5 7:3 ethanol: water” 10 minutes x2
6 9:1 ethanol: water” 10 minutes x2
7 95:5 ethanol: water” 10 minutes x2
8 100% ethanol 15 minutes x2
9 100% propylene oxide 15 minutes X2
10 1:1 resin*: propylene oxide 30 minutes x1
11 2:1 resin*: propylene oxide 30 minutes x1
12 100% resin* 30 minutes x1

* distilled water
* Taab® low viscosity (medium) resin

4.1.3 Sample Preparation

4.1.3.1 Alcian Blue Staining

In order to compare the ratio of collagen to ground substance in the samples, glass-mounted, wax
embedded sections were stained with alcian blue as follows: slides were immersed twice in xylene for 7
minutes and then rehydrated in graded IMS (100% x2, 90%, 70%, 0%) followed by distilled water (dH,0) for
5 minutes each. Slides were then immersed in alcian blue in 3% acetic acid for 30 minutes before being
rinsed in running tap water for 3 minutes to remove residual stain. Slides were then counter-stained by
immersion in nuclear fast red in Aly(SO4)s, dH,0 for 10 minutes, before being rinsed in running tap water for
1 minute, and fast dehydrated in graded IMS followed by xylene for 2x5 minutes. Each sample was then

mounted in DPX mounting media (Sugipath, Peterborough, UK) and covered with a cover slip.

4.1.3.2 Picrosirius Red

In order to compare the relative distribution of fibre thicknesses in different samples, glass-mounted wax
embedded sections were stained with picrosirius red as follows: slides were immersed twice in xylene for 7
minutes and then rehydrated in graded IMS (100% x2, 90%, 70%, 0%) followed by dH,0 for 5 minutes each.
Slides were then immersed in picrosirius red solution (0.5g Sirius red F3B in 500ml saturated aqueous picric

acid) for 1 hour. Post-staining, slides were rinsed in two changes of acidified water (0.5% acetic acid),
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dehydrated through graded alcohols and rinsed twice in xylene for 2x 5 minutes. Each sample was then

mounted in DPX mounting media (Sugipath, Peterborough, UK) and covered with a cover slip.

4.1.3.3 De-waxing

In preparation for characterisation by atomic force microscopy, Raman spectroscopy and nanoindentation,
one glass-mounted wax-embedded section from each sample was dewaxed by immersion in xylene
(Thermo Fisher Scientific, Waltham USA) for up to 2 hours. Sections were then removed from the xylene
and transferred to a fumehood, where they were left for up to 24 hours to allow the remaining xylene to

evaporate. De-waxed slides were stored in slide boxes prior to analysis.

4.1.4 Sample Characterisation

4.1.4.1 Brightfield Light Microscopy

Alcian blue-stained samples were imaged using an Imager M1 microscope (Carl Zeiss Ltd., Welwyn Garden
City, UK) fitted with an AxioCam HRc camera. Camera settings of 7.6ms exposure time, 1.0 saturation
levels, 0.49 gamma levels and 1x gain factor were found to produce the best images. 8 bit, RGB images
were obtained at 5x and x20 magnification were obtained. The proportion of collagen and ground
substance in each 20x image was then analysed using Imagel image analysis software together with a
custom-written macro based on the colour threshold plug-in (See Appendix). To aid the analysis, the
background was removed from each image using Adobe Photoshop CS3 extended digital photo editing

software (Adobe, San Jose, USA), prior to threshold analysis.

4.1.4.2 Polarised Light Microscopy

Picrosirius red-stained samples were imaged with polarised light microscopy using a Polyvar Met (Reichert-
Jung) fitted with a DFC 420 (Leica, Wetzlar, DE) digital camera. Samples were imaged in transmission mode,
with the polarisers adjusted to the angle which produced the brightest birefringence. 8 bit, RGB images
were obtained at 2.5x and x10 magnification. Using the macro based on the threshold colour plug-in for
Imagel (See Section 4.1.4.1 above, and Appendix), the percentage area of each image that contained hue
values (x) 0sx<111 and 234<x<255, split into bins of 5 pixel hue values (i.e. 0<x<5, 55x<10, 10<x<15 etc) for
each sample, was calculated. The subsequent histograms were then compared. Using Imagel, the average
crimp length of each picrosirius red-stained sample was also calculated from at least 25 crimp length

measurements per image.
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4.1.4.3 Raman Spectroscopy

Raman spectra were collected from dewaxed, glass-mounted sections of proximal bovine DDFT samples
(untreated and enzyme-treated) using a LabRAM Aramis Raman spectrometer equipped with a confocal
microscope (Horiba, Kyoto, Japan), calibrated with pure silica. Samples were excited with a diode-pumped
solid-state Nd:YAG laser, frequency doubled to operate at A = 532nm. With the confocal microscope set
to 50x magnifications, the laser was focused on sections of fibrous matrix within the sample. Spectra were
recorded between 300-1800cm™, with hole size of 300um and slit size of 150um, giving a spot size of
590nm and a special resolution of approximately 295nm. An acquisition time of 10 seconds was chosen
and spectra were averaged over 6 acquisitions. To eliminate the presence of cosmic rays in the data, the
software’s automatic spike filter was applied. Each sample was scanned in 4 different locations. The
background florescence of each spectrum was subtracted as a 4" order polynomial and each spectrum was
normalised to the peak at approximately 1242 cm™. To aid with peak identification spectra were collected
for paraffin wax and chondroitin sulphate A from bovine trachea (Sigma Aldrich, Dorset, UK) using the same
experimental conditions. Peak fitting was performed on the individual spectra using a custom code in
MatlLab (Mathworks, Cambridge, UK), in order to assess the effect of chondroitinase ABC treatment on

peak intensities.

4.1.4.4 Atomic Force Microscopy

Non-contact Mode Imaging

Atomic force microscopy (AFM) was employed to characterise the ultrastructure of the extracellular matrix
in each sample. Glass-mounted sections were imaged using an AutoProbe AFM (Veeco, Plainview, USA) in
non-contact mode [182] using a scan rate of 1Hz and cantilever probes with a tip radius of curvature of
=10nm, force constant between 4.5-14.0 Nm™ (umasch, Tallinn, EE). Six, 3x3um images from different
locations were obtained from each sample. Each image was processed using IP AutoProbe Imaging
Processing and Data Analysis software (TM Microscopes, Sunnyvale, USA) prior to analysis of the diameter,
‘D’ spacing and average angle between 5-10 fibrils from each image using Gwyddion v2.23 SPM Data
Visualisation and Analysis software (Central European Institute of Technology, Masaryk University

Kamenice, Czech Republic). Imaging and analysis was performed blind.
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Contact Mode Indentation

The stiffness of de-waxed, glass-mounted section was assessed using an AutoProbe AFM (Veeco, Plainview,
USA) in contact mode. Cantilever probes with a tip radius of curvature of <10nm, force constant =7.5Nm™
(umasch, Tallinn, Estonia) were used to indent the fibrous matrix of samples to a depth of ~450nm at 1Hz.
To allow for viscoelasticity effects, cyclical indentation was repeated fifteen times and a force-distance
curve was recorded after the first and last cycle. Each sample was indented a total of twenty times (four
indentations per location, five locations per sample) in order to produce an average stiffness value for each

sample.

To calculate stiffness values, each force distance curve was compared with a standard curve produced for
indentation of the glass substrate (with a new calibration curve produced for each new cantilever).
Assuming that the system acts as two compliant springs and that the cantilever had a higher stiffness than
the sample so that deflection of the cantilever upon indentation of the sample was due to compression of
the sample only the average stiffness of the tendon sample upon the application of 1 x10® N of force was

calculated using Equation 4:1 [183]. The validity of these assumptions is discussed later’ (Section 4.3.1.5).

k = Foverall / (Aaoverall — D8ubstrate only) Equation 4:1

k = stiffness

Foverann = force applied

Aboveran = total indentation depth

Absupstrate ony = indentation depth of sample on substrate only

Each stiffness value was converted to an effective tensile modulus using the Sneddon formulation. The
Sneddon exponent is the power to which indentation depth (aka tip deflection) is raised in the generalised
formula governing the relation between tip indentation and applied force (Equation 4:2), and indicates the
shape of the area of contact of the tip and the sample [184], where n=1 indicates a cylindrical indentation,

n = 1.5 indicates a parabolic indentation and n=2 indicates a conical indentation.

" As is discussed later (Section 4.3.1.5, pg 73) this second assumption which is unlikely to be true and is likely to
significantly influence the results — stiffness values reported for samples vary wildly with cantilever stiffness. To
increase the accuracy of the results it would be necessary to test a wide range of cantilevers of varying stiffnesses in
order to find one best suited to the samples being tested.
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F=CE*§" Equation 4:2

F = force applied

C = geometrical constant

E* = effective Tensile modulus

6 = indentation depth of sample
n = Sneddon exponent.

Each indentation force-distance curve was plotted as In (force) versus In (indentation depth) producing a
straight line, the gradient of which was the Sneddon exponent, n. This value was then used to select the
appropriate expression for the relationship between tip indentation and applied force as described by

Sneddon [184], in order to calculate the effective tensile modulus.

4.1.4.5 Nanoindentation

Post-AFM characterization, glass-mounted de-waxed samples were mounted on Al specimen holders using
paraffin wax. The fibrous matrix of each sample was then indented using a Nanoindenter XP (MTS, Eden
Prairie, USA) and a diamond Bercovich indentation tip (Micro Star Technology, Huntsville, USA). Samples
were indented to a depth of 500nm with a surface find stiffness of 25Nm™, a surface approach velocity of
10nm s™and a strain rate target of 0.05s™. Each sample was indented in ten different locations. Raw load-
displacement data was converted to variation in hardness and modulus with depth using the continuous
stiffness measurement method described by Oliver and Pharr [185]. To investigate the influence of the
glass substrate on the results, a glass substrate and a glass-mounted tendon sample were indented to a

depth of 2um.

4.1.5 Statistical Analysis

Power analysis, assessed using the biostatistics package ‘R’ (R Foundation for Statistical Computing),
revealed that a minimum of 5 samples were needed in order to distinguish differences of 1 standard
deviation in tendon fibril diameter and ‘D’ spacing at p<0.05 statistical significance and 80% confidence
level. Where data is presented as box plots, box ends and whisker ends represent 25th/75th and 5th/95th
percentiles respectively, with crosses indicating outliers. In all other cases data is presented as mean values
+ standard deviation unless otherwise indicated. Statistical significance was evaluated using one-way
analysis of variance (ANOVA) and Tukey’s multiple comparison test performed in Origin data analysis. A

significance level of p<0.05 was considered statistically significant, and statistical significance is indicated
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using the standard asterisk notation, where * indicates p<0.05, ** indicates p<0.01, and *** indicates
p<0.001. Where appropriate, Pearson’s rank correlations were calculated and are reported as a Pearson’s

rank coefficient (r-value) and a significance value (p-value).

4.2 RESULTS
4.2.1 Compositional Characterisation

4.2.1.1 Representative Images

Figure 4:3 shows representative images of alcian blue-stained samples from bovine DDFT and ovine
infraspinatus tendon in different anatomical locations. Collagen is stained pink, ground substance is
stained blue and cells are stained dark pink. The glass slide, visible as a yellow background, can also been
seen between gaps in the samples. These gaps are preparation artefacts as a result of the microtomy
process and would not be expected in vivo. The image of the distal ventral region of the bovine DDFT
(Figure 4:3C) is visibly different when compared with the other images, containing a much higher
proportion of ground substance throughout the sample (blue pixels), and a very low proportion of collagen

(pink), and much less alignment of the sample in general.
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infraspinatus tendon (E,F) in different anatomical locations: A) bovine DDFT proximal ventral, B) bovine
DDFT proximal dorsal, C) bovine DDFT distal ventral, D) bovine DDFT distal dorsal, E) ovine infraspinatus
tendon articular-side, and F) ovine infraspinatus tendon bursa-side. The image of the bovine DDFT distal
ventral sample (C) appears to contain a much higher proportion of blue-stained material when compared

with the other samples. Gaps between the samples are preparation artefacts and would not be expected
in vivo.
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4.2.1.2 Pink to Blue Ratio

Figure 4:4 shows box plots representing measurements of the ratio of pink to blue pixels in images of alcian
blue-stained bovine DDFT samples from different anatomical locations. The ratio is significantly smaller in
samples from the distal ventral region compared with all other regions. Additionally, the ratio is
significantly smaller in proximal ventral samples compared with proximal dorsal samples, and in distal
dorsal samples compared with proximal dorsal samples. For all locations the ratio of pink to blue pixels is

less than one, indicating a higher proportion of ground substance (blue) than collagen (pink).
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Figure 4:4 Box plots comparing the ratio of red to blue pixels in images of alcian blue-stained bovine DDFT
samples. The ratio is significantly smaller in distal ventral samples when compared with all other
locations. It is also significantly smaller in proximal ventral samples compared with proximal dorsal
samples, and in distal dorsal samples compared with proximal dorsal samples. The ratio is less than one
for all locations, indicating a higher proportion of ground substance than collagen.

Figure 4:5 shows box plots representing measurements of the ratio of red to blue pixels in images of alcian
blue-stained ovine infraspinatus tendon samples from different anatomical locations. Again the ratio is less
than one for both locations, indicating a higher proportion of ground substance than collagen. There are

no significant differences between the different locations.
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Figure 4:5 Box plots comparing the ratio of red to blue pixels in
images of alcian blue-stained ovine infraspinatus tendon samples.
The ratio is less than one for both locations, indicating a higher
proportion of ground substance than collagen. There are no
significant differences between the two locations.

4.2.1.3 Raman Spectral Analysis

Raman spectroscopy is a spectroscopic technique that measures the inelastic (Stokes and anti-Stokes)
scattering of monochromatic light in order to characterise the vibrational and rotational modes within a
system. Thus it reveals information concerning the structure and environment of the molecules within the
system [186, 187]. It is non-invasive and offers high spatial resolution from very small (diameter less than
1um) sample volumes, making it a widely accepted technique for the characterisation of biomolecules [188,
189]. Analysis of Raman spectra requires knowledge of the specific peak designations within the spectra,
however, making Raman analysis of tissues complicated due to the overlapping spectral contributions of

different biomolecules present within the tissue [190-192].

In order to identify peaks associated with inter-fibril and inter-fibre GAGs, the profiles of which are known
to change as a result of disease, Raman spectra of as received and chondroitinase ABC-treated bovine
tendon samples (Section 4.2.1.3) were compared with the spectrum for chondroitin sulphate A. Figure 4:6
shows average Raman spectra obtained from untreated and chondroitinase ABC-treated bovine DDFT

proximal samples, and from chondroitin sulphate A and paraffin wax. Tendon samples contain sharp peaks
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at 998.1cm™, 1060.1cm™, 1131.3cm™, 1293.8cm™, and 1416.1cm™. Since these peaks are also present in
the wax spectrum this indicates contamination of the bovine samples with wax. There are no obvious
differences between the Raman spectra obtained from the two bovine sample types. However, according
to peak analysis, the intensity of the peak at 1165cm™ is significantly lower for chondroitinase ABC-treated
samples compared with untreated samples. As this peak is present as a broad shoulder in the chondroitin
sulphate A spectrum, this suggests that the decreasing intensity of this peak in chondroitinase ABC-treated

tendons is associated with decreasing concentrations of chondroitin sulphate A.
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Figure 4:6 Average Raman spectra for a) untreated bovine DDFT proximal samples, b) chondroitinase ABC-
treated bovine DDFT proximal samples, c) chondroitin sulphate A and d) paraffin wax. Contamination of the
bovine samples with wax is evident. There are no obvious differences between the two bovine DDFT spectra.

4.2.2 Microstructural Characterisation

4.2.2.1 Representative Images

Sirius Red is a highly orientated, birefringent dye that binds to collagen in such a way that its long axis lies
parallel to the long axis of the collagen molecule, thus enhancing the intrinsic positive birefringence of

collagen [174, 193, 194]. The binding of Sirius red to collagen occurs via interactions between the six

(38]



Chapter 4 Material Adaptations in Response to Loading

sulphonic acid groups on the Sirius red molecule and the lysine and hydroxylysine residues on the collagen
molecule [194]. Since the reaction between the dye and the collagen molecule occurs at low pH (<pH2)
staining is performed in the presence of picric acid. This is advantageous since picric acid is highly
penetrative resulting in even very thin collagen fibres being stained, meaning that picrosirius red staining

possesses far greater sensitivity than other collagen stains [194, 195].

The contrast mechanism by which picrosirius red staining of collagen produces a range of colours from
green to red when viewed in polarised light, is not fully understood. Generally, colour in polarised light
images arises due to birefringence retardation (a.k.a. phase difference) of the orthogonally polarized light
components upon passing through the sample. For example, if the retardation corresponds to the
wavelength of green light, green light would be extinguished by the analyser lens and the complementary
colour (red) would be seen [196]. Considering this, it was originally suggested that contrast arose due to
the presence of different types of collagen, with different retardations exhibited by different collagen types
[197]. However, it is now generally accepted that contrast is strongly associated with differences in the
fibre thickness, with differences in birefringence colours arising due to thicker fibres binding more dye
molecules [198-200]. As such, fibres which appear red can be considered to be thicker in diameter than
those which appear orange, those which appear orange are likely to be thicker in diameter than those

which appear yellow, and so on.

Figure 4:7 and Figure 4:8 show representative polarised light images of picrosirius red-stained bovine DDFT
and ovine infraspinatus tendon samples from different anatomical locations at x2.5 and x10 magnifications
respectively. At the lower magnification (x2.5) the sample from DDFT distal ventral location is visibly
different to all the other samples, seemingly containing a higher proportion of pixels with orange hues, and
showing a lesser degree of organisation of the dense tissue when compared with the other samples. The
crimp (Hierarchical Level 4 in Figure 3:1, pg 13) is clearly identifiable in the higher magnification images.
Measurement of crimp length is demonstrated in Figure 4:9. Figure 4:10 shows representative brightfield
images of the same samples at x2.5 magnification. Compared with the polarised images, these images are
more uniform in colour. The sample from DDFT distal ventral location is again visibly different to the other
samples, being paler in colour and again showing a lesser degree of organisation when compared with the

other samples.
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Figure 4:7 Representative polarised light images of picrosirius red-stained bovine DDFT and ovine
infraspinatus tendon samples from different anatomical locations (x2.5 magnification): A) DDFT proximal
ventral, B) DDFT proximal dorsal, C) DDFT distal ventral, D) DDFT distal dorsal samples, E) infraspinatus
articular-side, F) infraspinatus bursa-side. The DDFT distal ventral sample (C) is visibly different to the
other samples.
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Figure 4:8 Representative polarised light images of picrosirius red-stained bovine DDFT and ovine
infraspinatus tendon samples from different anatomical locations (x10 magnification): A) DDFT proximal
ventral, B) DDFT proximal dorsal, C) DDFT distal ventral, D) DDFT distal dorsal samples, E) infraspinatus
articular-side, F) infraspinatus bursa-side. The DDFT distal ventral sample (C) is visibly different to the
other samples.
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Figure 4:9 Polarised light images of picrosirius red-stained bovine deep digital flexor tendon (x10
magnification) showing measurement of the length of three crimps (C;, C2, C3) in blue.
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Figure 4:10 Representative brightfield images of picrosirius red-stained bovine DDFT and ovine
infraspinatus tendon samples from different anatomical locations (x2.5 magnification): A) DDFT proximal
ventral, B) DDFT proximal dorsal, C) DDFT distal ventral, D) DDFT distal dorsal samples, E) infraspinatus
articular-side, F) infraspinatus bursa-side. The DDFT distal ventral sample (C) is visibly different to the
other samples, being lighter in colour and less well aligned.
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Figure 4:11 shows polarised light images of a picrosirius red-stained sample taken from the
musculotendinous junction in an ovine infraspinatus at different magnifications. Muscle filaments and
tendon fibres are clearly distinguishable at all three magnifications: the tendon fibres, stained
red/orange/green can be seen to extend along and around the muscle filaments, which are greenish-blue

and clearly striated.

Figure 4:11 Polarised light images of a picrosirius red-stained sample taken from the musculotendinous
junction in an ovine infraspinatus: A) x10 magnification, B) x 20 magnification and C) x50 magnification.
The tendon fibres, stained red/orange/qreen by the dye can be seen to extend along and around the
muscle filaments which are greenish-blue and clearly striated.
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4.2.2.2 Ratio of Red to Orange Pixels

Figure 4:12 and Figure 4:13 show histograms depicting the average percentage of picrosirius red images
occupied by different pixel hues (numerical value, x) from different anatomical locations in bovine DDFT
and ovine infraspinatus tendon respectively. Distinct peaks representing red (235 < x < 255,0<x< 11) and
orange hues (11 < x £ 40) are clearly visible. Statistical analysis software (OriginPro8) was used to fit curves
to the peaks in the histograms for each sample in order to calculate the integral (percentage of total area)

of each peak.

Figure 4:14 and Figure 4:15 present box plots representing the ratio of red to orange peak area for
individual samples from different anatomical locations in bovine DDFT and ovine infraspinatus tendon
respectively. In the bovine DDFT the ratio of red to orange pixels is significantly different in all anatomical
locations, with the exception of proximal dorsal versus distal dorsal. The ratio is largest in the proximal
ventral location and smallest in the distal ventral location, indicating that the proximal ventral contains the
highest proportion of thicker fibres, while the distal dorsal region contains the lowest proportion of thicker
fibres. In the ovine infraspinatus tendon there is no significant difference between the ratios of red to
orange pixels between the two anatomical locations, indicating that there are no significant differences

between the proportions of thicker fibres in either region.
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Figure 4:12 Representative histograms of percentage of image occupied by different pixel hues
for bovine DDFT samples from different anatomical locations. Proportion of the image that is
orange appears to be slightly higher in distal ventral and distal dorsal samples than in proximal
ventral and proximal dorsal samples.
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Figure 4:13 Representative histograms of percentage of image occupied by different pixel hues
for ovine infraspinatus tendon samples from different anatomical locations. There do not
appear to be any obvious differences between the two histograms.
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Figure 4:14 Box plots representing measurements of the ratio of red to orange pixels in bovine DDFT
samples from different anatomical locations. The ratios are significantly different in all locations with the
exception of proximal dorsal versus distal dorsal.
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Figure 4:15 Box plots representing measurements of the ratio
of red to orange pixels in ovine infraspinatus tendon samples
from different anatomical locations. There is no significant
difference between the ratios of red to orange pixels in the two
locations.
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Figure 4:16 shows histograms of the variation in pixel hue averaged over untreated and chondroitinase
ABC-treated DDFT proximal samples. Figure 4:17 shows box plots depicting the variation in the ratio of red
to orange fibres in bovine DDFT proximal samples that are untreated and chondroitinase ABC-treated.
Although the ratio is higher for untreated samples, there are no statistical differences between the two

sample types.
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Figure 4:16 Histograms of picrosirius red-stained proximal bovine DDFT samples, for
untreated and enzyme-treated samples. There are no statistical differences between the
two histograms.
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Figure 4:17 Box plots depicting the variation in ratio of red to
orange fibres in picrosirius red-stained proximal DDFT untreated
and enzyme-treated samples. The ratio of red to orange pixels is
not statistically different between the two sample types.
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4.2.2.3 Crimp Length

Figure 4:18 shows box plots representing the variation in crimp length between different anatomical
locations within the bovine DDFT. Crimp length is significantly shorter in the distal portion compared with
the proximal portion. It is larger in the proximal ventral samples and shortest in the distal ventral samples.
Crimp length is not significantly different between the proximal ventral and proximal dorsal samples. It is
significantly shorter in the distal ventral samples compared with the distal dorsal samples. Figure 4:19
shows box plots depicting the variation of crimp length with anatomical location within the ovine
infraspinatus tendon. Crimp length is significantly shorter on the articular-side compared with the bursa-
side. Figure 4:20 shows box plots representing measurements of crimp length in proximal bovine DDFT for
untreated and chondroitinase ABC-treated samples. Crimp length is significantly longer in chondroitinase
ABC-treated samples compared with untreated samples, possibly indicating that the ground substance

plays an important role in the regulation of crimp length.
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Figure 4:18 Box plots representing the variation in crimp length between different anatomical locations
within the bovine DDFT. Crimp length is significantly shorter in the distal portion compared with the
proximal portion. It is larger in the proximal ventral samples and shortest in the distal ventral samples.
Crimp length is not significantly different between the proximal ventral and proximal dorsal samples. It is
significantly shorter in the distal ventral samples compared with the distal dorsal samples.
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Figure 4:19 Box plots representing variation in crimp length between different
anatomical locations within the ovine infraspinatus tendon. Crimp length is
significantly shorter on the articular-side compared with the bursa-side.
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Figure 4:20 Box plots representing measurements of crimp length in proximal
bovine DDFT for untreated samples and chondroitinase ABC-treated samples.
Crimp length is significantly longer in enzyme-treated samples compared with
untreated samples.
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4.2.3 Ultrastructural Characterisation

4.2.3.1 Representative Images

Figure 4:21 shows representative AFM images of bovine DDFT samples taken from the distal region,
prepared using different preservation and embedding techniques. In all images individual fibrils
(Hierarchical Level 3 in Figure 3:1, pg 13) are clearly visible. However, while the ‘D’ spacing (regular
striations perpendicular to the long axes of the fibrils) are clearly visible by eye for the aldehyde-fixed
samples regardless of embedding condition, these are not as pronounced for the frozen samples. Figure
4:22 presents representative images of GA-fixed, resin-embedded bovine DDFT and ovine infraspinatus
tendon from different anatomical locations. Again, individual fibrils are clearly distinguishable in each

image, as is ‘D’ spacing.

Figure 4:23 shows representative AFM images of bovine DDFT proximal samples that are untreated and
chondroitinase ABC-treated at different magnifications. There are no obvious differences between

‘

untreated and chondroitinase ABC-treated samples. ‘D’ spacing is clearly visible for both samples. Figure
4:24 shows how the use of Gwyydion analysis software allows information contained in these topographical

AFM images to be extracted. This allows characterisation of fibril diameter and ‘D’ spacing, present as

topographical features in the AFM images.
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Distal ventral Distal dorsal

FA, resin |

Frozen, resin

Figure 4:21 Representative AFM images of bovine DDFT distal samples prepared using different
preservation techniques and embedding media: glutaraldehyde (GA) -fixed, resin embedded (A,B),
formalin (FA)-fixed, resin-embedded (C,D), frozen, resin-embedded (E,F) and FA-fixed, wax-
embedded (G,H). In all samples, individual fibrils are visible. ‘D’ spacing is not as readily
distinguishable by eye in the frozen samples but is clearly visible in the aldehyde-fixed samples

(52]



Chapter 4 Material Adaptations in Response to Loading

Ovine Infraspinatus

DDFT Proximal DDFT Distal

Articular-side

Bursa-side

Figure 4:22 Representative AFM images of glutaraldehyde (GA)-fixed, resin-embedded bovine deep digital

flexor tendon (A, B, D, E, G, H, J, K) and ovine infraspinatus tendon (C, F, I, L) from different anatomical
locations.
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Figure 4:23 Representative AFM images of formalin (FA)-fixed, wax-embedded bovine deep digital flexor
tendon proximal samples: A) 5x5um topographical image of untreated sample, B) 5x5um topographical
image of chondroitinase ABC-treated sample, C) 1xlum topographical image of untreated sample, D)
Ix1um topographical image of chondroitinase ABC-treated sample. There are no obvious differences
between untreated and chondroitinase ABC-treated samples.
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Figure 4:24 Depiction of measurement of fibril dimensions from topographical images using Gwyydion
Analysis software. By analysing the clear changes in topology it is possible to measure both the fibril
diameter (Profile 2) and the ‘D’ spacing (Profile 1).
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4.2.3.2 Fibril Diameter

Figure 4:25 shows box plots of the variation of fibril diameter in bovine DDFT distal samples prepared using
various preservation techniques and embedding media. For all methods fibril diameter is significantly
larger in samples from the dorsal samples compared with the ventral samples. Wax-embedded samples
exhibit significantly larger diameter fibrils than resin-embedded samples. Resin-embedded dorsal samples
that were preserved by freezing at -80°C exhibit significantly larger diameter fibrils than samples preserved

by immersion in either aldehyde solution. This difference is not seen in the ventral samples.

