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Abstract

Articular cartilage is a remarkable tissue with mechanical performance that surpasses
engineering standards. Collagen, the most abundant protein in cartilage, plays an
important role in this performance. Building on observations of collagen structural
changes at the earliest stages of osteoarthritis, we here explore the role of collagen in
the disease process. Specifically, we focus on the material properties and organisation

of collagen fibrils in the cartilage surface, seeking to answer three key questions:

o What are the physical changes to collagen in early osteoarthritis?
o How do physical changes relate to osteoarthritic progression mechanistically?

o Can we detect early, irreversible changes to cartilage intraoperatively to
facilitate early treatment?

Ten human tibial plateaus were characterised by atomic force microscopy and
Raman spectroscopy, with clinical and histological scoring used for comparison.
Minimal changes were found in the collagen molecules themselves, yet a marked
increase in intra-fibrillar crosslinking was observed.

A bottom-up numerical model of the collagen fibril network was then im-
plemented to specifically explore the relationship between fibril interactions and
mechanics in osteoarthritis. Simulating two different fibril configurations, we
established that high connectivity is critical to the resistance to, and recovery from,
loading. Osteoarthritis-like bundled configurations were produced by networks with
sparse interactions, and identified as a mechanically irreversible stage in disease
progression. Coupling the model with experimental results, we argue that the
intra-fibril changes appears to link to disease initiation and it is the inter-fibril
interactions that drives the disease.

Finally, a pilot study was conducted to explore the potential for quantitative
intraoperative imaging to detect irreversible collagen-related changes in the cartilage
surface. Based on spectral analysis of the available light from standard arthroscopic
equipment, it may be possible to advance arthroscopy from a qualitative to

quantitative assessment tool.
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1.1 Background and Motivation

In terms of disability burden , related pain and loss of function , and the strong
causal link with other major diseases (e.g. depression [3] and cardiovascular disease
[4]), musculoskeletal diseases are a major issue for UK health. Musculoskeletal
conditions are the largest single cause of years lived with disability, and the third-
largest cause of disability adjusted life years . Foremost among musculoskeletal
disorders is joint disease, and osteoarthritis (OA) in particular [1]. Data from

Arthritis Research UK in 2013 [1] show that one-third of people aged 45 years and
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over, a total of 8.75 million people in the UK have sought treatment for OA. OA
is also prevalent on the global stage, presenting a significant burden to an ageing
population. In Singapore, for example, OA is one of the five leading causes of
disability [5]. In the United States, about 10% of adults over the age of 50 suffer
from the disease [6]. Beyond its direct impact, pain and lack of mobility associated
with the disease have considerable social, psychological and economic impacts [7-9].

Of particular importance to this research is the ‘treatment gap’. Approximately
13% of osteoarthritis sufferers are unresponsive to conservative care, yet are
unsuitable for the surgical procedures that can successfully treat end-stage disease
[10]. This manifests in a protracted period in which the patient experiences
debilitating pain, reduced quality of life, and a significant financial burden. The
typical knee osteoarthritis treatment gap extends 20 years [10]. Based on Arthritis
Research UK data [1], this equates to approximately 630,000 people in the UK,
and is predicted to rise to over 1,000,000 people by 2035. Consequently, increased
attention is being given to treatment procedures with the potential to arrest the
degradation process in its earliest stages to narrow this treatment gap [11,/12].
Many attempts have been made to treat early OA [13-16], mainly using ‘local’
approaches that aim to treat a defect in a specific region of a joint, preserving the
majority of tissue in the joint. These can include, for example, tissue-engineered
replacement, cell implantation or load modification procedures such as osteotomy.
Such treatment, however, has met with limited success.

For any of these ‘localised” approaches to work effectively, we require both
a better understanding of what constitutes functionally-viable tissue, and a way
to distinguish the non-viable tissue from the surrounding viable tissue in the
joint that can be used during early-stage treatments. Currently, the surgeon has
no accurate or objective way of judging, short of his or her visual and tactile
impression, the integrity of the articular cartilage encountered at surgery. This
visual impression is important, but it is now widely accepted that the visually normal
tissue in a damaged/diseased joint is not necessarily healthy |17-19]. Although

arthroscopic grading systems can be used to classify the stage of osteoarthritis or the
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severity of a focalised defect, they cannot on their own facilitate treatment [20] or
provide information about the tissue surrounding the defect. As a result, localised
treatments are arguably poorly informed and the current arthroscopic scoring
and other assessment /diagnostic tools may not be adequate for informing clinical
decisions. In this thesis, we examine cartilage viability from a mechano-structural

viewpoint, with a focus on the role of collagen in OA progression.