Figure 4:26 shows box plots of the variation of fibril diameter in GA-fixed, resin-embedded samples taken
from different anatomical positions within the bovine DDFT. Fibril diameters at each anatomical location
are significantly different to each other, with fibrils in the proximal region being significantly thicker than
fibrils in the distal region. In the proximal portion, fibrils from the ventral region are significantly thicker
than fibrils from the dorsal region. In the distal portion, fibrils from the ventral region are significantly
thinner than fibrils from the dorsal region. Figure 4:27 shows box plots of the variation of fibril diameter in
GA-fixed, resin-embedded samples taken from different anatomical locations within the ovine infraspinatus
tendon. Fibrils from the bursa-side of the tendon are significantly thicker than fibrils from the articular-
side. Figure 4:28 shows box plots depicting variation of fibril diameter for untreated and enzyme-treated
bovine DDFT proximal samples. There is no significant difference between the fibril diameters for the two

sample types.
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Figure 4:25 Box plots representing variation in measurements of fibril diameter in bovine distal samples
prepared using different preservation techniques and embedding media. In samples that have undergone
the same preservation and embedding technique dorsal samples exhibit significantly thicker fibrils than

ventral samples. Wax-embedded samples exhibit significantly thicker fibrils than resin-embedded
samples.
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Figure 4:26 Box plots depicting the variation of fibril diameter in glutaraldehyde (GA) -fixed,
resin-embedded bovine DDFT samples from different anatomical locations. Fibril diameters
are significantly different at each anatomical location.
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Figure 4:27 Box plots depicting the variation in fibril diameter in
glutaraldehyde (GA) -fixed, resin embedded ovine infraspinatus
tendon samples from different anatomical locations. Fibrils are
significantly thicker on the bursa-side than on the articular-side.
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Figure 4:28 Box plots depicting variation in fibril diameter for
formalin-fixed, wax-embedded untreated and enzyme-treated
bovine DDFT proximal samples. Fibril diameter is not significantly
different between the two sample types.
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4.2.3.3 ‘D’ Spacing

Figure 4:29 shows box plots of the variation in measurements of ‘D’ spacing in bovine DDFT distal samples
prepared using various preservation techniques and embedding media. With the exception of GA-fixed,
resin-embedded samples, there are no statistical differences between ‘D’ spacing in the ventral and dorsal
regions within treatment conditions. In the dorsal region, ‘D’ spacing in GA-fixed, resin-embedded samples
is significantly larger than in FA-fixed, resin-embedded samples and frozen, resin-embedded samples. In

’

the ventral region, ‘D’ spacing in GA-fixed resin-embedded samples is significantly larger than in frozen,
resin-embedded samples and in FA-fixed, wax embedded samples. There are no other statistical

differences.

Figure 4:30 shows box plots depicting the variation of ‘D’ spacing in GA-fixed, resin-embedded samples
taken from different anatomical positions within the bovine DDFT. With the exception of proximal ventral
versus proximal dorsal, ‘D’ spacing is significantly different at each anatomical location, with ‘D’ spacing
being significantly larger in the distal samples compared with the proximal samples. Figure 4:31 shows box
plots depicting the variation of ‘D’ spacing in GA-fixed, resin-embedded samples taken from different

‘

anatomical locations within the ovine infraspinatus tendon. ‘D’ spacing is significantly larger on the bursa-
side of the tendon compared with the articular-side. Figure 4:32 shows box plots depicting the variation of

‘D’ spacing between untreated and enzyme-treated bovine DDFT proximal samples. There is no significant

difference between the ‘D’ spacing for the different sample types.
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Figure 4:29 Box plots depicting the variation in measurements of ‘D’ spacing in bovine distal samples
prepared using different preservation techniques and embedding media. With the exception of GA-fixed,
resin-embedded samples, there are no statistical differences between ‘D’ spacing in the ventral region and
the dorsal region within treatment conditions. There are no significant differences in ‘D’ spacing between
frozen, resin-embedded samples, FA-fixed, wax-embedded samples and FA-fixed, resin embedded samples.
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Figure 4:30 Box plots depicting variation in ‘D’ spacing for GA-fixed, resin-
embedded bovine DDFT samples from different anatomical locations. With the
exception of proximal ventral versus proximal dorsal, ‘D’ spacing is significantly
different at each location.
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Figure 4:31 Box plots depicting variation in ‘D’ spacing in GA-fixed,
resin embedded ovine infraspinatus tendon samples from different
anatomical locations. ‘D’ spacing is significantly larger on the bursa-
side than on the articular-side.
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Figure 4:32 Box plots depicting variation in ‘D’ Spacing for untreated
and enzyme-treated bovine DDFT proximal samples. ‘D’ Spacing is
not significantly different between the two sample types.
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4.2.4 Mechanical Characterisation

4.2.4.1 Indentation with AFM

Figure 4:33 shows typical force distance curves obtained for the glass substrate only (calibration curve) and
a glass-mounted tendon sample, annotated to show the various parameters that can be obtained from the
graph. The gradient for the glass-mounted tendon sample is less than the gradient for the glass substrate
alone, giving rise to a cantilever deflection difference at any given applied force. The difference in
deflection at 1 x10® N of indentation force was used to calculate stiffness values, mean values of which are
presented in Table 4:3. Stiffness is lower for proximal dorsal samples than for distal ventral samples, and
decreases after 15 cycles of indentation for both samples. However, the only statistical difference is

between distal ventral cycle 1 and proximal dorsal cycle 15.

+ glass substrate
+  sample

3.0x10° 4

2.5x10°

2.0x10° 4

A

1.5x10° -

Force (N)

1.0x10° 4

5.0x10" 4

0.0 - o, Aboverall v

<+«

L] I . | . 1 L I i I
-4.0x107  -2.0x10” 0.0 2.0x107 4.0x10” 6.0x10”

Distance from neutral position (um)
Figure 4:33 Typical Force-Distance curves of glass and tendon obtained by indentation with an atomic
force microscope. The curve is annotated to illustrate how stiffness was calculated: assuming the system
acts as two compliant springs, the stiffness of the sample is calculated as total force, F,, divided by sample
compression, &s.
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Table 4:3 Values of Stiffness, Sneddon Coefficient and Tensile Modulus for Bovine
Samples, as assessed using AFM-indentation

Distal Ventral Proximal Dorsal

Cycle 1 | Cycle 15 | Cycle 1 | Cycle 15

Stiffness 39.72 34.51 28.16 23.22
(Nm™) +33.04 | +2845 | +2432 | +17.80

0.88 0.91 1.05 1.08

Sneddon Exponent
+0.16 +0.14 +0.13 +0.14

Tensile Modulus 49.7 43.1 35.2 29.0
(MPa) +414 | +355 | +304 | +222

Mean values of the Sneddon exponent for different samples after different numbers of cycles are
presented in Table 4:3. Since the average Sneddon exponent for all samples is approximately 1 for both
sample types, stiffness values were converted to effective Tensile modulus values using the expression for
the relation between indentation force and indentation depth when indentation area is cylindrical

(Equation 4:3) [183, 184].

Feylindrical = 2RE* & Equation 4:1
where R is the characteristic radius of the tip.

Mean values of the effective tensile modulus of different samples after 1 and 15 cycles are presented in
Table 4:3. As for the mean stiffness values, effective tensile modulus is lower for proximal dorsal samples
than for distal ventral samples, and decreases after 15 cycles of indentation for both samples although the
only statistical difference is between distal ventral cycle 1 and proximal dorsal cycle 15. The values of the
tensile modulus are similar to those reported by Yang et al for indented tendon fibrils [80], but are much

lower than other data listed in Table 3:1 (pg 16).

4.2.4.2 Nanoindentation

Figure 4:34 shows characteristic load-unload curves for large indentations (2um) into a glass substrate and
a glass-mounted tendon sample, and small indentations (500nm) into a distal ventral sample and a
proximal dorsal sample. The load and unload curves are not linear and all samples show creep between

load and unload cycles. Furthermore, glass is much stiffer than glass-mounted tendon samples. Up to
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approximately 300nm, the distal ventral and proximal dorsal samples show similar load curves, but after

300nm distal ventral samples appear stiffer than proximal dorsal samples.
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Figure 4:34 Characteristic load-unload curves: A) large indentations (x-scale = 2um) into a glass substrate
and a glass-mounted tendon sample, and B) small indentations (x-scale = 500nm) into distal ventral

sample and proximal dorsal sample.

The load and unload curves are not linear. All samples show

significant creep between load and unload curves. For the large indentations, glass is much stiffer than

glass-mounted tendon samples.

For the 500nm indents, below 300nm the distal ventral and proximal

dorsal samples show similar load curves. However, after 300nm distal ventral samples appear stiffer than

proximal dorsal samples
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Figure 4:35 and Figure 4:36 show line plots of the variation in hardness and modulus respectively with
displacement into the surface for large indentations into the glass substrate only and glass-mounted
tendon samples together with an apparently anomalous curve for a large indentation into a tendon sample,
in which the sample appears to rapidly approach the behaviour of the glass. For the glass substrate both
hardness and modulus decrease slightly over the course of the experiment. Conversely, for the glass-
mounted tendon samples, hardness and modulus both increase over the course of the experiment,
gradually approaching the curves for the glass substrate. This occurs far more rapidly for the anomalous
curve than for the average curve, possibly indicating that at this location the sample is less thick. To
exclude such anomalous results, hardness-displacement curves that appeared to rapidly approach the
behaviour of glass (i.e. curves that appeared similar to the anomalous curve in Figure 4:35 and Figure 4:36)

were removed from further analyses. Approximately 10% of the curves were deemed to be anomalous.

Figure 4:37 and Figure 4:38 present line plots depicting the variation of hardness and modulus respectively
with displacement into the surface for small (500nm) indentations into distal ventral and proximal dorsal
samples. Below 50nm, hardness decreases rapidly, becoming approximately constant from approximately
100nm indentation depth. Conversely, modulus is approximately constant between 100nm and 200nm but
increases over the course of the experiment. There is no difference between the hardness and modulus of

the two samples over the course of the experiment.

(65]



Chapter 4 Material Adaptations in Response to Loading

—=— Tendon
—e— Glass
+— Anomolous Tendon

10 _: Al HHHHH—H&.—-.—H—’_.
—_— 17 H—.__h._—f—q
© 4
(=
E 4
= 4
u’ -
3]
[ =
e
© 1 -] e
I ] __F.——__‘._'____-l—"
0.1 "
1 ' I ' 1 ' I ' 1
0 500 1000 1500 2000

Displacement Into Surface (nm)

Figure 4:35 Line graphs of variation of Hardness with Displacement into surface for large indentations into
tendon and glass, shown together with an anomalous curve for a large indentation into tendon. Hardness
is shown on a log-scale. For the large tendon indentation, hardness increases steadily throughout the
course of the indent. For the anomalous tendon indentation result, hardness rapidly approaches the
hardness curve for glass.
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Figure 4:36 Line graphs of variation of Modulus with Displacement into surface for large indentations into
tendon and glass, shown together with an anomalous curve for a large indentation into tendon. Modulus
is shown on a log-scale. For the large tendon indentation, modulus increases steadily throughout the
course of the indent, almost reaching the modulus curve for glass over the course of the experiment. For
the anomalous tendon indentation result, modulus rapidly approaches the hardness curve for glass.
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Figure 4:37 Line plots demonstrating variation of hardness with displacement into surface
for distal ventral and proximal dorsal samples. There is no difference within error bars
between the hardness of the two samples. Below 50nm, hardness decreases rapidly with
indentation depth, before increasing gradually with increasing indentation depth through
the remaining displacement.
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Figure 4:38 Line plots demonstrating variation of modulus with displacement into surface
for distal ventral and proximal dorsal samples. Error bars are large for both samples, and
overlap indicating that there is no difference between the modulus of the two samples over

the displacement depth. Modulus increases throughout the course of the indentation, and
appears to increase to a greater extent for the distal ventral samples
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Table 4:4 presents the mean hardness and moduli for distal ventral and proximal dorsal samples averaged
between 100-300nm and mean creep length at the hold point between load and unload. Mean hardness,
modulus and creep length of glass samples over the same region are included for comparison. Distal
ventral samples are significantly stiffer (p = 0.016) than proximal dorsal samples but are not significantly
harder (p = 0.215). There is no statistical difference between the amount of creep exhibited by distal
ventral samples and proximal dorsal samples between load and unload (p = 0.121). Values of hardness and
modulus of the tendon samples are an order of magnitude smaller than the values for glass, but are two
orders of magnitude greater than the stiffness values presented for AFM indentation (Section 4.2.4.1 and
Table 4:3 above), and the reported stiffness of the collagen molecule [68]. Surprisingly, the amount of
creep exhibited by the glass sample between load and unload is significantly larger than that exhibited by
distal ventral samples (p = 3.218x10™) and proximal dorsal samples (p = 0.006). This is probably due to

creep of the mounting material (paraffin wax) as glass is not expected to exhibit viscoelastic behaviour.

Table 4:4 Tensile modulus and Hardness of different samples over a defined range

Hardness averaged over . Creep between load
. . Tensile modulus averaged over
defined Loading Range . . and unload
defined Loading Range (GPa)
(GPa) (nm)
Distal Ventral 0.29 6.52 27.64
+0.10 +2.14 +5.94
. 0.26 5.38 30.02
Proximal Dorsal
+0.09 +1.79 +3.08
9.31 86.58 37.73
Glass
+0.39 +2.76 +1.77

4.2.5 Correlations

Figure 4:39 presents scatter plots showing the correlations between different characteristics measured for
the healthy animal tendons. There are significant negative correlations between fibril diameter and ‘D’
spacing, and red to orange ratio and ‘D’ spacing. There are significant positive correlations between red to
orange ratio and fibril diameter, crimp length versus red to orange ratio, and crimp length versus fibril
diameter. Pearson’s correlation coefficient is less than 0.6 for all correlations, which is in agreement with
the large degree of scatter in the data as seen on the graphs. The largest correlation coefficient and the

most significant correlation is between red to orange ratio and fibril diameter (r = 0.521, p = 3.82 x 10”).
[68]
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Figure 4:39 Scatter plots showing correlations between different properties measured.
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There are

significant (p<0.05) trends between: fibril diameter - ‘D’ spacing (C), red to orange ratio - ‘D’ spacing (E),
red to orange ratio - fibril diameter (F), crimp length - red to orange ratio (G), and crimp length - fibril
diameter (J). The strongest, most significant correlation is between red to orange ration - fibril diameter.
Pearson’s correlation coefficient is less than 0.6 for all correlations.
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4.3 DISCUSSION
4.3.1 Suitability of Techniques

4.3.1.1 Alcian Blue

Alcian blue is a copper-based dye that, when ionised, possesses up to four cationic groups depending on
the strength of the acid. This cationic dye is electrostatically attracted to the fixed negative charge of the
ground substance [201], staining the ground substance blue. Nuclear-fast red is a counter-stain that dyes
nuclei deep red, and the surrounding connective tissue pale pink. Analysis of alcian blue-nuclear fast red-

stained samples therefore gives some insight into the ratio of collagen to ground substance.

It is interesting to note that all of the pink to blue (collagen to ground substance) ratios are less than one
(Figure 4:4 pg. 36, and Figure 4:5 pg. 37), indicating greater ground substance content than collagen
content in all the samples, even the proximal (tensile) ones. Whilst this may be believable for the bovine
DDFT distal ventral samples, in which there is expected to be a large amount of fibrocartilage [159], the
typical values of PG, GAG and collagen content given by other studies suggest that this result is very
improbable for the proximal samples: PG content typically makes up less than 10% of the dry weight of
tendon exposed to tensile loads only, and the majority of this is the small SLRP, decorin, which is found

attached to the fibrils [116, 164, 166, 202].

This discrepancy is probably caused by the alcian blue dye’s large cationic charge. This makes it a very
‘sticky’, non-specific dye that is attracted to any chemical species within tissue that carry a negative charge.
Thus while this staining technique is very simple to perform, it is unlikely to provide accurate and precise
data regarding infer-fibre and inter-fascicle ground substance content, even with the use of sophisticated
image analysis techniques. To facilitate specificity of staining for such a compound, highly controlled
staining conditions are required. Alternatively, the results could be improved by the use of more selective

histological dyes, such as Thionin and Safranin O [203], or even immunohistochemistry.

4.3.1.2 Raman Spectroscopy

As Meade et al note, ‘vibrational spectroscopy (Raman and FTIR microspectroscopy) is an attractive
modality for the analysis of biological samples since it provides a complete noninvasive acquisition of the

biochemical fingerprint of the sample.” [204] The technique offers high spatial resolution and the ability to
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probe both the molecular structure and molecular environment of different samples once the exact
designations of the different peaks within the spectra are known. It has therefore become a widely
accepted method for the characterisation of biomolecules [205]. Previous studies have applied vibrational
spectroscopy to diseased tissues and demonstrated that significant differences compared with healthy
tissue [189, 206-208], suggesting that this may be a sensitive technique for analysis of biochemical changes
within degenerative tendon samples. However, detailed analysis of such spectra has in the past proved
difficult, owing to the overlapping spectral contributions of different biomolecules contained in these

tissues, such as lipids, carbohydrates and proteins [190, 192, 204].

In the current study, efforts have been made to identify peaks associated with inter-fibril and inter-fibre
GAGs, the profiles of which are known to change as a result of disease. Raman spectra of as received and
chondroitinase ABC-treated bovine tendon samples (Section 4.2.1.3) were compared with the spectrum for
chondroitin sulphate A. The results identify one such peak, and suggest that Raman spectroscopy may
therefore prove to be a sensitive technique for analysis of ground substance content at the fibril and fibre
levels in tendon samples. Further work should now explore the application of such techniques to these

samples in order establish the accuracy of the results presented here.

4.3.1.3 Picrosirius red

Picrosirius red is an anionic dye that enhances collagen’s birefringence by attaching to, and aligning along,
the long axis of the collagen molecule [174, 193, 194]. Variations in the wavelength of the light viewed
through the analyser are strongly correlated with differences in collagen fibre thicknesses, with smaller
fibres resulting in light with a shorter wavelength being seen through the analyser [199, 200]. The exact
mechanism by which this contrast occurs is not fully understood, but is thought to be related to the
number of dye molecules capable of attaching to different diameter fibres [198, 199]. Regardless of the
exact contrast mechanism, fibres which appear red are likely to be thicker in diameter than those which
appear orange, those which appear orange are likely to be thicker in diameter than those which appear

yellow, and so on.

This histological stain is easy to use and produces beautiful images when viewed through cross-polars (see

Figure 4:7 pg. 40, and Figure 4:11 pg. 44), with the additional benefit that the use of polarised light makes
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crimp patterns easy to identify (see Figure 4:9 pg. 42). Figure 4:11 clearly demonstrates how well this stain
distinguishes between tendon fibres and muscle filaments, a fact that may be useful in the topographical
analysis of cadaveric tendons (see Chapter 6). When used in conjunction with digital image analysis
techniques, it also provides a method for determining the ratio of fibre thicknesses, although it should be
noted that there is a large amount of scatter in the data from the analysis of histograms images. This is
partly due to the qualitative nature of histological analysis but is also limited by the fact that the samples
were only imaged in one orientation (plane polarised light). This causes the birefringence of fibres aligned
in other directions to be extinguished. The precision of these results would therefore be improved by the
use of circularly polarising light. Regardless of these limitations, this technique provides a relatively simple

method for characterisation of the microstructural features in tendon samples.

4.3.1.4 Non-contact Mode Atomic Force Microscopy

In Atomic Force Microscopy (AFM) a microscale cantilever with a sharp tip (<50nm radius of curvature) is
scanned across a surface and cantilever tip deflection is measured. This gives insight into the interaction
between the tip and the surface and allows detailed topographical images of the surface to be created. In
non-contact mode, the cantilever is oscillated above its resonant frequency as it is scanned across the
surface and changes in the cantilever’s oscillatory behaviour are monitored as well as tip deflection. In this
manner, variations in the interaction between the tip and the surface (indicative of compositional variation)
and topographical information are collected concurrently. This powerful technique provides a method of
non-destructive 3D surface imaging technique on the ultrastructural scale (see Figure 4:24 pg. 55). It also
offers considerable advantages compared with more traditional ultrastructural characterisation techniques
such as transmission electron microscopy (TEM) [155, 209-212], as there is no requirement to use electron-
dense dyes for contrast-enhancement. AFM is also non-destructive and can be performed on bulk samples.
Thus this technique can reveal nanoscale topographical information about fragile biomaterials and

biomolecules without the need for complex sample preparation [213].

AFM has already been applied to the measurement of the ‘D’ spacing and diameter of individual collagen
fibrils extracted from various tissues and deposited on surfaces [214-216], and in histological sections of
demineralised, paraffin-embedded bone and dentin [217, 218]. Raspanti et al have also applied this

technique to the study of proteoglycans and glycosaminoglycans and their interaction with collagen fibrils,
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managing to image these complexes as a ‘thin, transverse ridge [that] decorates the gap zone’ and as other
filaments running across and parallel to the fibrils [94]. These results indicate that AFM may be appropriate
for characterisation of the structural adaptations in bulk tendon samples. However, for the technique to be
applied to surgically-obtained human samples, it must be compatible with the preservation techniques
employed by surgeons and histopathologists. To this end, samples preserved and embedded in a range of

ways were characterised using AFM (see Figure 4:21 pg. 52).

The choice of tissue preservation technique is an important consideration in tissue ultrastructure studies
[168]: while freezing halts temperature-dependent cell autolysis, in the absence of a cryopreservation
medium ice crystals can damage the tissue, altering its structure and mechanical properties [175, 179, 219,
220]. Conversely, fixation techniques that crosslink the tissue (for example aldehyde fixation) preserve the
structural and chemical integrity of the proteins [175] but may modify the mechanical properties, introduce

fixation artefacts and cause specimen shrinkage [177, 221-223].

Aldehydes are a popular chemical fixative, with 10% formalin (FA) and 4% glutaraldehyde (GA) being the
most commonly used [221]. Both methods cause minimal shrinkage and do not change the secondary
structure of the proteins present [224, 225], although they may alter the density of the fibrils that make up
their tertiary structure [222]. Despite being a standard fixative for histological investigations, FA is
generally considered unsuitable for ultrastructure studies, reportedly yielding inferior results to GA [168,

169, 175, 176, 219, 225-227]. However this is disputed [228].

The results presented here (see Figure 4:21 pg. 52, Figure 4:25 pg. 57, and Figure 4:29 pg. 60) indicate that
none of the preservation or embedding techniques tested affect the ultrastructure of tendon to such an
extent as to eliminate detectable differences between samples from different locations: for example,
samples from the ventral (compressive) portion of the DDFT exhibit significantly thinner fibrils than those in
the dorsal (tensile) region, regardless of preservation and embedding technique (see Figure 4:25 pg. 57).
However, differences between the results for different processing techniques emphasise the importance of
consistency in the choice of preservation and embedding technique; resin-embedded samples exhibit
significantly thinner fibrils than wax-embedded samples, while aldehyde-fixed samples exhibit thinner fibril

diameters in the dorsal region of the tendon compared with the frozen samples (see Figure 4:25. 57).
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These differences are probably caused by differences in extent of embedding media shrinkage, differences
in the degree of dehydration during embedding, and the introduction of additional crosslinks during

fixation in aldehyde.

4.3.1.5 Contact Mode Atomic Force Microscopy and Instrumented Indentation

Mechanical characterisation of small biological samples is notoriously complicated because small sample
dimensions and unfavourable aspect ratios make traditional mechanical testing impossible due to
difficulties associated with sample clamping. These difficulties have led researchers to develop different
techniques for the characterisation of the mechanical properties of small samples. For example, dynamic
shear analysis has been used to reveal information about the storage and loss moduli of tendons, granting
insight into their elastic and viscous behaviour [229]. In recent years, indentation testing of such materials
using atomic force microscopy (AFM) and instrumented indentation techniques has become increasingly
popular. This allows the mechanical properties to be mapped across samples, granting insight into

topographical variation in properties at different length scales [162, 230].

In AFM-indentation, the cantilever free-end is driven into the sample surface by the movement of the
cantilever base, the movement of which is controlled by a piezoelectric crystal. The measured cantilever
deflection is then converted to an equivalent force of indentation based on probe stiffness and dimensions.
Concurrently, indentation depth is calculated as the difference between the cantilever base displacement
and the cantilever free-end deflection allowing a force-distance curve for the indentation to be produced

(see Figure 4:40 pg. 76).

Use of AFM-indentation is increasingly popular for the mechanical characterisation of compliant
viscoelastic materials, such as polymers [183, 231-234] and has also been applied to characterisation of
biological materials like cartilage, a so-called ‘soft’ biological material [235-238]. However, it has only
relatively recently been applied to the study of extremely compliant biological materials, such as
collagenous materials. Further complications arising from viscoelasticity and structural hierarchy, have
restricted such studies to characterisation of individual collagen fibrils extracted from tissues and then

either a) deposited onto surfaces and tested in bending, or else b) attached at one end to a surface and at
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the other end to the AFM probe to be tested in tension [79, 239, 240]. The results of such studies were

discussed above (Chapter 3, Section 3.3.1).
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Figure 4:40 lllustration of limitations imposed by inappropriate stiffness of AFM cantilever: A) neutral
position when tip is at surface of samples, B) when the lever is much stiffer than the sample, the sample is
indented but there is no deflection of the cantilever, and C) when the lever is much less stiff than the
sample, the cantilever is strongly deflected but there is no indentation of the sample. Original artwork.

Data produced by AFM-indentation studies must be considered cautiously. As Ebenstein notes
‘characterisation of tissue-level properties using an AFM is challenging due to the very small displacements
and load ranges of the probes, and the use of the cantilever to apply load...” [241]. Interpretation of the
results must therefore be considered in conjunction with the relative stiffness of the probe: if the probe is
much stiffer than the surface, very little probe deflection will occur (Figure 4:40B), while if the probe is
much less stiff than the surface, very little surface indentation will occur (Figure 4:40C) and adhesion
effects will become dominant [233, 241]. This can have important implications for the apparent stiffness of
the surface; apparent stiffness varies wildly with probe stiffness and there is no way of identifying the

‘correct’ result without further mechanical characterisation [242].

To side-step these issues, researchers have recently begun to apply instrumented indentation techniques
(nanoindentation) to bulk histological samples [243]. In this technique, perfectly normal loads are applied
to the sample by indentation with a tip that is much stiffer than the sample itself. The design of the system
is such that rather than measuring the deflection of a cantilever in order to infer force, a spring-mounted
indenter column on which is mounted a sharp tip is driven into the surface at a constant velocity, and the

change in displacement and load measured using signal transducers are recorded. Load-unload data is then
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converted to elastic modulus and hardness (mean supported contact stress), typically via an elastic-plastic

half-space algorithm based on that detailed by Oliver and Pharr [185].

Nanoindentation has been successfully employed to characterise the micromechanical properties of ‘hard’
biological materials such as bone and tooth [230, 244]. However, while it is also being increasingly used for
mechanical characterisation of more compliant materials such as cartilage and polymeric materials [234,
237, 245], interpretation of the results is not straightforward. A particular complication is that the Oliver
and Pharr method for calculation of indentation contact area during indentation loading for bulk samples
[185, 246] - so commonplace that it is often directly incorporated into the instrumentation software - is
invalid for viscoelastic materials because these materials do not adhere to the assumption of an elastic-
plastic half space. Adhesion between the sample and the tip, common for biological materials further

invalidates the assumptions of this model.

To our knowledge, the work presented here is the first reported attempt to probe the micromechanical
properties of sections of bulk tendon samples using nanoindentation techniques. Comparison of the
results for AFM indentation (Section 4.2.4.1) and nanoindentation (Section 4.2.4.2) highlights the
complicated nature of such mechanical characterisation studies discussed above. Specifically, although
both sets of results suggest that distal ventral samples are stiffer than proximal dorsal samples (see Table
4:3 pg. 63 and Table 4:4 pg. 68), the Tensile modulus values calculated using the different techniques differ
by two orders of magnitude; the AFM indentation results lie between 35-50MPa while the nanoindentation
results lie between 5.3-6.5GPa. Thus the AFM indentation results are similar to the values of Tensile
modulus for indentation of individual fibrils from bovine Achilles tendon reported by Yang et al [80], and for
indentation of bulk samples of ferret aorta and vena cava by Akhtar et al [243], while the nanoindentation
results are similar to those for indentation of fibrils from rat tail tendon reported by Wenger et al [82], and

for the collagen molecule calculated by Sasaki et al [68].

With such disparity between the results produced by the different techniques it is unclear which values
more accurately represent the ‘real’ values. For both methods, the effective modulus values produced are
expected to be much higher than values that would have been produced by identical tests on fresh,

hydrated tissue because the samples tested here were fixed (crosslinked) in 10% formalin and tested in a
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dry state. However, since identical samples were used for both AFM indentation and nanoindentation this
limitation is unable to account for the considerable discrepancy between the results of the two

characterisation techniques.

A more probable explanation is that the discrepancies arise due to the methodology limitations discussed
above. For example, for the AFM-indentation results comparison of the calculated stiffness values (Table
4:3) with the stiffness values for the cantilevers (indicated in the manufacturer’s specifications, Section
4.1.4.4) reveals that the cantilevers are less stiff than the samples. The assumption that deflection of the
cantilever upon indentation of the sample is due to compression of the sample alone is therefore invalid.
Additionally, the shape of the area of contact of the tip and the sample was only estimated, using the
Sneddon approximation for the deformation of a sample around an indenting tip (see Section 4.1.4.4
above). Thus the numerical values of sample deformation are likely to be greatly overestimated, meaning
that the calculated values of sample stiffness (and modulus) as assessed using AFM-indentation are likely to

be considerable underestimates of the actual values.

Conversely, the nanoindentation results are probably overestimated. Both the AFM-indentation and
nanoindentation results indicate that the samples are behaving viscoelastically during indentation; while
the cyclic AFM-indentation demonstrate a degree of softening over the course of 15 indentation cycles
(Table 4:3 pg. 63), the nanoindentation results reveal considerable creep between the loading and
unloading cycles, causing a ‘nose’ [247] in the load-unload curves, even at relatively small indentation
depths (Figure 4:34 pg. 64). Thus, as discussed above, the use of Oliver and Pharr’s method for conversion
of load-unload curves to modulus and hardness values is invalid for these samples. The use of this method
is further invalidated by the glass-mounted nature of the samples: Oliver and Pharr’s method is not
appropriate for thin layers of material mounted on stiffer substrates [248, 249]. Furthermore, the results
are likely to be heavily influenced by ‘pile-up’ of the deformed sample around the tip [250], leading to

significant under-estimations of the contact area between the tip and the sample.

Due to these limitations associated with the two techniques, meaningful interpretation of these results in
not possible in the absence of further exploratory work. Further studies should now explore the effect of

stiffer AFM cantilevers on the tensile modulus values produced by this technique. Additionally, a method
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for determination of indentation contact area with applied force that is more appropriate for glass-
mounted viscoelastic samples should be applied to the nanoindentation technique [243, 249]. Improved
methods for determining the depths at which sample deformation is uninfluenced by the underlying
substrate, such as differentiation of the load-unload curves, should also be explored [251]. Finally, the
use of more different tip geometries and fresh, hydrated samples should be explored before these

techniques are applied to human samples.

4.3.2 Adaptations with Loading Environment

4.3.2.1 Bovine Deep Digital Flexor Tendon

The alcian blue images and analyses (Figure 4:3 pg. 35, Figure 4:4 pg. 36, and Figure 4:5 pg. 37)
demonstrate significant compositional adaptations with loading environment. There is a significantly
higher proportion of ground substance (smaller red to blue ratio) in the distal ventral samples than in the
other bovine samples (Figure 4:4 pg. 36). Examination of the representative image of the alcian blue-
stained distal ventral sample (Figure 4:3C pg. 35) also suggests the presence of fibrocartilage in these
samples, as the collagen material is much less aligned than in the other samples [159, 160]. Furthermore,
there is a higher proportion of ground substance (smaller red to blue ratio) in the distal sections compared
with the proximal sections and in the ventral samples compared with the dorsal samples in each location.
These results indicate that ground substance content is increased in response to compressive and shear

loads, and are in agreement with previous studies [86, 154-158].

The results of the micro- and ultrastructural characterisation indicate that the DDFT also exhibits significant
structural adaptation with different loading environment (Sections 4.2.2 and 4.2.3). In agreement with
other work [38, 163, 252], the bovine DDFT exhibits significantly thinner fibrils (Figure 4:26 pg. 57) and a
significantly higher proportion of thinner fibres (Figure 4:14 pg. 47) in the distal (compressive) section
compared with the proximal (tensile) section. The distal sections also exhibit significantly shorter crimp
length (Figure 4:18 pg. 49) and significantly longer ‘D’ spacing (Figure 4:30 pg. 60) compared with the
proximal sections. Additionally, the results of this study reveal significant structural adaptations in the
dorso-ventral plane: in the proximal region, ventral samples exhibit a lower proportion of thinner fibres,
longer crimp length and thicker fibrils compared with dorsal samples, while for samples from the distal

region ventral samples exhibit a higher proportion of thinner fibres, shorter crimp length and thinner fibrils
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compared with the dorsal section (Figure 4:14 pg. 47, Figure 4:18 pg. 49, and Figure 4:26 pg. 57) . Thus the
results for the DDFT support the hypotheses that there are significant structural and compositional
adaptations in wrap-around tendons subjected to different loading environments and that these

adaptations vary with distance from the bony contact.

4.3.2.2 OQvine Infraspinatus Tendon

The alcian blue images and analyses for the ovine infraspinatus tendon (Figure 4:3 pg. 35 and Figure 4:5 pg.
37 above) do not demonstrate significant compositional adaptations with loading environment; no
significant differences were detected between the bursa-side and articular-side ovine samples, and there
was no evidence of fibrocartilaginous material. This may be because the loading environment in the
infraspinatus tendon is not extreme enough to produce compositional adaptations such as those seen for

the bovine DDFT.

It is also possible that the loading environment of the rotator cuff tendons results an adaptation not
detected by this study. Studies of the human supraspinatus tendon, which has a similar anatomy to the
ovine infraspinatus tendon, have revealed that the main adaptation of this tendon is an increase in ground
substance content between the individual fascicles, which are arranged in a lamellar structure in this
tendon (Chapter 5, Section 5.3.2) [153, 253, 254]. A similar feature has also been shown to exist in the
distal section of foot flexor tendons and is thought to be an adaptation to differential strain distribution
experienced by the outer sections of the tendons [159]. Assuming this adaptation is present in the ovine
infraspinatus tendon, it would be necessary to examine cross-sections transverse to the loading direction to

witness this adaptation.

While the compositional results for the ovine infraspinatus do not support the hypotheses that there are
significant adaptations in wrap-around tendons subjected to different loading environments, the results of
the structural adaptations do. Similar to the distal section of the DDFT, ovine infraspinatus exhibits shorter
crimp length (Figure 4:19 pg. 50) and thinner fibrils (Figure 4:27 pg. 58) on the articular-side (compressive)

compared with the bursa-side (tensile).

(80]



Chapter 4 Material Adaptations in Response to Loading

Comparing the compositional and structural adaptations presented here, the results suggest that micro-
and ultrastructural characterisation may be a more sensitive method of determining adaptations of tendon

to different loading conditions than compositional analysis techniques.

4.3.3 Inter-dependence of structural and compositional adaptations

In order to examine the dynamic relationship between these properties, the strength and significance of
correlations between the different structural and compositional adaptations of individual samples (see
Figure 4:39 pg. 69) were compared. These results reveal significant positive correlations between i) fibril
diameter and red to orange ratio, ii) crimp length and red to orange ratio, and iii) crimp length and fibril
diameter, possibly indicating that these features are inter-related. However, there are no significant
correlations between the structural and compositional adaptations, again suggesting that ground substance
content does not have a significant influence on the dimensions of the collagen architecture. This result is
surprising given the wealth of studies that have indicated that ground substance, particularly

proteoglycans, play a strong role in determining the ultrastructural dimensions of tendon.

This discrepancy between previous studies which indicated the importance of small proteoglycans in
determining the dimensions of the collagen architecture and the results of the current study probably
arises due to the nature of the alcian blue stain. Alcian blue is a non-specific cationic stain (Section 4.3.1.1)
that that is unable to distinguish between large and small proteoglycans, the alcian blue results presented
here are therefore likely to be dominated by the massive increase in large proteoglycans situated between
the collagen fibre and fibrils in compressive tendon, and are thus unlikely to reveal any insightful
information regarding the changing concentrations of small proteoglycans located intra- and inter-
fibrillarly. To gain any useful information regarding changes in the intra- and inter-fibrillar concentrations
of SLRPs in response to the changing loading environment it would be necessary to use a different

technique, such as the Raman spectroscopy.

Chondroitinase ABC is an enzyme that degrades chondroitin sulphate A (a.k.a. chondroitin-4-sulphate),
chondroitin sulphate B (a.k.a. dermatan sulfate), and chondroitin sulphate C (a.k.a. chondroitin-6-sulphate)
[255, 256]. Chondroitinase ABC-treated tendon is therefore be expected to exhibit decreased amounts of

all three of these glycosaminoglycans, which can be found between the fibrils, fibres and fascicles of the
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tendon. Previous studies have shown that chondroitinase ABC treatment reduces the amount of inter-fibre
and inter-fascicle GAG [73]. In the present study, Raman spectroscopy combined with a confocal
microscope has been used to assess whether chondroitinase ABC-treatment also decreases the amount of
inter-fibrillar GAG. To do this, the Raman spectra from untreated and chondroitinase ABC-treated bovine

DDFT proximal samples were compared with the Raman spectrum from chondroitin sulphate A (Figure 4:6

pg. 38).

Comparison of the spectra reveals that chondroitinase ABC-treatment produces a significant decrease in
the intensity of the Raman peak at 1165cm™ (Figure 4:6 pg. 38). Since a peak centred at this wavenumber
is seen in the Raman spectra from chondroitin sulphate A, B and C, it is unclear which of these GAGs is
represented by the decreasing intensity of this peak in the chondroitinase ABC-treated bovine samples.
However, examination of the shape of this peak may offer some insight; while the Raman peak centred at
1165cm™ is seen as a broad shoulder in the chondroitin sulphate A spectrum (Figure 4:6 pg. 38) and
chondroitin sulphate C [231], it presents as a much sharper peak in chondroitin sulphate B. The sharpness
of the Raman peak centred at 1165cm™ in the Raman spectra from bovine proximal samples therefore
suggests that its presence in these samples is associated with chondroitin sulphate B. Thus the results
suggest that chondroitinase ABC-treatment of bovine tendon depletes the inter-fibrillar chondroitin sulfate
B (a.k.a. decorin sulphate) content of this tendon. The results also indicate that Raman spectroscopy is an

appropriate technique for characterisation of inter-fibrillar ground substance content.

As-received and GAG-depleted samples were also characterised structurally in order to assess the
sensitivity and reproducibility of the structural analysis techniques used in the present study (Figure 4:6 pg.
38, Figure 4:17 pg. 48, Figure 4:20 pg. 50, Figure 4:28 pg. 58, and Figure 4:32 pg. 61). GAG-depletion does
not affect the proportion of thinner fibres (Figure 4:17 pg. 48), the fibril diameter (Figure 4:28 pg. 58) or the
‘D’ spacing (Figure 4:32 pg. 61) in the samples compared with untreated samples. This is unsurprising;
while previous studies have indicated that GAG-content and fibre / fibril dimensions are inter-related, it is
thought to take the form of GAGs influencing the arrangement of the fibrils and / or fibres during
fibrillogenesis and maturation, a characteristic not investigated here. Surprisingly, the results here do
demonstrate that GAG-depletion by chondroitinase ABC treatment results in a significantly longer crimp

length compared with untreated samples (Figure 4:20 pg. 50). This suggests that, in addition to playing a
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role in compressive properties of tendon, inter-fibre ground substance influences the crimp length (and

thus built in safety factor, see Section 3.3.1 above) of tendon samples.

4.4 SUMMARY AND FURTHER WORK

The work in this chapter has investigated the material adaptations of tendon in response to different
loading environments using a range of different techniques. The results reveal that while some of the
techniques used are highly suited to characterisation of the material properties of tendon, others are of
limited usefulness. In particular, alcian blue staining for characterisation of the ground substance content
of tendon is not specific enough to provide meaningful information regarding compositional adaptations,
although the presence of such adaptations could provide valuable insight into the loading environment of
the tissue. Furthermore, a great deal of additional work is required in order to establish appropriate
methodologies and data analysis algorithms before AFM-indentation and nanoindentation can be reliably

used to characterise the micro-mechanical properties of tendon.

AFM is highly appropriate, however, as a technique for characterisation of the ultrastructural adaptations
of tendon, being able to extract reproducible information regarding fibril diameters and ‘D’ spacing from
samples preserved and embedded in a variety of manners, including those typically used by surgeons and
pathologists (formalin-fixation, wax-embedding). Additionally, the picrosirius red histological stain provides
a useful methodology for characterisation of the microstructural features of tendon, granting insight into
the ratio of different thickness fibres and crimp length, whilst providing a method for distinguishing tendon
fibres and muscle filaments. The results also indicate that Raman spectroscopy may provide a method for
examining changes in the inter-fibrillar concentrations and profiles of ground substance, although the

analyses required are not straightforward.

Using these techniques, it is possible to demonstrate that there are significant structural adaptations in the
two different wrap-around tendons investigated. The results provide evidence to support the hypotheses
that there are significant structural and compositional adaptations in wrap-around tendons subjected to
different loading environments, and that in regions of compression the material adaptations of tendon vary
with distance from the bony contact. Specifically, it appears that regions of tendons exposed to

compression and/or shear exhibit a higher proportion of thinner fibres, shorter crimp lengths, and thinner
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fibrils compared with regions of tendon exposed to tension. However, the results have provided no strong

evidence to support or disprove the hypothesis that the material adaptations of tendon are inter-related.
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Chapter Five

Background Literature: The Rotator Cuff

5.1 FUNCTION AND ANATOMY

The shoulder consists of three bones and more than twenty muscles, and is by far the most mobile joint in
the body [257]. Consequently it is an ‘indeterminate mechanical system... [in which the] number of
unknown forces far exceeds the number of force and moment equilibrium equations available for the three
shoulder bones’ [258]. The rotator cuff is one of two dynamic stabilisers within this joint [48, 259],
providing ‘an integral force in elevation of the arm... in all phases of elevation’ [45] and acting as a fulcrum

[260].

The cuff is composed of four musculotendinous units, the subscapularis, supraspinatus, infraspinatus and
the teres minor, all of which insert on the humeral head (Figure 5:1). Approximately 1.5cm from their
enthesis point, the tendons interdigitate [259], and are thus considered to form a continuous ‘cuff’ which
covers all sides of the joint ‘except the lower quadrant’ (Figure 5:1-F) [261]. Owing to the mobility of the
shoulder joint, the cuff tendons are ‘subject to non- uniform loading during normal shoulder activity’ [253].
Additionally, while the cuff tendons function as a unit rather than individually, the individual muscles do
exhibit different force-generating capacities: 53% of the cuff moment is provided by the subscapularis
muscle, compared with 20% by the infraspinatus, 14% by the supraspinatus and 10% by the teres minor

[262]. Thus the rotator cuff experiences a complicated mechanical environment.
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Figure 5:1 Anatomy of the Rotator Cuff of the right shoulder as viewed from the front (5:1-
A, 5:1-B), back (5.1-C, 5:1-D), side (5:1-E, 5:1-F) and top (5:1-G, 5:1-H). In images 5:1-A,
5.1-C, 5:1-E, and 5:1-G only the bones and ligaments are visible. In images 5:1-B, 5:1-D,
5:1-F and 5:1-H, the rotator cuff musculotendinous units have been included. Original
artwork based on a 3D model of the rotator cuff (3B Scientific® Products, Hamberg)
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5.2 ROTATOR CUFF TEARS

5.2.1 Prevalence and Impact

Considering the complicated nature of the shoulder joint, and the importance of the rotator cuff, it is
perhaps unsurprising that the shoulder represents the third most common musculoskeletal complaint
[263], with disorders of the rotator cuff representing up to 75% of all shoulder morbidity [19, 264].
Inflammation and swelling of the cuff tendons (a.k.a. tendinitis) associated with overuse is common.
Disorders relating to impingement, chronic degeneration (a.k.a. tendinosis) and tears of the cuff tendons
are also widespread; while impingement is reported to be the ‘most frequent cause of shoulder pain in the
general population’ [265], incidence of rotator cuff tears is also reportedly in excess of 20% in the general
population [20-23]. This is thought to be higher in older sub-populations [24, 25], and participants in

manual labour, particularly those who work at, or above, shoulder height [26].

In many cases rotator cuff tears are asymptomatic. Tempelhof et al [23] and Schibany et al [266]
investigated the existence of asymptomatic tears and found tears in 23% (all tears) and 90% (full-thickness
tears) of patients respectively. Consequently, clinical tests which assess strength and function are often
more sensitive than those which assess pain [267]. This is because cuff tears lead to retraction and
underuse of the muscle [268], which over time, results in atrophy, degeneration, and fatty degeneration of

the muscle [269-272], and a subsequent reduction in the contraction force of the muscle [25, 35, 273].

To compensate for the lost moment arms associated with rotator cuff muscle deficiency [35], the joint and
muscle forces in the remaining intact tissues must increase [273, 274]. This gives rise to joint instability and
differences in muscle activation patterns, altering the dynamics of the joint. For many patients, these
modifications ultimately result in pain, weakness and disability [275-279], and have ‘a profound effect on a
person’s activity level’: patients with a tear can perform significantly fewer activities than those without.
‘Specific problems listed as reasons for surgery include inability to hang washing, drive a car, comb hair, or

shake hands.’ [276]
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5.2.2 Tear Patterns and Aetiology

The supraspinatus tendon is the most commonly torn cuff tendon [34, 280-282]. Tears of this tendon
predominantly initiate as partial tears on the articular (aka articular-side) surface [280], although initiation
on the bursal surface, or within the tendon mid-substance has also been reported. Once formed, tears are
thought to progress from partial to full thickness tears and then increase in size, generally growing in the
lateral direction. Commonly, tears are classified as small if their largest diameter is less than 1cm, medium
if it is between 1cm and 3cm, large if it is between 3cm and 5cm, and massive if the largest diameter is
greater than 5cm [283]. There is evidence that rate of size increase accelerates as tear size increases [281],
while the incidence of concurrent tears in the supraspinatus and infraspinatus suggests that tears grow

posteriorly as well as laterally [284, 285].

The exact aetiology of rotator cuff tears is disputed. Biologically, the presence of tears is associated with
genetic factors [286, 287] and age [24, 29, 288]; incidence of rotator cuff tears are significantly higher in
patients whose siblings also have a rotator cuff tear [286, 287], and in older patients [24, 29, 281];
Fehringer et al find a 2.69-fold increase in chance of finding a tear with a 10-year increase in patient age
[288]. Moreover, the likelihood of successful repair surgery decreases with age [25, 289]. However,
genetics and age are unlikely to account for all incidences of rotator cuff degeneration: as Longo et al note
‘nonruptured supraspinatus tendons, even at an advanced age, and ruptured supraspinatus tendons are
clearly part of two distinct populations’ [290]. The increased occurrence of rotator cuff tears in manual
labourers, particularly those working at or above shoulder height [26], and the prevalence of tears in the
supraspinatus tendon (discussed below, Section 5.3.2), has led many researchers to postulate that the
function adaptation of the supraspinatus tendon to its mechanical environment may play an important role

in its susceptibility to degeneration and tearing.
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5.3 SUPRASPINATUS TENDON
5.3.1 Loading Environment

5.3.1.1 Tensile and Compressive Loading

The supraspinatus musculotendinous unit (see Figure 5:1) passes under the acromion and the subacromial
bursa” before running over the humeral head and attaching at the greater tubercle. Although it plays an
important role in the elevation of the arm, the force generating capacity of the supraspinatus muscle is
small compared with the subscapularis [262]. Consequently, the supraspinatus tendon is halfway between
a positional tendon and an energy storage tendon. Owing to its anatomy, it experiences complicated

loading patterns, and must be functionally adapted to a range of non-constant strain profiles.

Figure 5:2 shows the minimum principal stress value in the humeral head and supraspinatus tendon at
different arm abduction angles'. It can be seen than when the arm is at an angle of less than 60° abduction,
the articular-side of the supraspinatus tendon is in contact with the humeral head [34]. At this range of
angles the supraspinatus tendon is a typical wrap-around tendon, passing over the geometrical restraint of
the humeral head before inserting at its enthesis point on the greater tubercle. In this position the
articular-side of the tendon therefore experiences compressive strains at the centre of the curve imposed
by the humeral head, while the bursa-side experiences large tensile strains in the same location [33, 34]. In
this range of abduction angles the muscle contraction forces and the mass of the hanging arm further
complicate the strain field experienced by the supraspinatus tendon, causing the bursa-side of the tendon
to experience large positive (tensile) principal stresses in the region of the enthesis and large negative
(compressive) principal stresses in the region of the muscle insertion. Concurrently the articular-side of the
tendon experiences large positive (tensile) principal stresses in the region of the muscle insertion and large

principal stresses in the region of the enthesis.

" The subacromial bursa is the sac of fluid that sits between the acromion and the supraspinatus tendon. Its function
is to facilitate movement and prevent damage of the rotator cuff tendons as the move under the acromion.

" Abduction of the arm: The process of moving the arm away from the midline of the body i.e. from beside the body
(0° abduction) to above shoulder height (increasing abduction angle)
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The image originally presented here cannot be made

freely available via ORA because of copyright concerns.

The image was sourced from Wakabayashi et al 2003

[34].

Figure 5:2 Minimum Principle Stress Value (i.e. compressive stress) in
the supraspinatus tendon and humeral head at different abduction
angles: A) 0°, B) 30° and C) 60°. There is significant compressive stress
present in the supraspinatus tendon at 0° and 30° abduction angle, but
this disappears at 60° abduction, at which point the articular-side of

the tendon is no longer in contact with the humeral head. Taken from
Wakabayashi et al 2003 [34].
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Whether the large principal stress at the articular-side enthesis is tensile or compressive is unclear; while
multiple 2D modelling studies have suggested that it is compressive [33, 34, 291], Seki et al refer to it as
tensile [292]. This may be a consequence of experimental details of the finite element models.
Alternatively, it may simply be a terminology issue: Seki et al confusingly state that ‘the positive value of
the principal stress represents tensile stress, and the negative value reflects compressive stress. Hereafter,
the term “tensile stress” is used instead of “principal stress” because the former term is more familiar to
clinicians’ [292]. Regardless of these differences, all the studies provide evidence that within this range of

abduction angles, the tendon experiences non-constant stress distributions.

Were this the sole position the shoulder joint could take, the supraspinatus tendon would be expected to
exhibit structural and compositional adaptations typical of a wrap-around tendon, such as smaller collagen
fibrils and increased proteoglycan (PG) and glycosaminoglycan (GAG) contents in the compressive regions
compared with the tensile regions (Chapter 3, Section 3.4.2 and Chapter 4, Section 4.2). However, these
features are unlikely to be pronounced in the supraspinatus tendon due to the extreme mobility of the
shoulder joint: as can be seen in Figure 5:2 above, when the arm abduction angle increases above 60°, the
tendon loses contact with the humeral head [291] and, in the absence of other constraining factors,
becomes a purely tensional tendon. As a result, compositional and structural adaptations caused by the

presence of compressive stresses in the hanging arm position are unlikely to be pronounced.

A geometrical constraint that may, for many patients, significantly influence the stress distributions within
the supraspinatus tendon is impingement by the acromion. The acromion is a bony process that extends
laterally from the scapula and overhangs the glenoid cavity. At the point where is passes laterally over the
supraspinatus tendon it may take either a flat (class 1), curved (class Il) or hooked (class Ill) morphology, as
illustrated in Figure 5:3. Many researchers have reported a strong correlation between the morphology of
the acromion process and the prevalence of rotator cuff tears [293-296], although it is unclear whether
acromial morphology is an innate anatomical feature or a dynamic characteristic that can change with age
[297]. Regardless of its origin however, subacromial impingement has been shown to alter the mechanical
environment of the supraspinatus tendon, introducing large compressive strains in the region inferior to

the acromion and increasing the strain levels at the articular-side of the enthesis [291]. Such alterations of
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the mechanical environment can be expected to further complicate the material adaptations of the cuff

tendons.

The image originally presented here
cannot be made freely available via

ORA because of copyright restrictions.

The image was sourced from Hamid et al

2011 (in press) [298].

Figure 5:3 Pictorial representations of the categories of
acromion morphology: A) Type | - Flat, B) Type Il — curved, and C)
Type Ill — hooked. Figure taken from Hamid et al 2011(in press)
[298].

5.3.1.2 Shear Loading

In addition to producing a non-constant tensile and compressive strain fields in the supraspinatus tendon,
the large mobility range of the shoulder joint also produces non-constant shear strains [299]. As
demonstrated in Figure 5:4, strain levels are generally greater at the insertion point than at the tendon
mid-substance [153], and on the bursa-side compared with the articular-side [300]. Moreover, while the
strain on the articular-side increases continuously during abduction from 0° to 120°, the strain on the
bursa-side initially increases and then decreases, becoming negative (compressive) at around 50°

abduction.
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The image originally presented here cannot be made freely available

via ORA because of copyright restrictions. The image was sourced from

Bet et al 2002 [299].

Figure 5:4 Depiction of the maximum Principle Strain profile in the supraspinatus tendon, as
assessed using MRI, at different arm abduction angles. Strain is inhomogeneous across the
tendon, and varies significantly with joint position. Taken from Bey et al 2002 [299]

The extent of this non-constant strain profile is clearly seen upon examination of the shape of the
supraspinatus tendon at different abduction angles; radiography images have shown that external and
internal rotations of the arm at a range of abduction angles alter the shape of the tendon, even introducing
‘twisting’ of the tendon in certain configurations, as demonstrated in Figure 5:5 [301]. Thus in addition to
adapting to differential, non-constant tensile and compressive strain distributions, the supraspinatus
tendon must adapt to significant levels of shear strain between the articular-side and bursa-side of the

tendon.
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The image originally presented here cannot be made freely available via ORA
because of copyright restrictions. The image was sourced from Nakajima et al 2004

[301].

Figure 5:5 Top down MRI view of supraspinatus tendon (shown in white), and its attachment to the
humerus (shown in grey) and supraspinatus muscle (shown in dark grey) when the arm is in various
positions: Internal Rotation (IR), no rotation (Neutral) and External Rotation (ER), at 0, 30 and 60 degrees
of abduction (ABD). The position of the arm can be seen to have a significant influence on the shape of the
supraspinatus tendon. Taken from Nakajima et al 2004 [301].
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5.3.2  Functional Adaptations

5.3.2.1 Structural and Compositional Adaptations

Surprisingly, the effects of the non-constant tensile, compressive and shear loading profiles on the
structural adaptation of the supraspinatus tendon have not been fully investigated. In particular, the
adaptations of this tendon to the principal stress distributions in the hanging arm position are largely
unknown. Two associated studies [302] [303] have, however, demonstrated topographical variations in the
fibre alignment; the lateral portion of the supraspinatus exhibits a higher degree of fibre alignment in the
articular-side compared with the bursa-side, an adaptation which appears to be reversed in the medial
portion. In contradiction of the mechanical results (Section 5.3.2.2), fibre alignment is also reported to be
much greater in the medial portion compared with the lateral portion of the tendon. These differences are
also present in the infraspinatus tendon, but are far less pronounced. The fibres are also much more

aligned in the infraspinatus compared with the supraspinatus.