1.2 Aims

This focus on collagen raises three main questions which will be addressed in the the-

Sis:

1. What physical changes occur in collagen during early disease progression?
The importance of collagen to cartilage integrity is well known (see Section
for discussion). The changes to collagen with disease, however, are
not. This thesis first aims to examine and define the physical changes to the
collagen fibril itself, in terms of mechanical properties, underlying structural

properties, and organisation, during the early stages of OA.

2. How do collagen changes relate mechanistically to disease progression?
Advancing from the knowledge base in the literature, which associates collagen
meshwork breakdown with early irreversible damage [15}21,[22], the thesis then
aims to examine the processes by which a functional network can change to a
dysfunctional, OA-like network. Specifically, we focus on fibril organisation

and interactions.

3. How can we detect these changes during surgery?
Having established the physical features of early disease, and an indicator
of irreversible damage, the thesis finally explores approaches to detecting
these features during keyhole surgery. Aiming towards a low-cost, simple
technology, this focuses on the quantitative examination of light reflected from

the cartilage surface during arthroscopy.
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1.3 State of the Art
1.3.1 Articular Cartilage and Changes with Osteoarthritis

Articular cartilage, being devoid of blood vessels, lymphatics or nerves, is a
remarkable tissue which surpasses engineering standards but has limited potential for
healing and repair. As it experiences extremes of performance and loading during an
individual’s lifetime, it is no surprise to find that the function of articular cartilage
is mechanically complex and that it is prone to degeneration and pathological
changes. The mechanical performance of cartilage is based on its underlying
structure, illustrated in Figure [23], which has been well documented (e.g. [24]).
Several studies have addressed the importance of the integrity of the solid cartilage
matrix and its role in mechanical performance . Therefore, it is important

to understand each constituent of cartilage and how these components relate

to disease progression.

Figure 1.1: Hierarchical structure of articular cartilage, showing the organisation of
collagen at different length scales from millimetre (left) to micrometre (right). On the left,
the ‘Benninghoff’ arcades of collagen fibre orientation, which represent the predominant
orientation of collagen fibrils on the mesoscale within a given region, are illustrated
with bone at the bottom of the diagram. The typical distribution of aggrecan to form
the functional unit of load carriage is illustrated for healthy tissue in red (left), and its
entanglement within the collagen meshwork, which is pseudo-random at lower level of
scale (centreand right) [23).
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1.3.1.1 Composition of Articular Cartilage

In general, 60-80% of the total wet weight of cartilage is fluid such as interstitial
water and electrolytes [2527]. The remaining 20-40% of the tissue is composed
of solid extracellular matrix (ECM) and chondrocytes [27]. Each component has
its own role in maintaining cartilage function under external forces.

Chondrocytes, a specialised cell type, comprise approximately 4% of the net
weight of the tissue [27]. They vary in shape, number and size, depending on
the anatomical region of the articular cartilage where they are found. Although
they do not directly contribute to the mechanical properties of cartilage, the
mechanosensitive chondrocytes proliferate and secrete ECM in response to me-
chanical stimuli within the individual microenvironment [28]. Chondrocytes are
mesenchymal cells that differentiate during development; however cell division does
not occur in healthy adult articular cartilage [29], thereby limiting the regenerative
capacity of cartilage after injury.

Articular cartilage ECM includes various constituents such as collagen, pro-
teoglycans and other noncollagenous proteins. The ECM and its interplay with
the interstitial fluid play a pivotal role in dictating the mechanical performance
of cartilage. Collagen with its triple helical structure comprises 15-20% of the net
weight of cartilage and is responsible for its tensile strength as well as determining
tissue anisotropy [6}30,31]. Different types of collagen such as collagen type II, VI,
IX, X, and XI are the main constituents of articular cartilage, with type II being
the predominant type of collagen in adult cartilage [31,[32]. At a few micrometres
in length, the orientation of collagen fibres is pseudorandom, easily forming an
inter-connected network which provides effective entanglement of aggrecans [33-35].
These are the major proteoglycan constituents of articular cartilage, providing tensile
stiffness and maintaining cartilage volume [36]. The strength of the matrix thus
arises from both collagen-collagen and collagen-proteoglycan interactions [37,38].