The adaptations of the bulk structure of the supraspinatus tendon to
the non-constant strain field it experiences have been well
characterised. Unlike most tendons, which show a significant degree
of interconnectivity between their constituent fascicles, the fascicles
of the supraspinatus tendon are comparatively non-interdigitated,
exhibiting less than 20% fascicle convergence along the length of the
endon  [234]. Furthermore, as can be seen in

Figure 5:6, the supraspinatus tendon is composed of 5 distinct layers that lie perpendicular to the superior-

inferior plane of the tendon [261]. The fascicles and the lamellae are separated by ‘loosely organized,
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alcian blue-stained material running between the longitudinal collagen fiber bundles’ [253]. This
compositional adaptation is hypothesised to facilitate sliding between the lamellae and thus reduce the

build up of shear stresses associated with changing joint angle within the structure.

The image originally presented here cannot be

made freely available via ORA because of

copyright restrictions. The image was sourced from

Clark and Harryman 1992 [304].

Figure 5:6 Illustration of the lamellar structure of the supraspinatus
(SP) and infraspinatus (IS) tendons. Layer 1: Superficial fibres that
extend from the corocohumeral ligament (chl). Layer 2: Tendon fibres
that lie parallel to long axes of the tendons. Layer 3: Smaller tendon
fibres arranged at an angle to the fibres in Layer 2. Layer 4: Deep
fibres that extend from the corocohumeral ligament. Layer 5:
Shoulder joint capsule. Taken from Clark and Harryman 1992 [304].

Compositionally, the healthy supraspinatus tendon exhibits increased levels of high molecular weight
proteoglycans, such as aggrecan, compared with the common biceps tendon [36, 253] with up to 2.5 times
more glycosaminoglycans and a high chondroitin sulphate to dermatan sulphate ratio. As was discussed in
Chapter 3, Section 3.4.2, increased aggrecan and chondroitin sulphate content is typically associated with
compressive stresses [86, 161, 163, 166], such as those that result in the presence of fibrocartilage in wrap-
around tendons. However, excluding the enthesis, there is no histological evidence of fibrocartilage in the
supraspinatus tendon. Furthermore, since the healthy supraspinatus tendon only experiences significant
compressive stresses at small abduction angles, the high concentrations of aggrecan, chondroitin sulphate

and dermatan sulphate found in this tendon are unlikely to be an adaptation to compressive stresses.
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They may be an adaptation to the significant shear strains experienced by this tendon; a similar lamellar
structure in which longitudinal collagen fibres are separated by regions of aggrecan and GAGs has been
reported in the region opposite the compressed surface of wrap-around tendons [83, 159, 305]. It has
been suggested that this adaptation facilitates sliding between the fascicles, reducing the build up of shear
stress within the tendon [159]. However, this is not supported by experimental evidence; enzymatic
removal of chondroitin sulphate increases the degree of sliding between fibres [110, 306], suggesting that
at this hierarchical level chondroitin sulphate is important for resistance of shear strain. Increased
resistance to shear deformation may appear counterintuitive in wrap-around tendons as it would increase
levels of shear stress within the tendon. However, such an adaptation may be beneficial for the resistance

of delamination caused by inter-fascicle and inter-laminar sliding.

5.3.2.2 Mechanical Adaptations

Regardless of the reasons governing the presence of the structural and compositional adaptations
discussed above (Section 5.3.2.1), their presence has important implications for the mechanical integrity of
the tissue. In particular, since PGs and GAGs exhibit lower tensile stiffness and strength than collagen, their
presence is likely to compromise the tensile properties of the tendon, possibly influencing its susceptibility

to damage and tearing.

Table 5:1 compares the mechanical properties of the long head of biceps tendon and the supraspinatus
tendon from cadaveric specimens. Despite the efforts taken to ensure that the samples tested were
macroscopically normal, the presence of microscopic degenerative changes associated with either aging or
pathological tendon disorders (see below) can be expected because the mean age of the samples used was
greater than 50 years old. The mechanical values reported are therefore expected to be lower than those
for younger patients. Furthermore, the range of strain rates used across the studies makes direct

comparison difficult. Even so, comparison of the data reveals interesting similarities and differences.

First it is obvious that the long head of biceps tendon exhibits a higher tensile modulus and ultimate tensile
strength and a smaller strain at failure compared with the supraspinatus tendon. This is expected as the
long head of biceps tendon is a purely tensional, energy storage tendon and thus possesses lower PG and

GAG concentrations compared with the supraspinatus tendon. While interesting, this difference in the
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mechanical properties of the bulk tissues is unlikely to play a role in rotator cuff tears; the supraspinatus
muscle only contributes approximately 14% of the muscle contraction force generated by the cuff muscles
(Section 5.1). However, the topographical variations in mechanical properties of the supraspinatus tendon

may play an integral role in rotator cuff tears.

Direct comparisons of the supraspinatus studies detailed in Table 5:1 are not possible due to variability in
testing conditions. However, examination of the individual studies reveals the mechanical properties of the
supraspinatus tendon are not topographically homogeneous: in agreement with the patterns of non-
constant strain fields discussed above (Section 5.3.1), the bursa-side of the tendon exhibits higher
indentation stiffness [162], higher stiffness transverse to the long axis of the tendon [302], higher ultimate
tensile stress [307], and higher strain to failure [153] compared with the articular-side. This may explain
why the majority of rotator cuff tears initiate on the articular-side of the supraspinatus tendon. It can also
be seen from Table 5:1 that the anterior portion of the supraspinatus tendon exhibits higher stiffness and
ultimate tensile strength compared with the posterior portion [308], an observation that may explain why

full-thickness tears tend to progress from the supraspinatus into the infraspinatus tendon.
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Table 5:1 Mechanical Properties of Long head of biceps tendon and supraspinatus tendon

Ultimate
. Ultimate . Strain .
Tendon Tensile Modulus . Tensile Testing Mode Mean Age Comments Ref.
Tensile Stress . rate
Strain
100 .
Long head of 412 MPa 32.5 MPa 101 % m Tensile 67 vears e Tendon samples underwent a freeze-thaw (309]
biceps ' = min (to failure) ¥ cycle prior to testing
-1
?t.)i?si—r:i:e) o1 Indentation * Bursa-side significantly stiffer than articular-
1 - - T (Indentation 63 years side [162]
2.19 g mm mm s P 250 . .
(articular-side) orce 250g) ¢ 3mm ¢ flat indentation tip
6.3 MPa
(bursa-side) 0.17 Tensile 59 vears e Tendon samples underwent a freeze-thaw (307]
2.8 MPa mms’ (to failure) ¥ cycle prior to testing
(articular-side)
18.5% e Significant difference between ultimate
(byrsa- . tensile strain in bursa and articular-sides
- 11.5 MPa fid:; (yls 1 (tc-)rigislllz(:e) 55 years ¢ No significant differences in ultimate tensile [153]
. (o] 0 S5
. strain within mediolateral plane or anterior-
(articular
-side) posterior plane
Supraspinatus =35MPa e Samples loaded transverse to the long axis of
(anterior bursa-side) the tendon
= e Bursa-side much stiffer than articular-side,
=IMPa Bursa-side much stiffer than articular-sid
(anter|o~r3aorslc;1;ar-5|de) . . 0.1 Tensile 63 vears and lateral portion much stiffer than medial (302]
- . %st (to failure) ¥ portion
(posterior bursa-side)
~2MPa o Toe stiffness much greater on bursa-side
(posterior articular- than articular-side, and in lateral portion
side) than in medial portion
16.5 MPa
- . (anterior)
”1(732 '\M/lga (aan:jllor) 6.0 MPa 10 Tensile 64 e Anterior portion significantly stiffer and 308
y 3 (mi .e) (middle) - %s" (to failure) years stronger [308]
=45 MPa (posterior) 4.1 MPa

(posterior)

[76]



Chapter 5 Background Literature: The Rotator Cuff

5.3.2.3 Vascular Adaptations

Studies of the vasculature of the supraspinatus tendon in cadaveric subjects have indicated the presence
of a critical zone within the articular portion of the tendon, in which the vasculature is greatly reduced
[310]. The size of this critical zone is greatly increased in older subjects [311]. More recently, studies of
the vasculature in healthy volunteers using contrast-enhanced ultrasound have shown that blood flow in

this area is further reduced after forward elevation exercises [312].

The critical zone is probably an adaptation to the compressive stresses experienced in this region when
the arm is at 0° abduction. As was previously discussed (Chapter 3, Section 3.4) ‘when load is applied to a
porous, wet material, the load is initially born by the fluid and is gradually transferred to the material as
the fluid flows out of the material, dissipating the fluid pressure.” In the case of blood vessels however,
dissipation of fluid pressure by the fluid flowing out of the material is not possible without rupture of the
blood vessel walls. Thus the presence of blood vessels in this region of the tendon would require that the
blood vessel walls possessed much higher radial stiffness and strength in order to resist the increased
fluid pressure associated with compressive loading. A greater restriction on the presence of blood vessels
within this region of the tendon, however, is the fact that during development and maturity of the tendon
it would be necessary for the blood vessels to grow into this region of compressive stress. This is very
unlikely as indicated by the avascularity of cartilage, a material which is subjected to both compressive
and shear loading. Whatever the reason for the presence of this avascular region in the supraspinatus
tendon, it has been postulated that the resulting decreased blood supply may increase the susceptibility

of this region of the tendon to degeneration and tearing.

5.3.3 Degenerative Adaptations
Examination of the pathological adaptations of torn rotator cuff tendons indicates that rotator cuff

tendon pathology is potentially:

A. Multifactoral, involving biological, biochemical, and histological changes, and

B. Progressive.
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For example, torn tissue appears to show a higher turnover rate compared with healthy tissue. Ruptured
(partial and full thickness) supraspinatus tendons also exhibit increased concentrations and mRNA
expression of metalloproteinase (MMP) 1 and MMP13, and decreased expression of MMP2, MMP3 and
tissue inhibitors of metalloproteinases (TIMP) 2, TIMP3, and TIMP4 [40, 313]. Torn tendons also exhibit
increased levels of collagen type Il and decreased levels of collagen type | compared with macroscopically
normal cadaveric supraspinatus tendons [61, 314, 315]. Vascular markers are also increased in samples
taken from the edge of small tendon tears [316], while increased levels of fibronectin have been found in

rupture tendons [317].

These results indicate that the extent of tissue turnover and remodelling is increased in ruptured rotator
cuff tendons, possibly indicating that the tissue is responding to tissue damage by laying down scar tissue
(collagen type lll) and removing the damaged tissue (collagen type 1) [36, 61]. The results may also
indicate that the tissue is undergoing a remodelling process in response to the changing mechanical
environment. Interestingly, the reduced vascularity of the critical zone of the supraspinatus tendon would
restrict this repair mechanism. This may explain why tears initiating on the articular-side of the

supraspinatus tendon are likely to progress to full thickness tears.

Torn cuff tendons have been shown to contain high levels of apoptotic cells [32, 318]. Significant
numbers of cells with a rounded profile have also been found, with higher numbers in samples taken from
large and massively torn tendons [316, 319]. These rounded cells are similar in profile to the cells seen in
the released rotator cuff tendons in the initial stages of repair, possibly indicating that these cells are
active tenoblast-like cells [320]. However, most researchers believe that the rounded cells in degenerate
rotator cuff tendons share more in common with the rounded profile chondrocytes found in cartilage,
and are thus likely to be tenocytes that have undergone chondroid metaplasia [315]. If this is the case, it
indicates that the cells are responding to different mechanical stimuli, specifically the presence of

compressive stresses.

Further evidence for the presence of compressive and shear strains in torn tendons is provided by finite
element models of torn cuff tendons [33, 321, 322], and also by differences in PG and GAG profiles of torn

rotator cuff tendons compared with macroscopically normal cadaveric tendons [36]. For example, torn
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cuff tendons contain elevated levels of inter-fascicle and inter-fibre PGs, a characteristic commonly
referred to as mucoid degeneration [36]. Specifically, levels of aggrecan are significantly increased
compared with intact tendons. The profile of the inter-fibrillar PGs and GAGs is also altered in torn
tendons; levels of decorin are significantly decreased [323] and the ratio of chondroitin sulphate to
dermatan sulphate is increased, although the total GAG content of torn rotator cuff tendons does not
change [36]. These adaptations may indicate attempts to adapt to the increased amounts of increased

shear strain within the tendon.

In addition to these biochemical adaptations, torn rotator cuff tendons have been shown to be
structurally different to healthy tendons. For example, ruptured tendons possess thinner fascicles [317]
and thinner, less-organised collagen fibres compared with normal tendons, particularly in the deeper
layers of the tendon, and at the enthesis [30, 43, 324-326]. This decrease in alignment of the fibres is
similar to that seen prior to healing in released cuff tendons [320], and may be associated with the
increased concentrations of collagen type lll in torn samples. Increased concentrations of inter-fascicle
and inter-fibre aggrecan may also play a role in the decreased fibre and fascicle thicknesses due to simple
space-saving considerations. Concurrently, as an important regulator of fibril thickness and alignment
during fibrillogenesis, decreasing concentrations of decorin may lead to decreased fibril thickness and
alignment in torn samples. To date, however, the structural and compositional adaptations of torn

rotator cuff tendons on an ultrastructural level have not been reported.

5.4 OBIJECTIVES AND AIMS

This review has highlighted that whilst the bulk adaptations of the rotator cuff tendons as a result of their
loading environment is fairly well known, the micro- and ultra-structural adaptations in healthy and torn
tendons are less well understood. Characterisation of the architecture of healthy and degenerative
rotator cuff samples could reveal important information regarding the role of the mechanical
environment in the aetiology and pathology of rotator cuff tendinosis. Such information could
significantly influence clinical decision-making, and could potentially highlight key markers that could be
used for detection and diagnosis of tendon degeneration. It may also give some insight into pre-rupture

degenerative changes.
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In Chapter 4, Sections 4.2.2 and 4.2.3 it was shown that the collagenous architecture of tendon exhibits
significant structural adaptations according to its the loading environment, and that non-contact AFM and
picrosirius red-staining are sensitive methods with which to detect these adaptations. The objective of
the work presented in Chapters 6, 7 and 9 is therefore to characterise the structural adaptations of the
supraspinatus tendons in health and disease. The dimensions of the collagen architecture of normal and
torn tendons will be assessed in order to elucidate information regarding the role of mechanical

environment in tear aetiology and progression. Specifically, the following hypotheses will be tested:

1. Healthy rotator cuff tendons exhibit structural adaptations, associated with the
topographical variation in loading environment, that increase the susceptibility of tendons to

tearing.

2. Age has a significant influence on the structural adaptations of the rotator cuff tendons.

3. Chronically torn rotator cuff tendons exhibit different structural adaptations compared with

healthy tendons.

4. The extent of the structural differences introduced by chronic rotator cuff tears increasing

with tear size.
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Chapter Six

Topographical Adaptations in Health and Disease

6.1 MATERIALS AND METHODS

6.1.1 Sample Collection

To assess the topographical variation of the material properties in rotator cuff tendons, bilateral
shoulders from two formalin-perfused cadavers were obtained. These samples were provided by
Professor John Morris (Medical Sciences Teaching Centre, Medical Sciences Division, University of Oxford.
HTA Licensing Number: 12178). Using number 10 surgical blades, the supraspinatus and infraspinatus
musculotendinous units were removed intact from the humeral head (Figure 6:1). A 2.5mm biopsy punch
(Kai Medical, Hawaii, USA) was then used to remove through thickness biopsies from the anterior and
posterior portions of each tendon, at four locations radiating medially, beginning at the enthesis and
ending at the muscle insertion point. Each biopsy was split into inferior (articular-side) and superior
(bursa-side) halves, producing 32 individual samples per shoulder. Each sample was stored separately in
4% formalin (Sigma Aldrich, Dorset, UK) in appropriately labelled 2ml eppendorf tubes (Thermo Fisher

Scientific, Waltham USA). Clinical data for these cadavers is detailed in Table 6:1.
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Acromion

Humeral head

-
|

" Infraspinatus

Figure 6:1 Image of a cadaveric shoulder with the supraspinatus and
infraspinatus units removed (A). The isolated supraspinatus and infraspinatus
musculotendinous units are shown below (B).

Table 6:1 Clinical data describing cadaveric specimens

Age Condition of tissue
Patient Gender Cause of death
at death Left Shoulder Right Shoulder
1 Male 91 Bronchial Pneumonia Macroscopically Macroscopically
normal normal
) Ferale 82 Congestlye Cardiac Delamlr.1ated Macroscopically
Failure supraspinatus normal
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6.1.2 Sample Preparation

6.1.2.1 Tissue Processing and sectioning

Post-collection, specimens were fixed in 10% formalin for at least 1 month prior to being placed between
biopsy foam pads and transferred to histology embedding cassettes with detachable lids. The cassettes
were placed in a Shandon Pathcentre tissue processor (Thermo Fisher Scientific, Waltham USA) and the
fixed specimens were dehydrated through graded IMS (70%, 90%, 95%, 100%), rinsed in xylene, and
perfused with Formula R paraffin wax (Sugipath, Peterborough, UK) over the course of 16 hours. Post-
perfusion, samples were removed from the cassettes and embedded in paraffin wax blocs using an
embedding centre (Leica, Wetzlar, DE). Finally, two 10um sections were cut from each sample using a RM
2165 microtome (Leica, Wetzlar, DE) fitted with a steel blade (Model 819), and floated off onto warm tap
water. Each section was mounted on an Xtra glass slide (Sugipath, Peterborough, UK) and baked at 60°C

for 24 hours.

6.1.3 Sample Characterisation

6.1.3.1 Atomic Force Microscopy

In preparation for ultrastructural analysis by atomic force microscopy, one glass-mounted 10um section
from each sample was dewaxed following the procedure detailed in Chapter 4, Section 4.1.3.3. Atomic
force microscopy (AFM) was employed to characterise the ultrastructure of the extracellular matrix in
each sample. Dewaxed sections were imaged using an AFM in non-contact mode [182] following the
experimental and analysis procedures detailed in Chapter 4, Section 4.1.4.4. In addition, the average

angle between fibrils was calculated as follows:

1. For each fibril being analysed, record the average angle the fibril makes to the x-axis (see
Figure 6:2), when the fibril is considered to run in the positive x-direction (i.e. angle must

lie between -90° and +90°).

2. Calculate angle between Fibril 1 and Fibril 2. If the angle between them is greater than

90°, subtract the angle from 180°, producing an angle between 0° and 90°.

Microsoft Excel formula: = IF( ABS (Fibrillsngle to x-axis = Fibril2angie to x-axis)>90, (180-(ABS(Fibrillangie to x-
axis — Fibrilzangle to x-axis)))/ (ABS(Fibrillangle to x-axis — Fibrilzangle to x—axis))) ]
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3. Repeat Step 2 until angle calculated between Fibril 1 and all other fibrils.

4, Repeat Steps 3 and 4 for Fibril 2 etc. until the angle between all fibrils has been

calculated.

5. Calculate average angle between fibrils

P> X

Figure 6:2 Illustration of Step 1 in the calculation of average angle between fibrils

6.1.4  Statistical Analysis

Data is presented as mean values + standard deviation unless otherwise indicated. In all cases, mean
values represent the mean value of the individual sample means to avoid giving undue weight to samples
for which more measurements were possible [327]. Where relevant, linear regression analysis was

performed on the data using ‘R’ Biostats with and without the inclusion of confounding factors.
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6.2 RESULTS
6.2.1 Fibril Diameter

6.2.1.1 Macroscopically Normal Cuff

Figure 6:3 is a pictorial representation of the topographical variation of the fibril diameter in the cuff
tendons, averaged over the three macroscopically normal cuffs. Table 6:2 presents statistical data for the
fibril measurements averaged over the bursa-side and articular-side of the tendons for different
shoulders. Fibril diameter varies heterogeneously throughout the supraspinatus and infraspinatus
tendons, as indicated by the large standard deviations and inter-quartile ranges (Table 6:2). Fibrils are
generally thinner on the articular-side than on the bursa-side, although this difference is only significant in
the right shoulder of Patient 1. In the medial-lateral plane, fibril diameter generally increases from the
enthesis to the muscle insertion on the articular-side, and decreases in the same direction on the bursa-
side. In the anterior-posterior plane, fibril diameter is generally larger in the centre of the cuff unit
(posterior portion of the supraspinatus and anterior portion of the infraspinatus) on the bursa-side but

this trend is less pronounced on the joint side.
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Fibril Diameter
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Figure 6:3 Pictorial depiction of topographical variation in fibril diameter across the supraspinatus and
infraspinatus tendons averaged over macroscopically normal cadaveric rotator cuff samples. An
annotated schematic of the rotator cuff is included for reference.

Table 6:2 Statistical Data for Fibril Measurements, averaged over bursa-side and
articular-side in different shoulders

1 Quartile - 3"
Mean Standard Quartile
(nm) deviation (Inter-quartile
range)
Bursa-side 118.4 47.0 85.4-136.3
(50.9)
Left Articular- 80.8-142.4
Patient side 117.7 >1.6 (61.6)
1 Bursa-side 138.7 59.7 94.8-172.2
. (77.4)
Right Articular- 80.7-142.7
side 116.0 49.0 (62.0)
' Bursa-side 124.0 120 95.3-143.5
Patient | . (48.2)
Right "
2 Articular- 1221 433 90.8 - 148.6
side ' ' (57.8)
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6.2.1.2 Delaminated Cuff

Figure 6:4 presents a pictorial representation the topographical variation in fibril diameter in the cuff
tendons affected by delamination of the supraspinatus tendon (Patient 2, left shoulder). Table 6:3
presents the descriptive statistics for this data. Compared with the macroscopically normal tendons
(Figure 6:3, Table 6:2), the delaminated cuff exhibits thinner fibrils in both the bursa-side and the
articular-side. Standard deviation and inter-quartile range are also smaller for these samples, and the 1*
and 3" quartiles are lower. Furthermore, and unlike the macroscopically normal tendons, the fibrils in

the delaminated cuff tendons are significantly smaller in the bursa-side compared with the articular-side.

Fibril Diameter

Bursa-side o134 [l

-

; I 110-114

105-109

Articular-side 100-104

95-99

90-94

85-89

<85

Figure 6:4 Pictorial depiction of topographical variation in fibril diameter across the supraspinatus and
infraspinatus tendons, for cadaveric rotator cuff sample affected by delamination of the supraspinatus
tendon. An annotated schematic of the rotator cuff is included for reference.

Table 6:3 Descriptive statistics for cuff tendon affected by delamination of
supraspinatus tendon

1°- 3" Quartile
Mean Standard Q .
. (Inter-quartile
(nm) deviation
range)
. 76.7 - 119.8
Bursa-side ) .
103.6 40.6 (43.1)
i : 85.3-133.0
Articular-side ) .
113.3 38.5 (47.7)
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6.2.2

‘D’ Spacing

6.2.2.1 Macroscopically Normal Cuff

Table 6:4 presents statistical data for the ‘D’ spacing in the in macroscopically normal cadaveric samples

averaged over the bursa-side and articular-side of the tendons for different shoulders.

illustrates the variation of ‘D’ spacing with fibril diameter. There is no significant topographical variation

in ‘D’ spacing and no significant correlation between ‘D’ spacing and fibril diameter (B = 0.007, R = 0.098,

p =0.418).

Table 6:4 Statistical Data for ‘D’ Spacing, averaged over bursa-side and acrticular-side

for all macroscopically normal cadaveric shoulders

Fibril Diameter (nm)

Mean Standard 1°- 3" Quartile
(nm) deviation (Inter-quartile range)
Bursa-side 60.97 708 56.34 - 65.15
Left (8.81)
i i 55.54 - 64.66
Patient Articular-side 60.40 7.06 0.12)
! Bursa-side 60.08 6.90 55.77-63.9
Right (8.13)
i i 54.195 - 63.625
Articular-side . .
59.16 7.26 (9.43)
i 55.03 - 64.46
Patient Right Bursa-side 60.31 7.05 9.43)
2 i i 55.44 - 66.03
Articular-side 60.69 7.48
(10.59)
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Figure 6:5 Correlation between ‘D’ spacing and fibril diameter for macroscopically
normal cadaveric samples.
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6.2.2.2 Delaminated Cuff

Table 6:5 shows the descriptive statistics for ‘D’ spacing measurements in cuff tendons affected by
delamination of the supraspinatus tendon. There is no significant topographical variation. Furthermore,
the ‘D’ spacing is not significantly different compared to macroscopically normal cadaveric cuff tendons
(see Table 6:4).

Table 6:5 Topographical variation in ‘D’ spacing in cadaveric rotator cuff affected by
delamination of the supraspinatus tendon

Mean Standard 1st — 3rd Quartile
(nm) deviation (Inter-quartile range)
. 54.25-64.21
Bursa-side . .
59.71 7.19 (9.97)
. . 54.69 - 64.33
Articular-side . .
59.44 6.80 (9.64)

6.2.3  Fibril Alignment

6.2.3.1 Macroscopically Normal Cuff

Figure 6:6 shows a pictorial representation of mean angle between fibrils in macroscopically normal
cadaveric samples, averaged over the three samples. Table 6:6 presents descriptive statistics of this data
averaged over the bursa-side and articular-side of the tendons for different shoulders. Mean angle
between fibrils varies topographically, with the supraspinatus tendon generally exhibiting a higher angle
between fibrils compared with the infraspinatus tendon on the bursa-side. On the articular-side the
mean angle between fibrils is generally smaller in the middle portion (posterior supraspinatus and
anterior infraspinatus) compared with the edges, although this trend is less pronounced towards the

muscle insertion.
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Figure 6:6 Pictorial depiction of topographical variation in mean angle between fibrils, averaged over
macroscopically normal cadaveric rotator cuff samples. An annotated schematic of the rotator cuff is
included for reference.

Table 6:6 Statistical Data for Average angle between fibrils, averaged over bursa-side
and articular-side in different shoulders

Mean Standard 1%-3" Quartile
(nm) deviation (Inter-quartile range)
Bursa-side 4.4 142 11.95 - 36.95
Left (25.0)
i i 13.8-33.3
Patient Articular-side 24.9 12.0 (19.5)
. Bursa-side 26.7 12.6 17.2-35.9
Right (18.7)
i i 16.1-33.4
Articular-side . ]
23 119 (17.3)
i 9.3-38.4
Patient _ Bursa-side 233 15.0 o)
2 et 14.7 - 40.2
Articular-side . ) .7-40.
283 147 (25.5)
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Figure 6:7 displays the correlation between the mean angle between fibrils and fibril diameter in
macroscopically normal cuff tendons. There is a strong trend for smaller mean angles between fibrils with

smaller fibril diameter (B = -0.161, R = 0.505, p= 3.217x107).
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Figure 6:7 Variation of mean angle between fibrils with fibril diameter for
macroscopically normal cadaveric samples.

6.2.3.2 Delaminated Cuff

Figure 6:8 shows a pictorial representation of the topographical variation of mean angle between fibrils in
the cuff tendons affected by delamination of the supraspinatus tendon. Table 6:7 shows descriptive
statistics of this data. Compared with macroscopically normal samples (Figure 6:6, Table 6.6), the mean
angles are higher in the delaminated cuff. However, the size of the distribution is not significantly

different between the macroscopically normal and delaminated cuffs.
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Figure 6:8 Pictorial depiction of topographical variation in mean angle between fibrils across the
supraspinatus and infraspinatus tendons, for cadaveric rotator cuff sample affected by delamination of
the supraspinatus tendon. An annotated schematic of the rotator cuff is included for reference.

Table 6:7 Topographical variation in average angle between fibrils for cadaveric rotator cuff
sample affected by delamination of the supraspinatus

Mean Standard 1st — 3rd Quartile
(nm) deviation | (Inter-quartile range)
. 22.85-43.2
Bursa-side . .
31.72 12.84 (20.35)
. . 20.40-41.9
Articular-side . .
28.58 13.69 (21.5)
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6.3 DISCUSSION

6.3.1  Structural Adaptations of the Healthy Supraspinatus Tendon

As was previously discussed (Section 5.2.2), the observation that the supraspinatus tendon is the most
commonly torn rotator cuff tendon, and that these tears commonly initiate on the articular-side before
growing in both medial and posterior directions has led many researchers to postulate that the function
adaptation of the supraspinatus tendon to its mechanical environment may play an important role in its
susceptibility to degeneration and tearing. However, while the adaptations of the bulk structure of the
supraspinatus tendon to the non-constant strain fields it experiences are well established, the structural
adaptations are largely unreported. Therefore, this is the first study to investigate the topographical

variation in ultrastructure in the supraspinatus and infraspinatus tendons.

The results clearly demonstrate that both supraspinatus and the infraspinatus tendons exhibit a
heterogeneous distribution of fibril diameters (Figure 6:3 pg. 112), and that there are trends within this

heterogeneity:

a) Fibrils are generally thicker on the bursa-side compared with the articular-side,

b) Fibrils diameter decreases from the enthesis to the muscle insertion on the bursa-

side, and increases from the enthesis to the muscle insertion on the articular-side.

c) Fibrils are thicker in the centre of the supraspinatus-infraspinatus unit (posterior
region of the supraspinatus /anterior region of the infraspinatus) on the bursa-side of

both tendons.

These results are in direct agreement with previous studies that have demonstrated heterogeneity in the
mechanical properties of the healthy supraspinatus tendon [302, 303, 328]. For example, assuming that
thicker fibrils are an adaptation for stiffness and strength in tension, the increased fibril thickness on the
bursa-side compared with the articular-side is consistent with the previously reported higher indentation

stiffness and uniaxial stiffness of the bursa-side compared with the articular-side [162, 302, 307].

Given the numerous experimental limitations associated with mechanical characterisation of rotator cuff

tendons, it is perhaps of more relevance to compare the results of this study with the stress and strain
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fields within the cuff tendons previously predicted by finite element studies [34, 292]. According to these
models, the bursa-side of the supraspinatus experiences large positive (tensile) principal stresses in the
region of the enthesis and large negative (compressive) principal stresses in the region of the muscle
insertion. Concurrently, the articular-side the tendon experiences large compressive principal stresses in
the region of the enthesis and large positive (tensile) principal stresses in the region of the muscle
insertion. Given the trend for smaller fibril diameters in regions of compressive and shear stresses and
larger fibril diameters in tensile regions previously reported (Chapter 4, Sections 4.2.2 and 4.2.3), the

results reported here are consistent with these finite element models.

The results of this study therefore provide evidence that the cuff tendons are structurally adapted to their
mechanical environment. However, the extent of this adaptation appears to be restricted; compared
with the large differences in diameter between the articular-side and the bursa-side of the ovine
infraspinatus (Chapter 4, Section 4.2.3), the differences in fibril diameter reported here are relatively
small (Table 6:2 pg. 113). This suggests that the non-constant strain fields within the cuff tendons (see
Section 5.3.2) result in structural adaptations that are a compromise between the adaptations best suited
to compressive and shear strains experienced in hanging arm position, and those best suited to the purely
tensile strains experienced at greater than 60° arm abduction. As a result, the cuff tendons are unlikely to

be ideally adapted to any of the strain fields they experience.

The restricted adaptation of the cuff tendons may limit their ability to perform under different loading
conditions, increasing their susceptibility to damage. For example, the thinner, less aligned fibrils on the
articular-side compared with the bursa-side - caused by the presence of compressive strains when the
shoulder is in the hanging arm position - are likely to reduce the ability of the articular-side to resist the
tensile strains experienced at abduction angles of greater than 60°. This would increase the likelihood of

the articular-side tearing at these large abduction angles would be greatly increased.

Thus, the topographical variation in the structural adaptations of macroscopically normal cadaveric
rotator cuff tendons presented here (Figure 6:3 pg 112, Figure 6:6 pg 116) support the hypothesis that the
extreme mobility of the human shoulder joint and associated non-constant strain fields limit the ability of
the cuff tendons to fully adapt to their mechanical environment and increases their susceptibility to
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degeneration and tearing. Assuming this damage is cumulative and that the body’s ability to repair
decreases with aging, particularly post-maturity, increasing age is likely to have an important influence on
the structural adaptations of the cuff tendons. Further work is now needed to characterise the effect of
structural adaptations of the mechanical integrity of the tissue. The effect of age on the ability of the

rotator cuff tendons to repair mechanical damage should also be investigated.

6.3.2  Effect of Delamination on the topographical variation

In the cadaveric rotator cuff specimen affected by delamination of the supraspinatus the topographical
variation of fibril diameter is greatly reduced, with the fibrils being thinner (Figure 6:4 pg. 113) and less
aligned (larger angle between fibrils) (Figure 6:8 pg. 118) compared with fibrils in the macroscopically
normal cadaveric specimens (Figure 6:3 pg. 112, Figure 6:6 pg. 116). This result is in agreement with work
by Magnesson et al which demonstrated reduced concentrations of larger diameter fibrils in ruptured
Achilles tendons [329]. The results presented here also appear to support the suggestion of other studies
that partial tears affect the loading environment of the rotator cuff [321, 322]. Specifically, the reduced
fibril diameter and alignment indicate that the damaged tendons are adapting to compressive and/or
shear loading (see Chapter 4, Sections 4.2.2 and 4.2.3). These adaptations are likely to have important
implications for the mechanical integrity of the damaged tissue, especially if they accompanied by the
compositional adaptations typically associated with the compressive loading in tendon [154, 156, 164].
Further work should now investigate the adaptations of torn rotator cuff tendons in response to tear

progression to establish whether the adaptations indicated in this study are progressive with tear size.

6.4 Summary, Limitations and Further Work

The work in this chapter set out to determine the topographical variation in the structural adaptations of
rotator cuff tendons in health and disease. The results demonstrate that healthy rotator cuff tendons
exhibit a heterogeneous distribution of fibril diameters and fibrillar alignment with topology. Trends in
this heterogeneity appear to reflect adaptations to the differential stress fields predicted by finite
element models. However, comparison of these results with those for ovine rotator cuff tendons (see
Chapter 4, Sections 4.2.2 and 4.2.3) provide evidence that the structural adaptations are limited due to

the non-constant nature of the stress fields. Thus the work is this chapter has provided evidence to
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support the hypothesis that healthy rotator cuff tendons exhibit structural adaptations, associated with
the topographical variation in loading environment, that increase the susceptibility of the cuff tendons to

tearing.

The results presented here also provide evidence that delamination of the supraspinatus tendon alters
the topographical variation of structural adaptations of the tendon. Specifically, the cuff affected by
delamination shows decreased fibril diameters and decreased fibril alignment compared with the
macroscopically normal cuff tendons. These structural adaptations may be indicative of increased
compressive stresses and shear loading and provide evidence to support the hypothesis that chronically

torn rotator cuff tendons exhibit different structural adaptations compared with healthy tendons.

Two important limitations of this study must be acknowledged; sample number and sample age.
Regarding sample number, power analysis based on previous studies indicated that at least five
independent samples were required to distinguish differences of 1 standard deviation in tendon fibril
diameter and ‘D’ spacing at p<0.05 statistical significance and 80% confidence level. However, the results
presented in this chapter are based on only three macroscopically normal specimens - two of which were
dependent samples - and one delaminated specimen. The mean values reported for these samples are
therefore unlikely to represent statistical differences and only grant insight into trends in the data. A
future study investigating whether the trends reported here hold true in a larger patient cohort would
therefore be very interesting. Secondly, since the tissues used in this study came from patients over the
age of 80, the material is likely to have reached senescence. This is likely to have significantly influenced
the properties of the tissue, although it is not known to what extent.  Further work is now needed to
establish the effect of maturation and biological aging on the structural adaptations of tendon tissues,

specifically rotator cuff tendons.

Regardless of these limitations, the findings of this study have important implications for future practice.
Firstly, since the cuff tendons are not homogeneous, they should not be treated as such during surgical
repair. Secondly, since delamination of the cuff tendons reduces the heterogeneity of the structure,
treatments and repairs should aim to re-establish heterogeneity within the tissue. This is likely to be
especially important for the design of tissue engineering scaffolds; a tissue engineering scaffold that is
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designed to resist shear and compressive stresses on the articular-side and significant differential strain
profiles between the articular-side and bursa-side may well prove more successful than a scaffold that is
designed purely for tensile strains. Finally, while animal studies have demonstrated that adaptations of
tendon to different loading environments are reversible (Section 3.4.2) [158, 252, 330], this has only been
shown in healthy tendon; the reversibility of adaptations associated with disease and tearing is not
known. Future work should therefore investigate whether the reduced topographical heterogeneity of
torn cuff tendons is reversible since, if it is not, this has serious implications for the time scale of surgical

interventions.
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Chapter Seven

Eftect of Age and Tear Progression on Cuff
Properties

7.1 MATERIALS AND METHODS

7.1.1 Sample Collection

To assess the effect of tear propagation on the material properties of rotator cuff tendons, biopsies were
collected from the anterior edge of torn rotator cuff tendons during open surgical repairs. These samples
were provided by the Oxford Musculoskeletal BioBank (Oxford Musculoskeletal Biomedical Research Unit,
University of Oxford) and were collected as part of the UK Rotator Cuff Surgery Trial (UKUFF), a
randomised trial in which patients with full thickness rotator cuff tears were randomly allocated to
arthroscopic or open surgical repair over an 18 month period. The inclusion and exclusion criteria for this
study are detailed in Table 7:1. Ethical approval for the use of this tissue as part of this research project
was obtained from the Oxfordshire Research Ethics Committee C (Project number: 09/H0606/11, Project

name: ‘Changing mechanical properties of rotator cuff tears and their repairs’).

Patients with rotator cuff tears were identified preoperatively using ultrasound. Intra-operatively, the
size of the rotator cuff tear was measured as the widest diameter of the tear and classified as small (<1
cm), medium (1-3 cm), large (3-5 cm) or massive (>5cm), according to the commonly accepted
classification by Post et al [283]. Five control biopsies were obtained from the subscapularis tendon of
patients undergoing hemiarthroplasty of the shoulder when the tendons appeared macroscopically

normal.
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Table 7:1 Inclusion and Exclusion Criteria for UKUFF trial

Inclusion Criteria

ALL of the following must apply

Male or female

Over 50 years old

Degenerative rotator cuff tear

Full thickness rotator cuff tear
Diagnosed using MRI or ultrasound
Able to consent

Exclusion Criteria

NONE of the following may apply:

Previous surgery on affected shoulder
Dual shoulder pathology

History of rheumatoid arthritis / systemic
disease

Significant osteoarthritis problems
Significant neck problems

Cognitive impairment / language issues

Table 7:2 Clinical Data For Samples Obtained from UKUFF Trial

Cohort

Number of
Patients

Number of patients having had 1 or more

Mean Age
(range)

previous steroid injections
(%)

Gender
(M:F)

Control

74.6

Unknown

(64 to 83)

2:3

Small Tear

66.1
(58 to 78)

4, 1 unknown
(>44%)

6:3

Medium Tear

57.4
(51to 67)

5, 1 unknown
(271%)

3:4

Large Tear

63.7
(60 to 73)

3, 2 unknown
(=50%)

4:2

Massive Tear

11

69.0
(61 to 80)

5, 2 unknown
(=45%)

10 male
1 unknown

Samples collected as part of a serial biopsy study designed to assess the effects of common clinical

treatment for rotator cuff disorders on tendon properties were collected from partially torn tendons pre-

subacromial corticosteroid injection, and pre- subacromial decompression (SAD) surgery. These samples

were provided by Dr. R. Murphy (Lord Nuffield Scholar in Orthopaedic Surgery, Nuffield Department of

Orthopaedics, Rheumatology and Musculoskeletal Sciences, University of Oxford), and were collected as
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part of an observational cohort study of participants undergoing treatment for rotator cuff pathology (See
Chapter 9, Section 9.1.1), ethical approval for which was obtained from the Oxfordshire Research Ethics
Committee B (Project Number: 09/H0605/111, Project title: 'Evaluation of the tissue effects of current
therapies used in the treatment of rotator cuff pathology'). The inclusion and exclusion criteria for this
study are detailed in Table 7:3. Using a core biopsy needle under ultrasound guidance, biopsies were
collected from the mid portion of tendons containing partial tears. Control rotator cuff tendon biopsies
were obtained from patients without a history of rotator cuff problems or subacromial corticosteroid
injections, during anterior stabilisations of the shoulder where the tendons appeared macroscopically

normal appearance.

Table 7:3 Inclusion and Exclusion Criteria for Patients recruited to Serial Biopsy Study

Inclusion Criteria
ALL of the following must apply:

e Male or female

e Between 35-65 years old

e Diagnosed with subacromial impingement OR partial thickness
rotator cuff tear

e Referred to secondary care for management of rotator cuff
pathology

e Symptom duration greater than 3 months

e Planning to have glucocorticoid injection or subacromial
decompression surgery as a treatment intervention

e Able to consent

Exclusion Criteria
NONE of the following may apply:

e More than 3 previous glucocorticoid injections to the affected
shoulder

e Glucocorticoid injection to the affected shoulder within 6 weeks prior
to intervention

e History of significant trauma, surgery, osteoarthritis or other
pathology of the affected shoulder unrelated to the rotator cuff

o Allergy / hypersensitivity to lidocaine local anaesthetic

e Meet the exclusion criteria for administration of SonoVue™ contrast
agent

e Any other factor that, could jeopardize the safe and ethical conduct of
participant care, study operations or other research projects
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Table 7:4 Clinical Data For Samples Obtained from Serial Biopsy Study

Cohort Number of Mean Age Number of patients having had 1 Gender
ohor
Participants (range) or more previous Injections (M:F)
23.3 0
Control 16 (17 to 29) (0%) 14:2
GIu.cc.>cor.t|c0|d 11 51.5 6 4:7
injection (35 to 64) (55%)
Subacromial 49.1 9
decompression 14 (36 to 61) (64%) 10:4

7.1.2 Sample Preparation
Post-collection, specimens were fixed in 10% formalin for at least 1 month prior being embedded in wax
and cut into 10um glass-mounted sections and either de-waxed or stained with picrosirius red following

the procedures detailed in Chapter 4, Section 4.1.3.

7.1.3 Sample Characterisation

7.1.3.1 Atomic Force Microscopy

Atomic force microscopy (AFM) was employed to characterise the ultrastructure of the extracellular
matrix in each sample. Dewaxed sections were imaged using an AFM in non-contact mode following the
experimental and analysis procedures detailed in Chapter 4, Section 4.1.4.4. In addition to characterising
the diameter and ‘D’ spacing of up to ten fibrils in each image, the mean angle between each fibril was

characterised as detailed previously (Chapter 6, Section 6.1.3.1 above)

7.1.3.2 Polarised Light Microscopy

Picrosirius red-stained samples were imaged and analysed for red to orange pixel ratio and crimp length

using polarised light microscopy as detailed in Chapter 4, Section 4.1.4.2.

7.1.3.3 Raman Spectroscopy

Post-AFM analysis, Raman spectra were collected from dewaxed sections using a LabRAM Aramis Raman
spectrometer equipped with a confocal microscope (Horiba, Kyoto, Japan) following the experimental
procedure outlined in Chapter 4, Section 4.1.4.3. To aid with peak identification spectra were collected

for paraffin wax, chondroitin sulphate A from bovine trachea (Sigma Aldrich, Dorset, UK), and type |
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collagen from bovine Achilles tendon (Sigma Aldrich, Dorset, UK) using the same experimental conditions.

Where necessary, samples were photobleached* for up to 2 hours prior to spectrum collection [331, 332].

7.1.4  Statistical Analysis

Where data is presented as box plots the box ends represent 25" and 75" percentiles, while the whisker
ends represent the 5th and 95th percentiles respectively, with crosses indicating outliers. In cases were
data is tabulated, it is presented as mean values * standard deviation unless otherwise indicated. In all
cases, mean values represent the mean value of the individual sample means to avoid giving undue
weight to samples for which more measurements were possible [327]. Statistical significance was
evaluated using one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test performed in
Origin data analysis. A significance level of p<0.05 was considered statistically significant, and statistical
significance is indicated using the standard asterisk notation, where * indicates p<0.05, ** indicates
p<0.01, and *** indicates p: 0.001. Where relevant, linear regression analysis was performed on the data

using ‘R’ Biostats with and without the inclusion of confounding factors.

7.2 RESULTS

7.2.1  Fibril Diameter

Figure 7:1 presents box plots of the distribution of fibril diameters for control samples from different aged
normal populations. Fibril diameter is significantly larger in normal samples from older patients (>63
years) compared with younger patients (<30 years). Figure 7:2 presents box plots of the mean fibril
diameter for samples obtained from the edge of different sized tears. Despite samples from small, large
and massive tears exhibiting a significantly smaller fibril diameter compared with both normal (>63 years)
samples and partial torn samples pre-injection (Figure 7:2), the trend for decreasing fibril diameter with
increasing tear size is not significant (B=-0.317, R=-0.017, p=0.86). However, when age is included as a
confounding variable, a significant model emerges in which fibril diameter decreases with tear size and
increases with age (Biear size = -3.328, Bage = 1.0861, p=2.87x10", R=0.23). Tear size and age are both

significant predictors in this model (ptear size = 0.006, Page = 5.89x107).

" In some cases it is necessary to ‘photobleach’ samples by exposing them to the laser for a period of time prior to
signal acquisition in order to remove effects of sample fluorescence
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Figure 7:1 Box plots representing distribution of fibril diameter
measurements for control samples from different aged normal
populations. Fibrils are significantly thicker in older patients.
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Figure 7:2 Box plots representing the distribution of collagen fibril diameter measurements for samples
containing different tear sizes. Fibrils found in samples from small tears are and medium tears are
significantly smaller than fibrils found in control subscapularis. Fibrils found in tendon containing large
and massive tears are not significantly different to those found in control subscapularis tendon.
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7.2.2 ‘D’ Spacing

Figure 7:3 presents box plots of the distribution of ‘D’ spacing for control samples from different aged
normal populations. There is no statistical difference between the ‘D’ spacing in control samples taken
from older patients compared with younger patients (Figure 7:3). Figure 7:4 present box plots of ‘D’
spacing in samples taken from the edge of different sized tears. There is no significant trend for
decreased ‘D’ spacing in torn samples (f=-0.125, R=-0.003, p=0.38) (Figure 7:4). When age is included as
a confounding factor in this model, ‘D’ spacing decreases with tear size and increases with age although
the model is not significant (Biear size = -0,230, Bage = 0.036, p=0.166, R=0.030). Neither tear size nor age are

significant predictors in this model (Piear size = 0.135, page = 0.095).
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Figure 7:3 Box plots representing measurements of ‘D’ spacing
for control samples from different aged normal populations. ‘D’
spacing is significantly larger in older patients.
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Figure 7:4 Box plots representing measurement of ‘D’ spacing for samples containing different tear sizes
compared with normal (>63 years) samples. There is no statistical difference in ‘D’ spacing between the

different tear sizes.

7.2.3  Fibril Alignment

Figure 7:5 presents box plots of the distribution of mean angle between fibrils for control samples taken
from different aged populations. Mean angle between fibrils is higher with a narrower distribution in
normal samples taken from older patients (>63 years) compared with younger patients (<30 years),
although this difference is not significant. Figure 7:6 presents box plots of the average angle between the
collagen fibrils for samples taken from the edge of different sized tears, and in partially torn samples pre-
and post-treatment respectively. There are no significant differences in average angle between samples
taken from different tear sizes (Figure 7:6), and no significant model for increasing inter-fibrillar angles as
tear size increases (B= 0.629, R=0.03, p=0.089). The model remains insignificant when age is included as a
confounding factor, (Biear size = 0.817, Bage = -0.074, p=0.108, R=0.04), although tear size is a significant

predictor in the model (piear size = 0.041, page = 0.211).
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Figure 7:5 Box plots representing measurements of average angle between fibrils for control samples
from different aged normal populations. The distribution of angles is narrower and the mean angle is
higher for older samples, although there are no significant differences.
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Figure 7:6 Box plots presenting measurements of average angle between fibrils in samples containing
different tear sizes compared with normal (>63 years) samples. There is a trend for increased angle
between fibrils as tear size increases although this is not significant.
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7.2.4 Ratio of Red to orange fibres

Figure 7:7 present box plots of the mean ratio of red to orange fibres for picrosirius red-stained control
samples from different aged normal populations. The ratio of red to orange fibres is significantly larger in
normal samples taken from older patients compared with younger patients (Figure 7:7) Figure 7:8 present
box plots of the mean ratio of red to orange fibres taken from the edge of different sized tears. The ratio
of red to orange fibres does not change significantly as tear size increases (p= -0.147, R=0.01, p=0.255),
although samples from small and massive tears exhibit a significantly smaller ratio compared with normal
(>63 years) samples (Figure 7:8). When age is included as a confounding factor in this model, the ratio of
red to orange fibres decreases with tear size and age although the model is not significant (Btear size = -
0.087, Bage = -0.021, p=0.294, R=0.01). Neither tear size nor age are significant predictors in this model

(ptear size = 0.534, Page = 0284)
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Figure 7:7 Box plots representing the ratio of red to
orange fibres for picrosirius red-stained control samples
from different aged normal populations. The ratio is
significantly larger in sample taken from older patients.
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Figure 7:8 Box plots representing the ratio of red to orange fibres in picrosirius red-stained samples
containing different tear sizes. The ratio is significantly smaller in sample taken from small tears and
massive tears. Ratio decreases as tear size increases.

7.2.5 Crimp Length

Figure 7:9 present box plots of the mean crimp length in control samples from different aged normal
populations. There is no significant different in the crimp length in older patients compared to younger
patients. Figure 7:10 presents box plots of the crimp length measurements taken from the edge of
different sized tears. Crimp length decreases significantly as tear size increases (B= -1.412, R=0.2566,
p=6.78x10"), with samples from small, large and massive tears exhibiting a significantly smaller crimp
length than from normal (>63 years) samples, and partially torn samples pre-steroid injection (Figure
7:10). There is also a significant linear trend when age is included as a confounding variable (Biear size = -
1.329, Bage = -0.028, p=3.38x104, R=0.23), although age is not itself a significant predictor in the model

(ptearsize = 8-55)(104; Page = 061)
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length measurements for different aged normal samples.
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Figure 7:10 Box plots representing the distribution of crimp length measurements for samples containing
different tear sizes compared with normal (>63 years) samples. Crimp length decreases as tear size
increases, although there is no difference between partially torn samples and normal samples. With the
exception of medium tears, full thickness tears exhibit a significantly smaller crimp length than control
samples and week 0 Injection samples.

[136]



Chapter 7 Age and Tear Progression

7.2.6 Compositional Characterisation

Figure 7:11 shows the average Raman spectra of the extracellular matrix for samples taken from the edge
of different sized tears compared with normal (>63 years) samples. The Raman spectra of paraffin wax,
chondroitin sulphate A from bovine trachea and type | collagen from bovine Achilles tendon are also
shown. The Raman spectra from tendon samples contain sharp peaks at 998.1cm™, 1060.1cm™,

1131.3cm™, 1293.8cm™, and 1416.1cm™ indicating the presence of wax contamination.

Peak fitting was performed on the individual spectra using a custom code in MatlLab (Mathworks,
Cambridge, UK), in order to assess the effect of tear size on their intensities. Peaks for analysis were
chosen by examination of the spectra for type | collagen and chondroitin sulphate A characteristic Raman
peaks. Peaks that decreased significantly when tendon was treated with chondroitinase ABC were also

characterised (Chapter 4, Section 4.2.1.3). The peaks that were analysed are labelled in Figure 7:11.
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Figure 7:11 Average Raman spectra for biopsies taken from a) massive tears, b) large tears, c) medium tears, d) small tears, and e)
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The positions of the peaks selected for analysis are indicated by black dashed lines. There are no visible differences between the tendon
samples by eye, although wax contamination of the tendon spectra is clearly visible.
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Box plots representing the results of the peak analyses for different tear sizes are presented in Figure 7:12
and Figure 7:13. Descriptive statistics for the linear regression models fitted to the data presented are
presented in Table 7:5. The intensities of the amide peaks associated with collagen type | (Amide Il
1260 cm™, Amide II: 1450 cm™, Amide I: 1660 cm™ [190, 192]) increase significantly with tear size (Figure
7:12, Table 7:5). Additionally, the amide | peak intensity (1660 cm™) is significantly higher in massive tears
compared with small tears, the Amide Il peak intensity (1450 cm™) is significantly higher in large and
massive tears compared with normal samples, and the Amide Il peak intensity (1260 cm™) is significantly
higher in medium tears compared with normal samples. The intensities of the peaks at 1374cm™,
1414cm™ and 1660cm™ associated with chondroitin sulphate, and at 1165cm ™ reduced by treatment with
chondroitinase ABC (Chapter 4, Section 4.2.1.3), also increase significantly with tear size. The intensity of
the chondroitin sulphate peak at 1343 cm™ does not increase significantly with tear size, but is

significantly higher for the large and massive samples compared with the normal and small samples.

Table 7:5 Statistics Describing Linear Regression Models of Changing Peak Intensity

With Tear Size
Peak Position

1 B R p Significant? Identified from
(em™)
1165 0.021 | 0.112 | 4.56x10° Yes, increases Enzyme treatment
1260 0.046 | 0.133 | 8.85x10° Yes, increases Collagen type |
1343 0.013 | 0.021 0.051 No Chondroitin sulphate
1374 0.046 | 0.130 | 1.09x10” | Yes, increases Chondroitin sulphate
1414 0.048 | 0.082 | 4.61x10™ Yes, increases Chondroitin sulphate
1450 0.011 | 0.026 0.035 Yes, increases Collagen type |
1660 0.121 | 0.073 | 9.58x10 | Yes, increases Collagen type |

’ ’ ' ! AND Chondroitin sulphate
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Figure 7:12 Box plots representing changing intensity of Raman peaks at 1160cm™ (A), 1450cm™ (B) and
1260cm™ (C) associated with collagen’s Amide 1, Il and Ill peaks respectively, in samples containing
different tear sizes. Amide | peak intensity is significantly higher in massive tears compared with small
tears, Amide Il peak intensity if significantly higher in large and massive tears compared with normal
samples, and Amide lll peak intensity is significantly higher in medium tears compared with normal
samples.
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Figure 7:13 Box plots representing changing intensity of Raman peaks at 1343cm™ (A), 1374cm™ (B) and
1414cm™ (C), associated with chondroitin sulphate, and 1165cm™ (D), associated with chondroitinase
ABC treatment, in samples containing different tear sizes. There is no significant change in the intensity
of the peak at 1374cm™. The intensity of the 1343cm™is significantly higher in the large and massive
samples compared with the normal and small samples. The intensity of the peak at 1414cm™ is
significantly higher in massive samples compared with normal, small and large samples. The intensity of
the peak at 1165cm™ is significantly higher in samples from massive tears compared with normal
samples and samples from small tears.
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Table 7:6 shows statistical data describing the changing Raman peak intensity ratios, for peaks whose
intensities were found to change with tear size. The 1260:1450 peak intensity ratio increases significantly
as tear size increases. Additionally, the 1260:1165, 1450:1165 and 1660:1165 peak intensity ratios

decrease significantly as tear size increases. None of the other peak intensity ratios change significantly

with tear size.

Table 7:6 Peak Intensity Ratios For Different Tear Sizes

Normal . . Linear Regression L
Small Medium Large Massive . Significant?
(>63 yrs) Equation
B=0.011
_ - * % * % - * %
1260:1450 0.067 0.022 0.005 0.008 0.004 R = 0.042 Yes,
+0.087 +0.056 +0.058 +0.047 +0.062 decreases
p =0.010
B =-0.077
1260:1660 0.046 -0.037 0.234 -0.047 0.091 R =-0.001 No
+0.710 +0.742 +0.619 +0.313 +0.790
p =0.369
B=-1.522
- k% *
1450:1660 2.832 4.556 10.159 6.258 6.346 R = -0.004 No
+14.966 +9.168 +5.329 +3.337 +13.749
p =0.488
B =-0.015
1260:1165 0.076 0.023 0.046 0.018 0.001 R= 0024 Yes,
+0.109 +0.084 +0.126 +0.110 +0.145 decreases
p =0.042
B =0.088
1260:1343 0.130 0.023 -0.119 0.028 0.037 R =-0.003 No
+0.202 +0.171 +0.259 +0.562 +0.303
p=0421
B =0.003
1260:1414 0.103 0.023 -0.071 -0.020 0.028 R = -0.008 No
+0.191 +0.206 +0.237 +0.196 +0.962
p =0.950
B =-0.257
- - _ - - *
1450:1165 1.526 1.572 1.847 1.889 2.262 R = 0.098 Yes,
+0.631 +0.587 +0.645 +0.641 +1.327 4 decreases
p =1.40x10
B =3.682
1450:1343 2.510 3.400 4.158 5.964 2.971 R = 0.002 No
+1.032 +2.027 +1.929 +3.885 +4.773
p =0.265
B =-0.504
1450:1414 -2.571 -3.996 -4.874 -4.191 -4.870 R = -0.006 No
+1.815 +2.704 +2.567 +2.320 +11.979
p =0.663
- B=-0.078
- - - k 3k
1660:1165 +06013806 +%' éii +%'f; 0.391%%* ?r'g iz , R =0.096 . ves,
= = o 10266 | p =1.59x10" ecreases
- B=-0.111
1660:1343 +0603427() +%§12(1) +%§22 1.659*** +225§57 R =0.003 No
- - - +2.247 - p =0.427
B=-0.227
1660:1414 -0.069 -0.571 -0.470 -0.735 -0.671 R = 0.002 No
+0.587 +0.739 +0.451 +0.541 +2.310 0=0.275
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7.3 DISCUSSION
7.3.1  Effect of Age

‘

Aging has a significant influence on the structure and composition of tendon; as Silver et al note, ‘in
general, the type | collagen content of ECMs increases with age, whereas the type lll collagen content is
decreased. The PG content also appears to decrease with age.’ [333]. The tensile stiffness and strength of
mature tendon are also reportedly much greater than those of younger tissues [231]. The increased fibril
diameter (indicative of greater tensile loading) (Figure 7:1 pg. 130) and increased crimp length (indicative
of decreased GAG content) (Figure 7:9 pg. 136) reported for samples from older patients are therefore in
agreement with previous studies. Additionally, the decreased proportion of thinner fibres (indicated by
the larger red to orange fibre ratio found for picrosirius red-stained samples) (Figure 7:7 pg. 134) in older
patients may indicate a lower proportion of collagen type Ill content [197], and is thus also in agreement

with the statement by Silver et al above.

These adaptations with age are likely to be beneficial in purely tensile tendons, with increased fibril
diameter and decreased PG and collagen type Ill content with age giving beneficial increases in tensile
stiffness and strength. However, in tendons like the supraspinatus tendon that also experience significant
compressive and shear loading, increased fibril diameter and decreased proteoglycan concentration with
age may be deleterious, decreasing the suitability of the tendon to its mechanical environment, and thus

increasing its susceptibility to damage.

Changes in the collagen profile may have even more significant implications. Decreased collagen type Il
content in aging supraspinatus tendons may be indicative of decreased capacity for remodelling of the
tendon with increased patient age and may be associated with a post-maturation senescence point.
Whilst this would contradict the findings of a study by Bank et al [334] which estimated that more than
50% of the total collagen in macroscopically normal supraspinatus tendons from older patients had been
newly synthesised, such a decrease in capacity for healing in a tendon which experiences a complicated
loading environment could explain the increased prevalence of tears and poorer surgical results in older
patients. Since the work presented here has only inferred a change in collagen type Ill content with age

using structural methods (Figure 7:7 pg. 134), further work is now needed to establish the effect of age on
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the collagen profile (ratio of collagen type | to type lll) of the supraspinatus tendon in a more accurate

manner, for example through consideration of gene expression.

7.3.2  Torn Rotator Cuff Tendons

Finite element analyses have indicated that partially torn rotator cuff tendons are subjected to increased
levels of compressive stresses [33], while biomechanical studies have shown that partially- and fully- torn
tendons experience high levels of strain in the remaining, intact tissue [299, 335]. Furthermore, biological
studies have demonstrated that torn rotator cuff tendons exhibit biochemical and cellular changes, such
as altered concentrations of PGs and GAGs (mucoid degeneration) and increasing concentrations of
rounded profile cells (thought to be chondrocytes), both of which could be indicative of adaptations to

compressive and/or shear loading.

In Chapter 4 it was shown that the collagenous architecture of tendon is highly sensitive to the strain
fields it experiences (Chapter 4, Sections 4.2.2 and 4.2.3). Specifically, compressive and shear strains
were shown to produce a collagen architecture with thinner fibres (Figure 4:14 pg. 47, and Figure 4:15 pg.
47), a shorter crimp length (Figure 4:18 pg. 49, and Figure 4:19 pg. 50), thinner fibrils (Figure 4:26 pg. 57,
and Figure 4:27 pg. 58), and less fibrillar alignment (Figure 4:18 pg. 49, and Figure 4:19 pg. 50) compared
with tensile strains alone. The presence of compressive and shear strains in torn cuff tendons might
therefore be expected to produce similar adaptations. However, the structural adaptations of partially
and fully torn rotator cuff tendons have not previously been characterised. This is therefore the first
study to evaluate the structural dimensions of the collagen architecture of torn cuff tendons in order to

gain insight into the mechanical environment experienced by these tendons.

The results of this study provide evidence that torn rotator cuff tendons show significant structural
adaptations that are indicative of the presence of compressive and shear strains, and that these
adaptations are evident early in the tear progression; in agreement with the cadaveric rotator cuff results
presented earlier in this thesis (Chapter 6, Section 6.3.2), the samples obtained from partially torn
tendons pre-steroid injection and pre-SAD surgery and from small tears exhibit significantly thinner fibrils
compared with control tendons (Figure 7:2 pg. 130). These samples also exhibit a higher proportion of

thinner fibres (Figure 7:8 pg. 135) and shorter crimp length (Figure 7:10 pg. 136) compared with control
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samples. Although the changes in fibre diameter and crimp length are not significant, such findings are in

agreement with studies of other ruptured tendons [212, 329, 336-339].

The results indicate that not all of the structural adaptations seen in torn tendons are progressive with
tear size. While there is a significant trend for decreasing crimp length with increasing tear size (Figure
7:10 pg. 136), there are no significant trends between tear size and the proportion of thinner fibres
(indicated by smaller ratio of red to orange fibres) (Figure 7:8 pg. 135), fibril alignment (indicated by larger
angle between fibrils) (Figure 7:6 pg. 133) or fibril diameter (Figure 7:2 pg. 130) when a single variable
linear regression model is considered. However, when patient age is included as a confounding factor in
the linear regression model, a significant trend for decreasing fibril diameter with increasing tear size is
revealed. The importance of age as a cofounding variable in fibril diameter further emphasises the
importance of age in structural adaptation of tendon, as revealed by comparison of control samples from

different aged patient cohorts (Section 7.3.1).

7.3.3 Compositional Changes

Considering the inter-dependence of structure and composition in biological materials, the presence (or
absence) of progressive changes in the structural features with tear size discussed above (Section 7.3.2)
has important implications for the compositional adaptations of torn tendons. For example, given that
crimp length is significantly longer in chondroitinase ABC-treated samples compared with untreated
samples (see Section 4.3.3), the trend for decreasing crimp length with increasing tear size reported here
(Figure 7:10 pg. 136) also suggest a progressive increase in inter-fibre and inter-fascicle GAG content with
tear size, a finding supported by previous histological studies in other ruptured tendons [28, 340].
Conversely, the lack of a significant trend between proportion of thinner fibres and tear size (Figure 7:8
pg. 135) suggests that any potential increase in collagen type Il in torn samples is not progressive with

tear size. Again, this is in agreement with other studies [316, 336].
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The progressive decrease in fibril diameter with tear size (when age is included as a confounding factor)
(Figure 7:2 pg. 130) may also have important compositional implications. As has already been discussed
(Chapter 3, Section 3.4), the small leucine-rich proteoglycans (SLRPs) decorin and biglycan play a key role
in regulating the ultrastructural organisation of tendon during fibrillogenesis, regulating fibril thickness
and alignment. The progressive decrease in fibril diameter with increasing tear size may therefore
indicate progressive changes in the intra- and inter-fibrillar concentrations of these PGs. However, while
previous histological, immunohistochemical and biochemical studies of bulk tendon samples have
demonstrated that torn cuff tendons exhibit decreased concentrations of decorin and higher chondroitin
sulphate A to dermatan sulphate ratios [36, 323], the effect of tears on the intra- and inter-fibrillar

concentrations of PGs and GAGs has not specifically been reported.

Decorin and biglycan consist of a protein core to which is attached either one or two chondroitin sulphate
A / dermatan sulphate (aka chondroitin sulphate B) chains respectively. Consequently, changes in the
concentrations of the SLRPS can be inferred from changes in the concentration of chondroitin sulphate.
However, since chondroitin sulphate is also a major component of aggrecan, a large proteoglycan present
between the fibres and fascicles of the tendon, it is necessary to use a characterisation technique capable
of excluding the aggrecan signal from the analyses. In the present study, a Raman spectrometer with an
inbuilt confocal microscope was used. This allowed the laser to focussed to a to a spot size of 590nm
which, in contrast to previous studies, allowed spectral analysis of the remaining intact collagenous matrix
only, thus excluding any changes in chondroitin sulphate peak intensities due to aggrecan content or any

other inter-fibre or inter-fascicle PG or GAG.

The increasing intensities of the Raman peaks associated with chondroitin sulphate A (1343cm™, 1374cm’
! 1414cm™) and the Raman peak decreased by chondroitinase ABC treatment (1165cm™) in torn
supraspinatus tendons (Figure 7:13 pg. 141) suggest that the amount of chondroitin sulphate is increasing
in torn samples. However, because the intensities of the peaks associated with collagen also increase
with tear size (Figure 7:12 pg. 140) it is necessary to compare the ratio of the collagen to chondroitin

sulphate peaks (peak intensity ratios) in order to assess changes in the composition ratios. In agreement

with the study by Chaudhury et al [341], comparison of the peak intensity ratios (Table 7:6 pg. 142)
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suggests that the amount of collagen to chondroitin sulphate A does not change as tear size increases.
On the other hand, the significant decrease in the ratio of the amide peaks to the peak at 1165cm™ (the
peak which may indicate the presence of dermatan sulphate (Chapter 4, Section 4.3.3)) might indicate
that, in agreement with previous studies [36, 323], tearing of the supraspinatus tendon is associated with
a change in the ratio of intra- and inter-fibrillar chondroitin sulphate A to dermatan sulphate. Further
analysis is now required to assess whether this change does indeed imply a decrease in the amount of
dermatan sulphate, and whether this is related to changes in the intra- and inter-fibrillar PG profile. Such
analyses could shed light on the mechanisms governing the ultrastructural adaptations on torn rotator

cuff tendons.

7.3.4 Implications for Mechanical Integrity of Torn Tendons

The structural and compositional changes reported here for torn rotator cuff tendons (Section 7.3) are
expected to have important implications for the mechanical integrity of the tissue. For instance,
decreased crimp length may correspond to an increase the heel strain (the point that defines the end of
the toe region on the stress-strain curve of the torn tendon (Section 3.3.1, and Figure 3:2 pg. 14)), thus
increasing the in-built safety factor of the tendon. Such a structural adaptation in torn tendons could be
highly beneficial, given the increased strain experienced by the remaining intact tissue surrounding the

tear.

However, given the association between decreased crimp length and increased levels of ground
substance (Figure 4:20 pg. 50, and Figure 4:39 pg. 70), known to be weak in tension, decreased crimp
lengths may also be associated with deleterious decreases in the tensile strength and stiffness of the
remaining tendon. Concurrently, if the reduction in fibril diameter is not counteracted by an increase in
fibril density, the reduced fibrous content of the remaining tissue would give rise to further decreases in
the tissue’s stiffness and strength, while the changing intra-fibrillar GAG content indicated by the Raman
results (Section 7.3.3) could lead to increased intra-fibrillar sliding, reducing the viscoelastic properties of
the tendon. Since only one study has reported the changing mechanical properties of torn rotator cuff
tendons [229], further work is now needed to establish the changing stiffness, strength and viscoelastic

properties of torn rotator cuff tendons.
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7.4 SUMMARY, LIMITATIONS AND FURTHER WORK

The work presented in this chapter has investigated the influence of age and tear progression on the
material adaptations of rotator cuff tendons. The results suggest that aging is associated with significant
structural adaptations of the rotator cuff tendons, in particular increased fibril diameter and increased
proportion of thinner fibres. This provides evidence to support the hypothesis that age has a significant

influence on the structural adaptations of the rotator cuff tendons.

The results also provide evidence to support the hypothesis that chronically torn rotator cuff tendons
exhibit different structural adaptations compared with healthy tendons. Specifically, partial and small
tendons tears exhibit structural adaptations indicative of increased compressive and shear loading,
specifically decreased fibril diameter and alignment, decreased crimp length, and a higher proportion of
thinner fibres compared with control samples. Importantly, these pathological adaptations appear to
occur early in the disease progression and appear to be progressive with tear size; linear regression
models indicate that fibril diameter and crimp length decrease significantly with tear size when age is
included as a confounding factor, further highlighting the importance of age in determining the structural
adaptations of tendons. Such decreasing dimensions with increasing tear size are likely to have significant
implications for the mechanical integrity of the torn tissue. Further work should now aim to characterise
the mechanical integrity of torn cuff tendons, as this will have important implications for the repair of

rotator cuff tears.

These results have significant implications for the development of future diagnostic and treatment
modalities. Specifically, they highlight the urgent clinical need for new pre-rupture diagnostic techniques
for the detection of early pathological changes in the rotator cuff. They also emphasize the requirement
for new early interventions strategies that restore the healthy mechanical environment of the cuff
tendons and reverse early pathological adaptations in order to prevent catastrophic failure of the cuff

tendons.

Several limitations to this study need to be acknowledged. Firstly, while at least five surgical samples were
used per tear size, only one 10um slice per sample was analysed using each technique. Furthermore,

while the samples obtained as part of the UKUFF study were collected from the edge of the tear, the
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samples obtained as part of the serial biopsy study were collected from the intact portion of the tendon.
Given the importance of topology indicated by the cadaveric results (Chapter 6), this is likely to give rise
to considerable variability within the data. Future studies should aim to analyse a greater number of
histological sections from different locations within the biopsy sample to reduce the associated errors.
Additionally, the design future studies should try to incorporate sophisticated sampling techniques, such
as those used in the serial biopsy study, in order to more tightly control the topographical origin of the

samples.

A further limitation that must be considered is the anatomical origin of the control samples. The normal
samples obtained from the younger (<30 years) patient cohort were collected during shoulder
stabilisations and are therefore supraspinatus in origin. However, the normal samples collected from the
older (>63 years) patient cohort were collected during hemiarthroplasties and are thus subscapularis in
origin. It is not uncommon for studies of torn supraspinatus tendons to use subscapularis as control
material, as macroscopically normal supraspinatus tendons from older patients are largely unavailable.
However, the lack of age-matched controls from the relevant tendon could have serious implications for
the trends reported in this, and other, studies. Further work is now urgently needed to establish the

relevance of using age-matched subscapularis tendons as control material.

Regardless of these limitations, the findings of this study have important implications for future practice.
Firstly, as aging is associated with significant changes in the structural adaptations of the tendons, future
studies must endeavour to use age-matched controls. Secondly, as a number of the pathological
adaptations of torn tendons are progressive and seen early in the disease progression it may be advisable
to reconsider intervention timescales and the affect any delays in treatment may have on the, possibly

irreversible, condition of the torn tissue.
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Chapter Eight

Background Literature: Current and Future
Treatments

8.1 CURRENT TREATMENTS FOR ROTATOR CUFF DISEASE

8.1.1 Conservative Treatment - Corticosteroid Injection

Initial treatment for rotator cuff tears usually consists of conservative management, such as subacromial
corticosteroid injections. Corticosteroid treatment is a common treatment for musculoskeletal pain due
to its efficacy for inflammation reduction and thus function improvement. However, since chronic
degeneration of the rotator cuff is not strongly associated with inflammation, the rationale behind steroid
treatment is unclear. It may be influenced by the fact that ibuprofen (a non-steroidal anti-inflammatory
drug) has been shown to be beneficial for tendinopathies, probably due to its inhibition of aggrecan
expression. However, of six non-steroidal anti-inflammatory drugs tested in a study by Fallon et al [342],

ibuprofen was the only one which was not detrimental to tendon properties.

The effect of steroid treatment on tendon properties and rupture rates is unclear. A single steroid
injection does not alter production ratio of collagen type | to type lll of tendon tissue [343]. However,
repeated use of steroidal injections is associated with tissue degeneration, necrosis and decreased
cellular proliferation, decreased collagen output, and decreased mechanical properties [344-349].
Repeated pre-operative steroid injections are also reportedly associated with poor post-operative repair
results [289]. While the effects of steroid injections on the structural properties of tendon are not known,

these are also likely to be detrimentally affected.

" Sections 8.2 and 8.3 of this chapter are adapted for use from Journal of Materials Science: Materials in Medicine
23(3) p823-33 Tenocyte proliferation on collagen scaffolds protects against degradation and improves scaffold
properties. Tilley, J.M.R., Chaudhury, S., Hakimi, O., Carr, A.J., Czernuszka, C.T. Copyright (2011). with kind
permission from Springer Science and Business Media [DOI: 10.1007/s10856-011-4537-7]
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8.1.2  Surgical Interventions

8.1.2.1 Subacromial Decompression Surgery

Should conservative measures fail, patients may be given subacromial decompression (SAD) surgery in
order to reduce the impingement of the acromion on the supraspinatus tendon. SAD surgery has been
reported to reduce pain and improved function [350-352], although one systematic review found no
difference in pain and function over a 2.5 year period between patients who had undergone SAD surgery
and those who had received physiotherapy [353]. As Dines et al note ‘The best results [for SAD surgery]
are in patients who have active elevation and control of the descent of the shoulder as well as gleno-
humeral stability’ [354]. To date, the effect of SAD surgery on the structural adaptations of torn rotator
cuff tendons has not been investigated. However, considering its effectiveness in improving pain scores
and function, it might be expected to reverse any structural adaptations associated with impingement,

degeneration and tearing.

8.1.2.2 Rotator Cuff Repair Surgery

Rotator cuff repair surgery is the last resort for clinicians; while it has been shown to reduce pain and
increase function, success rates varies widely, and are heavily dependent on the condition of the tissue
being repaired [355]; symptom duration, tear size and patient age are all important determining factors

[277, 295, 356-358]. The choice of repair method and material also play an important role.

Suturing (stitching back together) is possibly the commonest, simplest rotator cuff repair technique [359].
This technique involves looping stitches through the remaining tendon stump and then reattaching it to
the bone. There are many variations of stitch and attachment method, with different surgeons having
different preferred stitches and suture material based on experience and tear size [360-364]. However,

suture pull-through and strangulation can present significant issues [29, 363, 365].

The use of a repair augmentation device has been found to significantly reduce the re-tear rate compared
with sutures alone [282] because it fills the gap left by large tears, allowing improved transmission of the
physiological loads [366]. Augmentation devices may also encourage faster tissue repair/regeneration,

acting as a template for the deposition of new extracellular matrix (ECM). Various devices are available,
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and fall into three main categories based on their constituent material: biomaterial patches, transplants

(either cellular or decellularised) and tissue engineering scaffolds.

Biomaterial patches are generally biocompatible, synthetic materials, such as Gortex, Teflon or
polyethylene [117, 361, 367-369], which seek to replace damaged or lost tissue with a permanent
replacement material. Some success has been had in achieving tissue in-growth [370] with aligned fibrils
[77, 371] and even a tissue crimp using this approach [347]. Nonetheless, synthetic materials present
significant biocompatibility issues [372, 373] and often exhibit inadequate long-term mechanical

performance [368, 369, 374-376].

Conversely, transplants offer a good match of mechanical, biomechanical and biological properties
between replacement and original materials [377-379]. Donor material may come from the patient
(commonly Latissimus dorsi or teres major in the case of rotator cuff repair [377, 380]) but in recent years
de-cellularised ECM xenografts such as small intestinal sub mucosa (SIS) [381-386] and dermal matrix
have become increasingly popular. These commercially available patches side-step tissue rejection issues
and are thought to prevent scarring whilst reducing pain and improving function [384, 385, 387].
However, these patches do not appear to have reduced re-tear/graft detachment rates [384, 385, 388,
389], do not always offer improvement compared to non-augmented repairs [390], and do not solve
donor availability issues. Patches are also costly. Tissue engineering is believed by many to offer the

ultimate solution to these issues.

8.2 FUTURE TREATMENTS: TISSUE ENGINEERING SCAFFOLDS

In 1997, $450 million was spent on tissue engineering research [367]. This technique, which originated in
the 1980s [391], aims to restore physical and physiological function, by implanting externally fabricated
scaffolds in the place of damaged tissue. Upon implantation, these scaffolds are designed to degrade,
releasing material components that ‘contribute to the recruitment of host cells, and ultimately to site-
specific tissue remodelling’ [392] whilst concurrently acting as templates for the deposition of new ECM,
thereby encouraging natural tissue regeneration in their place [393]. By guiding the natural repair
process in this way, tissue engineering scaffolds reduce levels of scar tissue and improve a mechanical

integrity of the repair [362, 365, 366].
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Scaffold degradation and tissue deposition have a significant influence on the mechanical properties of
the scaffold. As a scaffold degrades, its mechanical integrity decreases, reducing its stress-bearing
capacity. Concurrently, as the cells penetrate the scaffold and lay down new tissue, the stress-bearing
capacity of the repair is increased. To be successful, a tissue engineering repair must maintain sufficient
mechanical integrity throughout scaffold degradation and ECM deposition. Knowledge of the effects of
degradation and cellular proliferation on the mechanical response of the overall repair is of vital

importance and must be well characterised prior to use [394-397].

The changing mechanical properties of scaffolds incubated in a variety of in vivo and in vitro environments
have been well documented for a wide variety of scaffolds. In general, degradation and cellular in-growth
are controlled by material and environmental parameters such as chemical composition, degree of
crosslinking, porosity, culture medium composition and pH, and incubation temperature and atmosphere
[396, 398-401]. The effect of cellular proliferation of scaffold properties has also been well documented.
The decreasing mechanical properties of scaffolds incubated with scaffold-degrading cells, such as
macrophages, in vitro is commonly reported, particularly as a means of comparing the degradation
resistance of different scaffolds [402]. Studies have also demonstrated that ECM-depositing cells, such as
fibroblasts, proliferate on scaffolds, adapting their structure and composition [403, 404]. However,
despite mechanical characterisation being a standard technique for comparing the efficacy of various
processing and crosslinking techniques [405-407], the mechanical behaviour of scaffolds in response to

the proliferation of ECM-depositing cells is mostly unreported [408].

8.3 COLLAGEN SCAFFOLDS

Tissue engineering scaffolds have been fabricated from many materials. While degradable synthetic
polymers like PGA/PLA offer improved mechanical properties compared with collagen scaffolds, such
materials present biocompatibility issues and do not always provide an appropriate match of mechanical
properties between the scaffold and the tissue [361, 367]. Conversely, accounting for over a third of all
protein found in the mammalian body, collagen possesses appropriate biology and biochemistry for use in
vivo. Although batch variation, disease transmission, and fast degradation rates are all potential issues

[117], collagen’s tailorability makes it a promising material for use in tissue engineering scaffolds [409-
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411]. In particular, collagen shows great promise as a biocompatible coating and delivery agent on

synthetic scaffold materials [368, 412, 413].

The changing mechanical properties of collagen scaffold as a result of in vitro incubation with matrix-
degrading cells and enzymes have been well characterised [181, 414-418], primarily as a means of
characterising the degradation resistance of scaffolds [402].  Studies have also demonstrated an
improvement in the stiffness and strength of collagen scaffolds as a result in vivo incubation [419-421]
while in vitro studies have shown that the proliferation of tissue-depositing cells, such as tenocytes, on
collagen scaffolds leads to a reorganisation of the scaffold material [422-425]. To date, however, far too
little attention has been paid to the changing mechanical properties of collagen scaffolds in response to

the proliferation of ECM-depositing cells in vitro.

8.4 OBIJECTIVES AND AIMS

In previous chapters (Chapter 6 and Chapter 7), it was demonstrated that in the initial stages of
degeneration and tearing rotator cuff tendons show structural adaptations typical of tendon subjected to
compressive and shear strains. These adaptations are likely to have significant implications for the
mechanical properties of the tissue. Conservative and surgical interventions for rotator cuff degeneration
and tears aim to reinstate function and reduce pain. However, their effects on the structural adaptations
of the tissue are largely unknown. Furthermore, the effect of tendon cell proliferation on the degradation

behaviour and mechanical properties of collagen tissue engineering scaffolds is largely untested.

The work presented in the following chapters (Chapters 9 and 10) aims to improve current knowledge of
treated tissue and tendon cell-seeded scaffolds. In Chapter 9, the structural adaptations of torn rotator
cuff tendons seven weeks post intervention are compared with the tissue properties pre- intervention in
order to assess the effect of treatment on the structural adaptations of torn tendons. In Chapter 10, the
changing mechanical, structural and compositional properties of the scaffolds incubated in different
conditions are compared in order to assess the effect of tenocyte proliferation on the degradation
behaviour and mechanical properties of collagen scaffolds. Specifically, the following hypotheses are

tested:
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Corticosteroid injection has a detrimental effect on the structural adaptations of torn

tendons

Subacromial decompression surgery reverses the structural adaptations associated with

impingement, degeneration and tearing

Tenocyte proliferation on collagen scaffolds alters the degradation characteristics of the

scaffolds, specifically degradation rate and mechanism

Tenocyte proliferation on collagen scaffolds produces scaffolds with increased mechanical
properties, particularly Tensile modulus and failure stress, compared with acellular

scaffolds.
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Effect of Current Treatments Torn Cuff Tendons

9.1 MATERIALS AND METHODS

9.1.1 Sample Collection

To assess the effects of common clinical treatment for rotator cuff disorders on tendon properties, the
adaptations of rotator cuff samples collected pre- and 7 weeks post-treatment were provided by Dr. R.
Murphy (Lord Nuffield Scholar in Orthopaedic Surgery, Nuffield Department of Orthopaedics,
Rheumatology and Musculoskeletal Sciences, University of Oxford). These samples were collected as part
of the same observational cohort study of participants undergoing treatment for rotator cuff pathology as
that detailed in Chapter 7, Section 7.1.1 (Project Number: 09/H0605/111, Project title: 'Evaluation of the
tissue effects of current therapies used in the treatment of rotator cuff pathology'). Using a core biopsy
needle under ultrasound guidance, biopsies were collected from the mid portion of tendons containing
partial tears, 7 weeks post-subacromial corticosteroid injections and SAD surgery. These samples were
collected from the same tendons from the patients recruited to the serial biopsy study detailed in Chapter
7 Section 7.1.1, allowing direct comparison of pre- and post-treatment properties. Patients from whom no

sample was collected at the 7-week time point were excluded from further analysis.

9.1.2 Sample Preparation

9.1.2.1 Tissue Processing and sectioning

Post-collection, specimens were fixed in 10% formalin for at least 1 month prior to being embedded in
wax and cut into 10um glass-mounted sections and either de-waxed or stained with picrosirius red

following the procedures detailed in Chapter 4, Section 4.1.3.
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9.1.3 Sample Characterisation

9.1.3.1 Atomic Force Microscopy

Atomic force microscopy (AFM) was employed to characterise the ultrastructure of the extracellular
matrix in each sample. Dewaxed sections were imaged using an AFM in non-contact mode following the

experimental and analysis procedures detailed in Chapter 4, Section 4.1.4.4.

9.1.3.2 Polarised Light Microscopy

Picrosirius red-stained samples were imaged and analysed for red to orange pixel ratio and crimp length

using polarised light microscopy as detailed in Chapter 4, Section 4.1.4.2.

9.1.4  Statistical Analysis

Where data is presented as box plots, box ends and whisker ends represent 25th / 75th and 5th / 95th
percentiles respectively, with crosses indicating outliers. In cases were data is tabulated, it is presented
as mean values * standard deviation unless otherwise indicated. In all cases, mean values represent the
mean value of the individual sample means to avoid giving undue weight to samples for which more
measurements were possible [327]. Statistical significance was evaluated using one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test performed in Origin data analysis. A significance
level of p<0.05 was considered statistically significant, and statistical significance is indicated using the
standard asterisk notation, where * indicates p<0.05, ** indicates p<0.01, and *** indicates p<0.001.
Where relevant, linear regression analysis was performed on the data using ‘R’ Biostats with and without

the inclusion of confounding factors.
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9.2 RESULTS
9.2.1 Microstructural Evaluation

Figure 9:1 present box plots of the mean ratio of red to orange fibres obtained from partially torn samples
pre- and post-treatment. The ratio of red to orange fibres is not significantly affected by steroid injection
or SAD surgery. Figure 9:2 present box plots of the crimp length measurements for samples obtained
partially torn samples pre- and post-treatment. Crimp length is not significantly affected by steroid

treatment of SAD-surgery.
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Figure 9:1 Box plots representing the ratio of red to orange fibres in picrosirius red-
stained samples pre- and post- steroid injection and subacromial decompression
surgery. The ratio increases insignificantly 7 weeks post-steroid injection and decreases
insignificantly 7 weeks post-subacromial decompression surgery.
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Figure 9:2 Box plots representing the distribution of crimp length measurements for
samples from partially torn tendon, pre- and post- steroid injection and subacromial

decompression surgery (SAD).

although this is not statistically significant.

9.2.2 Ultrastructural Characterisation

Crimp length increases slightly after both treatments,

Figure 9:3 present box plots of the mean fibril diameter for samples obtained from partially torn samples

pre- and post-treatment. There is no significant change in the fibril diameter of samples 7 weeks post-

steroid injection or 7 weeks post-SAD surgery (Figure 9:3). Figure 9:4 present box plots of ‘D’ spacing in

samples obtained from partially torn samples pre- and post-treatment. Neither steroid injection nor SAD

surgery significantly affect the ‘D’ spacing of these samples. Figure 9:5 present box plots of the average

angle between the collagen fibrils for samples obtained from partially torn samples pre- and post-

treatment. There is no difference in the average angle between fibrils in samples pre- and post- steroid

injection. However, the average angle is significantly decreased in samples post-SAD surgery compared

with pre-SAD surgery.
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Figure 9:3 Box plots representing measurements of fibril diameter in partially torn samples
pre- and post- steroid injection and subacromial decompression surgery (SAD).  Fibril
diameter increases slightly after treatment but this is not statistical.
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Figure 9:4 Box plots representing measurements of ‘D’ spacing in partially torn samples pre-
and post- steroid injection and subacromial decompression surgery (SAD). ‘D’ spacing is not
significantly different post-treatment.
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Figure 9:5 Box plots representing measurements of average angle between fibrils for
partially torn samples pre- and post- steroid injection and subacromial decompression
surgery (SAD). Post-SAD, average angle decreases significantly compared with pre-
SAD. Steroid injection does not have any effect.

9.3 DISCUSSION

While corticosteroids are a popular conservative treatment for rotator cuff disorders, the rationale behind
their use is not clear — rotator cuff degeneration is not an inflammatory disorder. Furthermore, repeated
use of steroid injections have been shown to cause necrosis and decreased mechanical properties and is
therefore expected to be associated with structural modifications. SAD surgery is another popular
treatment option, typically offered if steroid treatment proves unsuccessful. This procedure has been
reported to reduce pain and improved function [350-352], although whether it offers any significant
benefit compared to physiotherapy alone is disputed [353]. The influence of SAD surgery on the structural
adaptation of rotator cuff tendons is not known. However, since it is designed to remove compressive
and shear strains associated with impingement of the supraspinatus tendon by the acromion, it might be
expected that post-surgery the tendon would exhibit a higher proportion of structural features typical of

tensile strains compared with pre-surgery.
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In agreement with other studies [343], the results presented here indicate that a one-off dose of steroid
does not significantly influence the structural integrity of partially torn tendons: 7 weeks post-injection
there were no significant differences in the proportion of thinner fibres (Figure 9:1 pg. 161), crimp length
(Figure 9:2 pg. 162), fibril diameter (Figure 9:3 pg. 163) or fibril alignment (Figure 9:5 pg. 164). SAD-
surgery does not appear to significantly alter the structural adaptation of partially torn tendons either: 7
weeks post-surgery, the only statistical difference is an increase in fibrillar alignment (Figure 9:5 pg. 164).
Thus the results presented here provide no evidence to support the hypotheses that corticosteroid
injection has a detrimental effect on the structural adaptations of torn tendons nor that subacromial
decompression surgery reverses the structural adaptations associated with impingement, degeneration

and tearing.

9.4 SUMMARY, LIMITATIONS AND FURTHER WORK

The results presented in this chapter appear to indicate that neither steroid injection nor subacromial
decompression surgery significantly advance or reverse the structural adaptations on torn rotator cuff
tendons. However, it is highly likely that these results are impacted by the significant time limitation
imposed by clinical restrictions. Specifically, it is possible that 7 weeks is not a sufficient time scale for the
investigation of structural adaptations as a result of intervention. Accuracy of the sampling method

should also be considered.

While the results of the work presented in this chapter are unlikely to influence future practice, due care
and consideration should be given the results of biological characterisation already present in the
literature before deciding on future treatment interventions. Since both treatments can bring about a
short-term reduction in pain and improvement in function, the results indicate that there is no need to
discontinue either treatment modality. However, the results do emphasise the need to develop new
and/or improved early intervention strategies capable of restoring the healthy mechanical environment
of the cuff tendons and reversing early pathological changes. Further work is now needed to assess
whether there are any biological adaptations at the time point assessed here, and whether either

treatment condition is associated with significant structural adaptations over much longer time scales.
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Chapter Ten

Tenocyte Proliferation on Collagen Scaffolds

10.1 MATERIALS AND METHODS"
10.1.1 Chemical Procurement

All reagents were purchased from Sigma Aldrich, Dorset, UK unless otherwise stated.

10.1.2 Cell Culture

10.1.2.1 Tenocyte Origin

Foot flexor tendon-derived cells, referred to as foot flexor tenocytes (FFTs) from this point forward, were
explanted from human foot flexor tendon specimens obtained from a below-knee amputation, from a 75
year old male with critical limb ischemia secondary to smoking but no other co-morbidities. Specimens
were obtained intraoperatively, immediately following the amputation and transported in sterile
conditions in Dubecho’s minimal essential medium (DMEM) (Invitrogen Life Technologies, Grand Island,
USA). Informed consent was obtained, and our institutional research committee approved use of these
specimens. The tendon sample was sectioned into pieces approximately 1mm? in size and cultured in
DMEM containing 50% foetal calf serum (FCS) (Invitrogen Life Technologies, Grand Island, USA) with 1%
penicillin/streptomycin (Pen-Strep) (Invitrogen Life Technologies, Grand Island, USA) until the cells began
to migrate into the culture medium (approximately 1 week). At this point, the tendon pieces were

discarded and the cells were expanded as detailed below (see Section 1.1.1.1).

" This chapter is adapted for use from Journal of Materials Science: Materials in Medicine 23(3) p823-33 Tenocyte
proliferation on collagen scaffolds protects against degradation and improves scaffold properties. Tilley, J.M.R.,
Chaudhury, S., Hakimi, O., Carr, A.J., Czernuszka, C.T. Copyright (2011), with kind permission from Springer Science
and Business Media [DOI: 10.1007/s10856-011-4537-7]
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10.1.2.2 Tenocyte Expansion and subculture

FFTs were expanded on 10cm petri dishes (Corning, Corning, USA) in 10ml culture medium (MEM
supplemented with 10% heat inactivated foetal calf serum (FCS), 1% Pen-Strep) and maintained at 37 °C
and 5% CO, in a controlled atmosphere incubator. The culture medium was replaced every 6 days. Once
the cells reached approximately 90% confluence, they were either suspended in FCS containing 10%
dimethylsulfoxide and frozen in liquid nitrogen in cryovials for later use, or were passaged as follows: In a
cell culture hood, 5ml of the culture medium was removed from the petri dish and discarded. A cell
scraper was used to remove the cells from the base of the petri dish and suspend them in the remaining
5ml culture medium. This suspension was then split between 5 petri dishes, and 9ml fresh culture
medium was added to each dish before each dish was labelled and placed in the incubator. This
procedure was repeated as necessary until the 4™ passage, at which point unused cells were discarded as
it has been shown that ‘cell phenotype is stable up until passage 5 in tenocytes isolated from tendon

explants when passaged subconfluence’ [346, 426].

10.1.3 Scaffold Preparation and Storage

1 w/v% collagen suspension was produced by dispersing type | tropocollagen from bovine Achilles tendon
in distilled water adjusted to pH 3.3 with glacial acetic acid. The solution was then blended using a hand
blender (Phillips) and degassed in a dedicator before being cast in 3x2x40mm Teflon moulds and frozen at
-20°C. Frozen scaffolds were defrosted in 100% ethanol prior to immersion in 50:17:50mM EDC:NHS:MES
(N-  Ethyl- N'-  (3-dimethylaminopropyl)  carbodiimide:N-hydroxy-succinimide:2-(N-morpholino)
ethanesulfonic acid) crosslinking solution at room temperature for 4 hours. Post-crosslinking, scaffolds
were rinsed twice in 0.1 M Na,HPO, for 1 hour, washed four times in distilled water for 30 minutes, and
then stored in 100% ethanol at room temperature for up to 24 hours prior to use [427]. On Day -1,
scaffolds were sterilised in fresh 100% ethanol for 30 minutes, rinsed three times in DPBS (Lonza, Basel,
CH) for 30 minutes and then stored in minimal essential medium (MEM) (Invitrogen Life Technologies,
Grand Island, USA) at 5°C overnight. Enough scaffolds were prepared to provide 16 scaffolds per time
point for the mechanical study, and a further six scaffolds for cell penetration and morphology

experiments on days 1 and 26.
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10.1.4 Cell Seeding

On Day 0 scaffolds were cut in half laterally using a handheld razor blade. The halves were then placed in
24-well Costar® cell culture clusters (Corning, Corning, USA) with four halves in each well, and the cell
clusters were placed in an incubator at 37 °C, 5% CO, at 100% humidity for 30 minutes. Each well was
then seeded with either: a) 1ml DMEM, 10% FCS, 1% Pen-Strep or b) 1ml DMEM, 10% FCS, 1% Pen-Strep
containing 5x10° FFTs (Passage 3). The seeded scaffolds were cultured in an incubator at 37 °C, 5% CO, at

100% humidity and the medium was replaced every six days.

10.1.5 Histology and Biochemical Assays

10.1.5.1 Cell Viability

The Alamar blue™ assay was used to assess the amount of viable biomass on Days 1, 5, 13 and 26 [428].
For consistency, the 12 scaffolds intended for Day 26 mechanical characterisation were used for all
readings. On the appropriate day, the culture medium surrounding the scaffolds was discarded and the
scaffolds were transferred to fresh well plates (four scaffolds per well). They were then incubated in 5%
Alamar blue (Lonza, Basel, CH) in MEM at 37°C for 2 hours. The supernatant was then transferred to 48-
well cell culture clusters and emission at 590nm was measured following excitation at 530-570 nm using
a MRX spectrophotometer (Dynex Technologies, Chantilly, USA). Using the same method, the amount of

viable biomass on the original well plates on Day 1 was assessed for control purposes.

10.1.5.2 Cell Penetration and Morphology

On Day 1 and Day 26 six scaffolds were removed from the culture medium, rinsed twice in 1xPBS (Lonza,
Basel, CH) for 15 minutes, and fixed in 10% formalin neutral buffered with 0.1M PBS (Lonza, Basel, CH) at
room temperature for at least 24 hours. Fixed scaffolds were then cut in half transversely, dehydrated
through graded IMS (70%, 90%, 95%, 100%), perfused in paraffin wax using a tissue processor and
embedded in a Formula R paraffin wax bloc (Surgipath, Cambridgeshire, UK). One 10um cross-sectional
slice was then cut from each embedded sample using a microtome (Leica Microsystems, Milton Keynes,
UK), mounted on a microscope slide (Leica Microsystems, Milton Keynes, UK) and baked at 60°C for at

least 24 hours before being stored in ambient conditions in standard slide boxes.
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The cell penetration profile and cell morphology of each cross-sectional slice was assessed by staining the
slides with Nuclear Fast Red as follows; each slide was twice cleared in a clearing agent (Thermo Fisher
Scientific, Waltham USA) for 7 minutes, rehydrated in graded IMS (100%, 100%, 90%, 75%, 5 minutes
each), stained with 0.1% Nuclear Fast Red in 5% aluminium sulphate (Thermo Fisher Scientific, Waltham
USA) for 10 minutes, rinsed in running water for 1 minute, dehydrated in graded alcohol (100%, 100%,
90%, 75%, 5 minutes each) , cleared in a clearing agent, mounted with DXP mountant (Sugipath,

Peterborough, UK) and covered with a cover slip.

Using an Axio Imager M microscope (Carl Zeiss Ltd., Welwyn Garden City, UK), each slice was imaged
sequentially (20x magnification). After the images had been stitched together using Adobe Illustrator CS3
extended image processing software (Adobe, San Jose, USA), image analysis software (Image J, Wayne
Rasband) was used to count the number of cells in each sequential image and to calculate the minimum
distance from the centre of each sequential image to the cross-section edge. Analysis was performed in
this order as it allowed more accurate calculation of the closest distance of each cell from the cross

section edge compared with counting the cells directly under the microscope.

10.1.6 Culture Medium Content

Culture medium was aspirated from the incubated scaffolds on Days 0, 5, 12 and 26 and assayed using a
Sensolyte generic ‘colorimetric’ assay kit (AnaSpec, Fremont, USA) [429] to detect sulfhydryl group (-SH)
concentrations from which cysteine concentration (and thus extent of scaffold degradation) can be
inferred. The following were added to labelled 96-well plates: either i) 30ul aspirated culture medium
and 30ul MMP substrate, ii) 30ul fresh culture medium and 30ul MMP substrate (vehicle control), iii) 60
ul Glutathione reference standards (200uM, 100uM, 50uM,25uM, 12.5uM), or iv) 60ul of MMP substrate
(substrate control). 40 ul of assay buffer was then added to each well and the well plate was gently
shaken for 30 seconds. The well plate was then incubated for 120 minutes at 37°C. The absorbance of
each well was assessed at 412nm using a Spectra Max Plus microplate reader (Molecular Devices,

Sunnyvale, USA). Data was calibrated using the appropriate control as provided with the assay kit.
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10.1.7 Mechanical Characterisation

The tensile mechanical properties of scaffolds were assessed on Days 0, 1, 5, 12 and 26 using a Dynamic
mechanical Analyser DMA 7e (PerkinElmer, Waltham, USA) (Figure 10:1). 16 scaffolds were removed
from the culture medium, washed twice in DPBS for 5 minutes and stored in DPBS for up to 4 hours prior
to testing. The initial cross-sectional area of the scaffolds was measured using digital callipers (RS).
Scaffolds were then carefully loaded in the DMA clamps (Figure 10:1), immersed in tap water at ambient
temperature and tested in tension using a force rate of 20mN min™. Scaffolds which failed at the clamps,
or slipped from the clamps during testing, were discarded from further mechanical analyses. The force-
extension curves produced were converted to stress-strain curves which were analysed for high-strain

tensile modulus and failure stress of the scaffolds as defined in Figure 10:2.

Figure 10:1 Dynamic Mechanical Analyser with a loaded collagen scaffold shown in an expanded view
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Figure 10:2 Typical stress-strain curve for collagen scaffolds used in this Chapter, annotated to illustrate
the definitions of mechanical properties measured as part of this work.
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10.1.8 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used to assess the effects of incubation on the denaturation
temperature of the scaffold material. Post-mechanical testing, six scaffolds from Days 0, 1, 5, 12 and 26
were rinsed in 100% ethanol, air dried in ambient conditions overnight and then stored in 2ml
microcentrifuge tubes (Thermo Fisher Scientific, Waltham USA). 6 + 0.6 mg dry weight of each sample
was then placed in a 40ul aluminium DSC pan (PerkinElmer, Waltham, USA) and heated to 105°C at 15°C
min™ using a DSC821° (Mattler Toledo, Beaumont Leys, UK). The denaturation temperature (T4) of each

sample was taken as the peak in the power-temperature graph produced.

10.1.9 Infra-red Spectroscopy

Fourier Transform Infra-red Spectroscopy (FTIR) was used to assess the effects of processing and
incubation on the scaffold material. FTIR spectra were collected for i) as purchased tropocollagen, ii) pre-
crosslinked collagen scaffolds frozen in moulds for 24 hours and then defrosted in ethanol, and iii)
crosslinked collagen scaffolds rinsed in ethanol. Spectra were also collected for six medium-only and six

FFT-seeded scaffolds incubated on Days 1 and 26.

On the appropriate day, scaffolds were removed from culture medium and rinsed in PBS buffer. They
were then stored in 100% ethanol for a minimum of 24 hours, rinsed in 100% HDMS for 24 hours and
then left to air dry in ambient conditions for up to 1 week. Using an Excalibur FTIR spectroscope (Agilent,
Stockport, UK) in attenuated total reflectance mode, scaffolds were scanned from 4000 cm™ to 400 cm™
64 times with the background scan subtracted. Using Varian Resolutions Pro 4.0 software (Agilent,
Stockport, UK) each spectrum was baseline corrected and normalised to the intensity of the CH, peak
found at 1452cm™. To assess the nature of material changes resulting from incubation, the collagen

fingerprint region of the average spectrum for each time point was compared.

10.1.10 Statistical Analysis

Power analysis, assessed using the biostatistics package ‘R’ (R Foundation for Statistical Computing) and
based on preliminary experiments [402], revealed that a minimum of 14 samples were needed in order to
distinguish differences of 1 standard deviation in mechanical data at p<0.05 statistical significance and

80% confidence level. Mechanical data points were therefore calculated as the mean of at least 14
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replicates. All other experiments data was calculated as a mean of at least 6 replicates unless otherwise
stated and error bars represent standard deviations. Where data is presented as a percentage difference,
data points represent percentage difference in the means and error bars were calculated by converting
standard deviations to relative errors based on mean values. Statistical significance was evaluated using
one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test on raw data sets using Origin
data analysis software. In this chapter statistical significance is indicated as follows: *indicates a value
significantly different (p<0.05) to the Day O value, while * indicates a statistically significant difference

(p<0.05) between results at a particular time point.
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10.2 RESULTS
10.2.1 Scaffold Suitability

10.2.1.1 Material Properties of Collagen

Figure 10:3 compares Fourier Transform infrared (FTIR) spectra of collagen at various stages during
scaffold processing while Table 10:1 shows how the processing steps affect the intensity and position of
characteristic peaks in the collagen infrared spectrum. It is clear from Figure 10:3 and the data in Table
10:1 that there are significant reductions in the height of the peaks at 2853-2937cm™ and 1742-1744cm™
upon dissolution of as-purchased collagen in pH 3.3 aqueous solution indicating hydrolysation of the CH,
(methylene) and C=0 (carbonyl) groups respectively. However, there are no significant differences in the
positions or heights of the Amide peaks at any stage indicating that processing does not significantly

affect the collagenous nature of the scaffolds.
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Figure 10:3 FTIR spectra of collagen at various stages during scaffold processing. Peak intensities for
each spectrum are normalised relatively to the CH2 reference peak at 1453cm™. Initial dissolution in acid
reduces absorbance at 2853-2937cm™ and 1742-1744cm™
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Table 10:1 Experimental Data showing the Affect of Scaffold Processing on Collagen

Infrared Spectrum

As- purchased Pre-crosslinked Crosslinked
Peat(l;n(;.?lr)\tre 3302 +6.4 3300 +2.5 3301 +6.2
Amide A
Normalised
+ * t
Peak Height 0.38:20.22 0412025 naTEne
Peak
ea(cr(T:]:_elr;tre 1636 +1.6 1637 +1.9 1637 +4.1
Amide | N lised
ormafise 3.04 £1.78 3.35+1.81 3.56 £1.94
Peak Height
Pea(l;n(;ir;tre 1542 +1.5 1541 +1.2 1542 +2.1
Amide Il ieod
Normalise
+ * t
Peak Height 1782131 192104 e
Peak
ea(cn(it_elr;tre 1237 +0.4 1246 +6.5 1239 2.7
Amide IlI lised
Normalise 0.82 £0.41 0.97 +0.58 0.88 +0.47
Peak Height
N Pea(tnigl?tre 2923 +1.5 2931 +11.8 2938 +11.1
2
Asymmetric N lised
ormafise 2.39 0.66 0.4+0.30 a 0.36+0.12 °
Peak Height
N Pea(l;:_elr)\tre 2854 +0.5 2863 +10.9 2877 £11.3°
2
Symmetric i
Normalised 1.29 £0.40 0.13$0.12° 0.140.10°
Peak Height
Peak Cent
ea( cmglr)w re 1744 0.5 1743 2.5 n/a
Carbonyl N lised
ormalise
+ +
peak Height 1.9 +0.68 0.14+0.12 a n/a

[175]

% indicates significantly different to as-purchased value at 0.01 level




Chapter 10 Tenocyte Proliferation on Collagen Scaftolds

Table 10:2 presents the Day O (i.e. pre-incubation) properties of the crosslinked collagen scaffolds used in
this study. These properties define the baseline values to which all subsequent measurements of scaffold

properties were compared.

Table 10:2 Day 0 (i.e. Baseline) Scaffold Properties

Mean Star.'nda-\rd

deviation
Cross-sectional Area, Ay 6.5 mm’ 0.7
Low Strain Tensile Modulus, E; 38.1 kPa 17.0
Heel Strain, &, 10.8 % 7.2
Heel Stress, oy 3.7 kPa 1.7
High Strain Tensile Modulus, Ey 70.9 kPa 20.9
Yield Strain, €y 31.6% 21.8
Yield Stress, oy 14.7 kPa 3.3
Failure Strain, & 51.9% 26.0
Failure Stress, o 21.7 kPa 8.9
Denaturation Temperature, Dy 82.3°C 1.3

10.2.1.2 Cell Behaviour

Figure 10:4 compares the amount of viable biomass on collagen scaffolds relative to the Day 1 control
value (i.e. cells grown on tissue culture plastic) at various time points, as assessed using the Alamar blue
assay. Although there is initially less viable biomass in the scaffolds compared with the control material

(33%), the amount in the collagen scaffolds increases rapidly, reaching a plateau after Day 13.
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Figure 10:4 Amount of viable biomass on collagen scaffolds relative to Day 1 control value (culture well)
at different time points. *indicates significantly different (p<0.05) to Day 1 value. Although there is less
viable biomass on the scaffolds than on the control material on Day 1, the amount increase steadily until
Day 12, at which point it plateaus.

Amount of viable biomass relative to Day 1 control (%)

Figure 10:5 shows the cell penetration profiles on Day 1 and day 26, as assessed using nuclear fast red-
staining. On Day 1 the there are, on average, 34 FFTs per 10um slice while on Day 26 there are, on
average 132 FFTs per 10um slice, a statistically significant increase (p<0.05). At both time points there are
no cells further than 1.5mm from a scaffold edge, with the majority concentrating 250- 500um from the
scaffold edges. By Day 26 there are more cells and the distribution profile is visibly broader compared
with Day 1. Figure 10:6 shows a complete cross-section together with images from the outer edge of the
scaffold and the centre of the scaffold in order to illustrate differences in cell penetration. In agreement
with the cell penetration data more cells are visible at the edge (Figure 10:6B) than in the centre (Figure

10:6C).
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Figure 10:5 Penetration of FFT cells into collagen scaffolds. There are no cells further than 1.5mm from a
scaffold edge, with the majority concentrating 250- 1000um from the scaffold edges. By Day 26 there
are more cells and the distribution profile is visibly broader compared with Day 1
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Figure 10:6 Nuclear fast red-stained FFT cells on collagen scaffold after 26 days of incubation; A) low
magnification image (x2.5) of a complete cross-section, B) high magnification image (x20) of the edge of
the cross-section, and C) high magnification image (x20) of the centre of the cross-section. Cells that are
attached to the scaffold are indicated by arrow heads. In agreement with the cell penetration data more
cells are visible at the edge (B) than in the centre (C).
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10.2.2 Scaffold Changes Resulting from Incubation

10.2.2.1 Mechanical Scaffold Changes

Figure 10:7 shows the cross-sectional area (relative to Day 0 values) of scaffolds incubated in medium-
only and with FFTs as a function of time. For both conditions cross-sectional area (Ay) decreases with
time; by Day 13 medium-only scaffolds show a significantly greater reduction in Ay compared with FFT-
seeded scaffolds, decreasing to 40% of the Day 0 value. By Day 26, scaffolds incubated in medium-only

are too disintegrated to characterise.
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Figure 10:7 Changing scaffold cross-sectional area (Ax), compared with Day 0, as a result of incubation in
medium-only, or with FFT cells. *indicates significantly different (p<0.05) to Day 0 value, #indicates a
statistically significant difference (p<0.05) between results at a particular time point. A, of all scaffolds
decreases significantly over the course of the experiment, decreasing to a greater extent in medium-only
scaffolds: by Day 12 A, of medium-only scaffolds is significantly smaller than FFT seeded scaffolds. By
Day 26, medium-only scaffolds were too disintegrated to enable measurement of A,.
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Figure 10:8 to Figure 10:15 show the effect of incubation on the low strain Tensile moduli, high strain
Tensile moduli, heel strain, yield strain, failure strain, heel stress, yield stress and failure stress
respectively of scaffolds incubated in different conditions. Initially, there are no significant changes in the
moduli (Figure 10:8, Figure 10:9), heel strain, yield strain or failure strain, (Figure 10:10 - Figure 10:12),
heel stress, yield stress or failure stress (Figure 10:13 - Figure 10:15) of scaffolds incubated in medium-
only. However, by Day 5 these scaffolds are too weak to test. In contrast, scaffolds incubated with FFTs
show significant increases in Low Strain Tensile modulus (Figure 10:8) and High Strain Tensile modulus

(Figure 10:9), reaching 231% and 313% of Day 0 values respectively by Day 26.

The heel stress, yield stress and failure stress (Figure 10:13-Figure 10:15) of FFT-seeded scaffolds also
increase significantly over the course of the experiment, reaching 437%, 268%, and 230% of Day 1 values
respectively by Day 26. However, incubation with FFTs does not significantly alter the heel strain, yield
strain or failure strain of the FFT-seeded scaffolds (Figure 10:10, Figure 10:11 and Figure 10:12

respectively) over the course of the experiment.
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Figure 10:8 Changing Low Strain Tensile modulus (EL) of scaffolds incubated in medium-only, and with
FFT cells. *indicates significantly different (p<0.05) to Day O value. EH of medium-only scaffolds
decreases rapidly and is negligible by Day 5, while EH of FFT-seeded scaffolds increases significantly over
the course of the experiment.
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Figure 10:9 Changing high strain tensile modulus (Ey) of scaffolds incubated in medium-only, and with
FFT cells. *indicates significantly different (p<0.05) to Day 0 value. Ey of medium-only scaffolds
decreases rapidly and is negligible by Day 5, while E,; of FFT-seeded scaffolds increases significantly over
the course of the experiment.
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Figure 10:10 Changing Heel Strain (gy) of scaffolds incubated in medium-only, and with FFT cells. &y of
medium-only scaffolds is negligible by Day 5, while g, of FFT-seeded scaffolds increases over the course
of the experiment to an insignificant level.
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Figure 10:11 Changing yield strain (ey), compared with Day 0, as a result of incubation in medium-only,
or with FFT cells. By Day 5, €y of medium-only scaffolds is negligible, while the €y of FFT seeded scaffolds
does not change significantly over the course of the experiment.
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Figure 10:12 Changing failure strain (gg), compared with Day O, as a result of incubation in medium-only,

or with FFT cells.

By Day 5, er of medium-only scaffolds is un-measurable, while er of FFT seeded

scaffolds does not change significantly over the course of the experiment.
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Figure 10:13 Changing Heel stress (oy) of scaffolds incubated in medium-only, and with FFT cells.
*indicates significantly different (p<0.05) to Day 0 value. oy of medium-only scaffolds decreases rapidly
and is negligible by Day 5, while oy of FFT-seeded scaffolds increases significantly over the course of the
experiment.
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Figure 10:14 Changing Yield Stress (oy) of scaffolds incubated in medium-only, and with FFT cells.
*indicates significantly different (p<0.05) to Day 0 value. oy of medium-only scaffolds decreases rapidly
and is negligible by Day 5, while oy of FFT-seeded scaffolds increases significantly over the course of the
experiment.
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Figure 10:15 Changing Failure Stress (or) of scaffolds incubated in medium-only, and with FFT cells.
*indicates significantly different (p<0.05) to Day 0 value. or of medium-only scaffolds decreases rapidly
and is negligible by Day 5, while or of FFT-seeded scaffolds increases significantly over the course of the
experiment.

10.2.2.2 Material Changes

Figure 10:16 and Figure 10:17 show the denaturation temperature and FTIR spectra respectively of
scaffolds incubated in different conditions. There are no significant changes in the denaturation
temperature or FTIR peak wavenumbers of the scaffolds as a result of either incubation condition.
However, there are differences in the FTIR spectra (Figure 10:17) of the scaffolds. The average spectrum
for Day 26 medium-only does not change significantly compared to Day 1 unseeded scaffolds with the
exception of a slight absorbance decrease and broadening of the Amide Ill peak. Conversely the Day 26
spectrum for FFT-seeded scaffolds exhibits increased Amide | and Il peak absorbance compared with the

Day 1 spectrum. As for the medium-only scaffolds, a broadening of the Amide Il peak is seen.
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Figure 10:16 Changing denaturation temperature (D7) of scaffolds after incubation in medium-only, and
with FFT cells. By Day 26, scaffolds incubated in medium-only had degraded to such an extent that it

was not possible to assess their Dr. However, there is no significant change in Dt of scaffolds throughout
the course of the experiment, regardless of incubation condition.

normalised absorbance (

8 —
- Day1
FFT Day 26 ”
+  MEM Day 26 v
AN
6 Rl
S, = X
Pt - i
4 y " a8
. I o K
s o ¥ 1
& W _:
4 e ";' .
o .,
i ‘};\ i :
/\\ ..': i"..u: A
B ;_‘ . . - - f i
E Pa ."ﬁ-'b". r k- >
2N\ %\\g W o %
- " Y g W 7 4
1 A4 \\\/)@’\\7 Y 2
_J TI'I.
%
0 T T T T T T &
1200 1300 1400 1500 1600 1700

wavenumber (cm™)

Figure 10:17 Average FTIR Spectra for scaffolds incubated in medium-only and with FFT cells in the

fingerprint region (1150-1800cm-1).

With the exception of a decrease in the Amide Ill peak, no

significant change in amide peak absorbance is seen for medium-only scaffolds, while there are increases
in Amide peak intensities for FFT-seeded scaffolds.
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10.2.3 Culture Medium Changes

Figure 10:18 compares the changing culture medium content of sulfhydryl groups (-SH), indicative of
cysteine amino acid concentration, and thus extent of scaffold degradation, for scaffolds incubated in
different conditions. Sulfhydryl group concentration decrease by insignificant amounts for cell-seeded

scaffolds but increase significantly for scaffolds incubated in medium only.
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Figure 10:18 Changing concentration of sulfhydryl groups (C;) in culture medium after incubation in
medium-only, and with FFT cells. *indicates a significant difference (p<0.05) to Day 0 value, *indicates a
statistically significant difference (p<0.05) between results at a particular time point. There are
significant decreases in Cr for scaffolds incubated with FFTs, while scaffolds incubated in medium-only
exhibit significant increases in Crby Day 12.
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10.3 DISCUSSION

10.3.1 Scaffold Suitability

Processing does not alter the intensity and position of the amide peaks of the scaffolds (Figure 10:3 pg.
174, and Table 10:1 pg. 175). It can therefore be concluded that processing does not alter their
collagenous nature. With a high strain tensile modulus of 70.9kPa and a failure stress of 21.7 kPa (Table
10:2 pg. 176) the crosslinked scaffolds are stiffer and stronger than similar collagen scaffolds (e.g. [406]).
However, they are less stiff and weaker than typical tendons and ligaments (wet tensile modulus 5-
450MPa, wet UTS 2-50MPa [77, 430]). This is probably due to their high porosity, lack of structural
hierarchy and low crosslinking density (indicated by their relatively low denaturation temperature, see

Table 10:2 pg. 172) compared with soft tissues [431]).

Despite this, the scaffolds provide a suitable environment for 3D cell culture. The amount of viable
biomass on collagen scaffolds as assessed using Alamar blue (Figure 10:4 pg. 177) follows the typical ‘lag,
log, lag’ growth behaviour of tenocytes and fibroblasts cultured in vitro, only reaching a stationary phase
after Day 13. This behaviour has been seen in previous studies of the in vitro behaviour of tenocytes from
subscapularis tendon, supraspinatus tendon, Achilles tendon and foot flexor tendon (e.g. [432] and Figure
10:19). Hence the results indicate that the collagen scaffolds used in these experiments are not

detrimental to cell proliferation.
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Figure 10:19 Changing amounts of viable biomass produced by rotator cuff tenocytes seeded in different
densities as assessed by Alamar blue fluorescence. Cell behaviour shows the ‘lag, log, lag’ growth
behaviour typical of tenocytes and fibroblasts cultured in vitro. These tenocytes were cultured in 96 well
plates which have a smaller surface area; hence the second lag phase is reached more rapidly than in the
current study. Graph courtesy of Dr. Osnat Hakimi.
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Examination of the cell penetration profiles assessed using nuclear fast red-staining (Figure 10:5 pg. 6, and
Figure 10:6 pg. 178) reveals that, despite concentrating 250-750um from the scaffold edges, the cells are
able to penetrate the scaffolds [433]. In agreement with the Alamar blue results (Figure 10:4 pg. 177) the
penetration results also indicate that cell numbers increase significantly during the experiment.

Therefore, the scaffolds appear to provide a suitable environment for 3D cell culture.

10.3.1.1 Mechanical Response

The results of mechanical testing suggest that scaffolds incubated in different conditions respond
differently. The decreasing cross-sectional area (Figure 10:7 pg. 179) of scaffolds incubated in medium-
only suggests that the scaffolds degrade rapidly in culture medium in the absence of cells. Conversely,
seeding the scaffolds with cells appears to greatly reduce this medium-induced degradation; while the
cross-sectional area of FFT-seeded scaffolds does decrease over the course of the experiment (Figure 10:7

pg. 179), this small decrease (approximately 15%) is probably the result of cell contraction [434, 435].

The results of the mechanical characterisation also indicate that proliferation of FFTs leads to significant
improvements in the stress-bearing capabilities of the scaffolds; the low and high strain Tensile moduli
(Figure 10:8 pg. 180, and Figure 10:9 pg. 181 respectively), heel stress, yield stress and failure stress
(Figure 10:13 pg. 183, Figure 10:14 pg. 183 and Figure 10:15 pg. 184 respectively) of FFT-seeded scaffolds
more than double their Day 0 values over 26 days. Thus it appears that, in addition to being able to
protect the scaffolds from the rapid degradation caused by incubation in culture medium, FFT

proliferation also improves the mechanical integrity of the scaffolds.

The scaffolds used in this study are porous, their properties depend on their relative density (density of
structure divided by density of constituent material) [436]. Since no attempt was made to account for the
effect of incubation on the porosity of the scaffolds, the mechanical measurements reported here are the
equivalent properties of the structure, rather than the actual properties of the constituent material.
Consequently, the mechanical changes reported here do not indicate material changes alone, but may
also indicate structural changes. This phenomenon can be better understood by consideration of the’s’-

shaped stress-strain curve of a porous material.

[188]



Chapter 10 Tenocyte Proliferation on Collagen Scaffolds

Figure 10:20 presents a typical ‘s’-shaped stress strain curve produced when a porous material is tested
under tension, together with pictorial representations of what is happening to the scaffold during testing,
Table 10:3 outlines the definitions and origins of each different region on the graph in addition to the
scaffold properties that affect these regions. Upon examination of these it can be seen that the
mechanical behaviour of a porous material is significantly influenced by the porosity and internal
architecture of the material. Changes in the mechanical response of a porous material are therefore likely
to be related to changes in the porosity and internal architecture of the material. In other words, the
increases in the mechanical properties of the FFT-seeded porous scaffolds presented here may be caused
by changes in either the material properties of the constituent material, or the internal architecture of the
scaffold itself. To investigate this further, the material properties of the scaffolds post-incubation were

characterised (Section 10.2.2.2).

T T T T 1 Strain

Figure 10:20 Pictorial depiction explaining how the deformation of a porous material under tensile load
produces a stress-strain curve with a characteristic 's' shape.
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Table 10:3 Explanation of the shape of a tensile stress-strain curve for a porous material

Characteristic

Name Definition Influenced by Comments
Property
| Neutral n/a Point at which the sample n/a Rest position
Point experiences no load of the pores
Il Low Low strain Pore walls that are not 1. Internal angles of the
Strain Tensile perpendicular to the primary stress pores
Linear m lus, E i n lign with th .
inea odulus, E, axis want to align with the 5 Cell wall thickness
Elastic direction of applied stress.
Region . . .
g Resistance to the rotation provided
by the walls perpendicular to the
applied stress produces E,
Il | Heel Heel strain, €, | Pore walls begin to align with the 1. Uniformity of pores, If the pores
Region applied stress. . are not
g Heel stress, oy PP 2. Size of pores (smaller ]
uniform, the
pores have less ) }
. increase in
. . distance to travel and
Stiffness increases because the ) stiffness will
. . . . so align at much lower
stress is now being applied directly ) occur over a
strains)
to some of the pore walls. range of
3. Ease of rotation of cell | yalues, giving
walls rise to a large
4. Cell wall thickness heel region.
5. Tensile modulus of
constituent material
IV | High High strain Stress is applied directly to the 1. Tensile modulus of Assumes no
Strain Tensile (now aligned) pore walls constituent material buckling of
Linear m lus, E . h r Il
Inea odulus, By 2. Pore wall thickness, the pore walls
Elastic aligned
Region 3. Uniformity of pore perpendicular
walls to the applied
stress
V | Yield Yield strain, &y | Point at which pores begin to 1. Yield Properties of
Point . deform plastically and/or fail. constituent material
Yield stress, P y /
Oy 2. Failure Properties of
constituent material,
3. Integrity and
uniformity of pore
walls
VI | Failure Failure strain, | Point of catastrophic failure when 1. Failure Properties of
Point € there are no intact cell walls constituent material

Failure stress,

OF

remaining across the cross section
of the sample
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10.3.1.2 Material Response

To further investigate the differing mechanical responses to incubation as discussed above (Section
10.3.1.1), the material properties of the scaffolds, as assessed by measurement of the scaffolds’
denaturation temperature and FTIR spectra, were compared at different time points (Figure 10:16 pg.
185, and Figure 10:17 pg. 185 respectively). The results reveal that the changing mechanical properties
are not caused by changes in the scaffolds’ protein structure; the constant denaturation temperature of
all scaffolds (see Figure 10:16 pg. 185) appears to suggests that the crosslinking density of the scaffolds
does not change, while the lack of significant peak shifts in the FTIR spectra of these scaffolds (see Figure
10:17 pg. 3) reveals that there are no changes in the primary, secondary or tertiary structures of the

proteins.

However, the FTIR spectra (Figure 10:17 pg. 185) do indicate differences in the amount of collagen
present in the scaffolds, as indicated by changes in the amount of absorbance in the collagen fingerprint
region. The average spectrum for Day 26 medium-only does not change significantly compared to Day 1
unseeded scaffolds with the exception of a slight decrease in the Amide Ill peak. This suggests that there
are no significant compositional changes in these scaffolds. Conversely, the average spectrum for Day 26
FFT-seeded scaffolds exhibits increases in absorbance at the Amide | and Amide Il peak positions. This
indicates increased concentrations of collagen in the presence of FFTs [437] and suggests that, in addition
to preventing the degradation of the scaffolds, seeding scaffolds with FFTs results in the deposition of

increased amounts extracellular matrix.

To further investigate the behaviour of scaffolds incubated in different conditions, the sulfhydryl group (-
SH) content of culture medium from FFT-seeded scaffolds and medium-only scaffolds was compared.
Cysteine is a non-essential amino acid that contains sulfhydryl groups. Since it is found in type | collagen
[429], collagen breakdown can be expected to release sulfhydryl groups to the culture medium. Despite
the low sulfhydryl content of the type | collagen used in these experiments, a significant increase in
sulfhydryl concentration was found in the culture medium aspirated from medium-only scaffolds (Figure
10:18 pg. 186). In agreement with the scaffold characterisation results discussed above, this suggests
that large amounts of degradation are occurring when collagen scaffolds are incubated in culture medium

only, and explains the rapid decreases in mechanical properties observed.
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Conversely, the sulfhydroxyl concentration of medium aspirated from FFT-seeded scaffolds appears to
decrease below background culture medium levels (Figure 10:18 pg. 186). This suggests that cells are
significantly decreasing the rate of scaffold degradation and may even be absorbing any sulfhydryl-
containing peptide fragments present in the culture medium either naturally or as products of
degradation. This provides further evidence that the FFTs are able to both protect the scaffolds from
degradation caused by culture medium and concurrently improve the scaffolds’ mechanical properties by

laying down new ECM.

The mechanism of rapid scaffold degradation in culture medium is not clear. A possible explanation is
that, in the absence of cells, collagen degrades by hydrolysis in culture medium, releasing small peptide
fragments to the culture medium [411]. Studies as early as 1960 were reporting that ‘dilute organic acids
or by various salts at neutral or slightly basic pH’ [438] result in changing dissolution behaviour of collagen
[439]. For example, Everaerts et al showed that, for scaffolds incubated in buffer, exposure to alkaline pH
results in hydrolysation of the ester bonds (a small number of which are created during EDC/NHS
crosslinking), producing a subsequent decrease in scaffold stiffness [440]. Thorough discussions of
hydrolysation and degradation of collagen in the presence of various acids, bases, salts and solvents can

be found in ‘Treatise on Collagen’ [441].

Unfortunately, whilst the incubation of collagen scaffolds with enzymes and cells is commonly reported in
the literature, a thorough literature search has not revealed any studies that have presented data on the
degradation of collagen exposed culture medium only. However, as Traub et al note, ‘collagen exists
naturally as a solid phase and usually cannot be taken into solution by any procedure not involving
hydrolysis’ [442]. It is possible that, in the absence of cells, changes in pH of the culture medium are
driving the degradation of the scaffolds, hydrolyzing the collagen scaffolds and causing associated
decreases in mechanical properties. Conversely, tenocytes should be able to digest these fragments, and
therefore remove them from the system. This would produce a similar effect to that of dynamic flow
which prevents autocatalysis through the removal of peptide fragments [397]. However, as the pH of
incubation medium over the course of the experiment was not assessed the assertion that scaffolds
degrade by hydrolysis in the absence of cells is speculative. The mechanisms underlying the changing

properties of scaffolds incubated in medium and with cells should now be investigated.
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10.4 SUMMARY, LIMITATIONS AND FURTHER WORK

The work presented in this chapter has provided evidence to support the hypothesis that tenocyte
proliferation on collagen scaffolds alters the degradation behaviour of collagen scaffolds whilst improving
scaffold mechanical properties. Specifically, tenocyte proliferation appears to slow the rate of scaffold
degradation in culture medium, whilst increasing scaffold stiffness and strength over a 26-day incubation

period. However, this investigation is limited by a number of factors.

Firstly, this study is limited by the difficulties associated with mechanically testing weak collagen scaffolds.
Whilst extreme care has to be taken to eliminate clamp effects by excluding all samples that failed at the
clamps, a more effective method might have been to test the samples in compression. Were this
approach to have been chosen, however, it would have been more appropriate to seed the scaffolds with
chondrocytes rather than with tenocytes. A future study investigating the effect of chondrocyte

proliferation on the compressive mechanical properties of collagen scaffolds would be very interesting.

A second potential limitation of this study is the tenocyte source. The cells used in this study originate
from a 75-year-old patient with decreased blood flow. However, as tendon is a relatively avascular tissue,
decreased blood flow is unlikely to have a significant effect on the health of the tenocytes. Moreover,
while a higher degree of senescent cells may be expected due to the patient’s age and potential
decreased mobility, these will have been eliminated during the passage and seeding processes. It is
therefore not expected that tenocyte source will have a significant effect on the results presented here,
although this should be investigated further. In particular further experimental investigations should
assess the ability of tenocytes derived from damaged tissue to protect and modify collagen scaffolds, as

this would be more relevant to the clinical problem [432].

The most important limitation of this study lies in the fact that it was designed to characterise the
changing material properties (mechanical, compositional, structural) of scaffolds incubated under
different conditions. As such this study has not investigated the underlying mechanisms of scaffold
degradation by culture medium and the improvement of scaffold mechanical properties by tenocytes. To

better understand the mechanisms by which cell proliferation protects against scaffold degradation,
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further investigations into the behaviour of collagen in the absence and presence of cells, with a

particular focus on the degradation mechanisms in the absence of cells, are strongly recommended.

Regardless of these limitations, however, this study highlights the important role cells play in the

regulation of the properties of biological materials.
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Chapter Eleven

Conclusions and Further Work

Degenerative disorders of the rotator cuff tendons account for nearly 75% of all shoulder pain, causing
considerable pain and morbidity. Improved understanding of tendon degeneration will guide the
development of future diagnostic and treatments, and is therefore urgently needed. However, the
aetiology and pathology of rotator cuff tendinopathy remain unclear. The work in this thesis has
investigated the material adaptations of healthy and diseased tendons in order to explore the role of

mechanical loading in rotator cuff aetiology and pathology.

The material adaptations of healthy bovine digital flexor and ovine infraspinatus tendons were
characterised to gain insight into the adaptations of healthy wrap-around tendons in response to different
loading environments (Chapter 4). The structural adaptations of healthy and delaminated cadaveric
rotator cuffs were also mapped topographically and were compared with the mechanical environment
predicted by finite element models (Chapter 3). The effects of age, tears, steroid injection and
subacromial decompression surgery on the adaptations of cuff tendons were then characterised (Chapter
7 and Chapter 9). Finally, the effect of tendon cell proliferation on the mechanical properties and
degradation behaviour of collagen scaffolds was studied (Chapter 10). Based on the results of these

investigations a number of important conclusions can be drawn.

11.1 APPROPRIATE ANALYSIS TECHNIQUES

The results of Chapter 4 provide evidence that atomic force microscopy (AFM) and picrosirius red staining
are highly suitable techniques for analysing the structural adaptations of formalin-fixed, wax-embedded
tendon samples (see Chapter 4, Sections 4.2.2 and 4.2.3). The results also reveal that alcian blue staining
is unsuitable for detailed studies of inter-fibre and inter-fascicle ground substance content, but that

Raman spectroscopy is a promising technique for the analysis of inter-fibrillar ground substance content
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(see Chapter 4, Section 4.2.1). Regarding micromechanical analysis, the results indicate that the use of
AFM-indentation and nanoindentation to characterise small, glass-mounted tissue samples is not

straightforward (see Chapter 4, Section 4.2.4).

Based on these findings, future studies should investigate alternative methods for assessment of inter-
fibre and inter-fascicle ground substance content, with the aim of developing a simple, reproducible
technique that provides a greater degree of precision and accuracy in such studies. Further investigation
into Raman spectroscopy for the characterisation of inter-fibrillar ground substance content is also
strongly recommended. Additional experimental investigations should also aim to establish appropriate
methodologies and data analysis algorithms for AFM-indentation and nanoindentation studies. Such
improved techniques would be immediately applicable to the study of tendon, and could provide valuable

insight into the aetiology and pathology of tendinopathy as well as other soft tissues diseases.

11.2 MECHANICAL ENVIRONMENT AND MATERIAL ADAPTATIONS

The findings presented in Chapter 4 and Chapter 6 provide evidence to support the hypothesis that the
mechanical environment of tendon significantly influences its material adaptations. Specifically, they
demonstrate that tendon exposed to compressive, shear and tensile strains exhibits thinner, less aligned
fibrils (Chapter 4, Section 4.2.3), a higher proportion of thinner fibres and shorter crimp lengths (Chapter
4, Section 4.2.2) and a higher proportion of ground substance (Chapter 4 Section 4.2.1) compared with
regions of tendon exposed to tensile strains alone. In healthy rotator cuff tendons, the inhomogeneous
loading environment causes the tendons to exhibit topographically inhomogeneous structural
adaptations (Chapter 6, Sections 6.2.1 and 6.2.3), a characteristic that may pre-dispose the tendon to
degeneration and tearing. Work presented in Chapter 7 also provides evidence that age plays a
significant role in the structural adaptations of tendon. Specifically, tendon from older patients displays
thicker fibrils, longer crimp lengths and a lower proportion of thinner fibres (Chapter 7, Sections 7.2.1 to
7.2.5). The effect of aging on the topographical variation in structural adaptations of the rotator cuff has

not been investigated in the current study but is expected to be important.

Further work should now investigate the relationship between the structural adaptations of tendons and
their associated mechanical properties in order to establish whether such adaptations are indeed pre-
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disposing the cuff tendons to degeneration and tearing. The results of such studies could have important
implications for the prevention and treatment of rotator cuff tendinopathy. The effect of age on the
topographical variation in the structural adaptations of the cuff tendons and their ability to repair
mechanical damage should also be investigated, as this may also play a critical role in rotator cuff

tendinopathy.

11.3 DEGENERATIVE AND TORN TENDONS

The findings presented in Chapter 6 and Chapter 7 support the hypothesis that the presence and
progression of rotator cuff tears is associated with increased levels of compressive and/or shear strain
within the tendon. Specifically, tendons from a delaminated rotator cuff display a reduced degree of
topographical variation of structural adaptation, and thinner, less aligned fibrils compared with
macroscopically normal cuff tendons (Chapter 6, Section 6.2.1 to 6.2.3), while torn cuff tendons display
thinner fibrils and shorter crimp lengths compared with control samples (Chapter 7, Section 7.2.1 and
7.2.5). These adaptations occur early in the disease progression, with partially torn tendons exhibiting
significant structural differences compared with control samples (Chapter 7, Section 7.2). The findings
also indicate that the adaptations are progressive with tear size (Chapter 7, Section 7.2) when age is
included as a confounding factor, providing further evidence for the importance of age and compressive

and/or shear loading in rotator cuff pathology.

Importantly, neither steroid injection not sub-acromial decompression significantly influence the
structural adaptations on partially torn rotator cuff tendons (Chapter 9, Section 9.2). While this suggests
that neither treatment is detrimental to tendon properties, it also indicates that neither treatment is able
to reverse the pathological adaptations of degenerative and torn tendons in the time frame investigated
in the current study. Further work is now needed to investigate the effect of the two interventions over a
much longer timescale. Additionally, research presented here should be extended to include surgically
repaired tissue, as very little is known regarding the effect of repair on the structural properties of torn

rotator cuff tendons.
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These findings have important clinical implications. In particular, they emphasis the urgent clinical need
for pre-rupture diagnostic techniques capable of detecting of early pathological changes in the rotator
cuff, in order that action can be taken to prevent further degeneration of the tissue. Concurrently, the
results highlight the requirement for new and/or improved early interventions strategies that restore the
healthy mechanical environment of the cuff tendons and reverse the initial pathological adaptations so as
to prevent subsequent catastrophic, often irreparable, failure of the cuff tendons. Further work should
now aim to establish biomarkers detectable early in the disease progression, possibly those linked to the

regulation of the structural adaptations of tendon, which could be used as targets for novel therapies.

11.4TENOCYTE PROLIFERATION ON COLLAGEN SCAFFOLDS

The findings presented in Chapter 10 demonstrate the influence of cellular proliferation on the
properties of biological materials. Specifically, they demonstrate that tenocytes are able to alter both the
degradation behaviour and mechanical properties of collagen scaffolds incubated in vivo, slowing the rate
of degradation and increasing their mechanical properties (Chapter 10, Section 10.2.2). These findings
have important implications for the viability of the tissue engineering approach, and also highlight the

integral role cells play in the functional adaptation of biological materials.

As the research in Chapter 10 was designed solely to investigate the changing material properties of
scaffolds incubated under different conditions, further work is now needed to evaluate the underlying
mechanisms governing this behaviour. In particular, the work should be extended to study the ability of
tenocytes derived from degenerated and torn rotator cuff tendon to protect and modify collagen
scaffolds. This would be of considerable clinical relevance, and could provide further insight into the

aetiology and pathology of rotator cuff tendinopathy.
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Appendix
Macro for Colour Thresholding Analysis in Image], courtesy of Dr. D. Haley

//To be run on a stack of RGB images.
run("Threshold Colour");
// Threshold Colour v1.12a------
// Autogenerated macro, single images only!
// G. Landini 27/Sep/2010.
//
min=newArray(3);
max=newArray(3);
filter=newArray(3);
a=getTitle();
run("HSB Stack");
run("Convert Stack to Images");
selectWindow("Hue");
rename("0");
selectWindow("Saturation");
rename("1");
selectWindow("Brightness");
rename("2");
min[0]=131;
max[0]=168;
filter[0]="pass";
min[1]=0;
max[1]=255;
filter[1]="pass";
min[2]=0;
max[2]=255;
filter[2]="pass";
for (i=0;i<3;i++){
selectWindow(""+i);
setThreshold(min[i], max]i]);
run("Convert to Mask");
if (filter[i]=="stop") run("Invert");
}
imageCalculator("AND create", "0","1");
imageCalculator("AND create", "Result of 0","2");
for (i=0;i<3;i++){
selectWindow(""+i);
close();
}
selectWindow("Result of 0");
close();
selectWindow("Result of Result of 0");
rename(a);

// Threshold Colour ------------
run("Make Binary");
run("Measure");

run("Open Next");
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