Aggrecan (Figure [1.2)), with a bottle brush structure, is composed of a core
protein with negatively-charged chondroitin sulphate and keratan sulphate side

chains. Three globular domains (G1, G2 and G3) and three interglobular domains
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form the core protein of aggrecan [39]. The G1 domain at the N-terminus interacts
with a link protein to attach aggrecan to the hyaluronan backbone and the G3
domain is located at the C-terminus of the glycoprotein. G2 and G3 domains link
the keratan sulphate and chondroitin sulphate side chains to the core protein [40].
The fixed charge density of aggrecan attracts water and positively-charged ions from
the synovial fluid, producing osmotic pressure which is counteracted by the tense
collagen meshwork (Figure , right). When constrained by the collagen network,
the large aggrecan macromolecules are deformed and compressed, together forming a
low-permeability structure which retains fluid pressure. This water-swollen property

plays an important role in cartilage, resisting compression under loading [41].
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Figure 1.2: The structure of aggrecan. HA - hyaluronan; KS - keratan sulphate; CS -
chondroitin sulphate; GAGs - glycosaminoglycans.
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1.3.1.2 Structure of Articular Cartilage

Cartilage can generally be divided into four different zones, each with different
matrix compositions, mechanical, metabolic and morphological properties . From
top to bottom (Figure [L.3] left), these are the superficial, middle (or transitional),
deep (or radial) and calcified zones. The alignment of the collagen is different
in each zone and chondrocytes also vary in shape, number and size (Figure ,
right). When cartilage is examined from the superficial to the deep zone, the water
content and the collagen gradually decrease. Each zone plays a different role in

contributing to the functional properties of articular cartilage.

Articular cartilage surface

Superficial zone
(10% - 20%)
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(40% - 60%)

Deep zone
(30%)
Tide mark

Calcified cartilage

Figure 1.3: A schematic diagram showing the four zones of articular cartilage and the
orientation of collagen fibrils (left) and chondrocyte organisation (right) in the different
zones. The collagen fibrils are shown in blue, the yellow region shows the calcified zone,
and the line between yellow and red colour shows the tide mark. From top to bottom,
chondrocytes are flattened and smaller in the superficial zone and become spherical in
the middle zone. In the deep zone, chondrocytes are typically aligned along the collagen
fibrils and perpendicular to the joint line.
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The calcified zone forms the transitional region between articular cartilage and
subchondral bone. In the deep calcified zone, few chondrocytes are present [27].
Collagen type X is only found in this zone, aiding cartilage mineralisation and
maintaining structural integrity [42].

In the deep zone, collagen fibrils are the largest in diameter. They are pre-
dominantly oriented perpendicular to the surface and are well organised. The
main function of these collagen fibrils is to strengthen the bond between cartilage
and bone [4243]. Chondrocytes in this zone are packed and align along the
collagen fibrils. Although deep zone chondrocytes have twice as much surface
area and volume as cells in the superficial zone, yet they show around 10-fold
higher synthetic activities [44].

The middle zone is a transitional zone between the superficial and deep zones.
The collagen fibrils change from a perpendicular orientation to a random orientation.
Chondrocytes are rounded at low density and contain synthetic organelles.

The last zone is the superficial zone which accounts for 10-20% of the total
articular cartilage thickness. The superficial zone contains the highest density of
collagen organised into the thinnest fibrils, while chondrocytes are flattened and
smaller and are oriented parallel to the surface. In both the superficial and middle
zones, the main function of chondrocytes is to synthesise ECM composed of collagen
type II, IX and XI and proteoglycans [45]. Meanwhile, the content of aggrecan is
lower than in other zones. The composition and organisation of this zone contribute
to tensile strength, resit shear during articulation and adjust fluid permeability [46].

Among all the constituents, collagen, a dominant molecule in cartilage, plays an
important role in maintaining structural integrity. The architecture of the collagen
meshwork is intriguing (Figure left). This arcade-like macro-architecture is
known as ‘Benninghoff’ arcades and is widely accepted as a model of the collagen
fibril arrangement in cartilage [47-50]. The material strength of the tissue relies
on the complex architecture of this collagen meshwork. A theoretical study also

showed that this architecture acts to reduce stresses under load [51].
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1.3.1.3 Changes in Osteoarthritis

OA is a metabolically-active and dynamic process that includes both destruction
and repair processes which may be triggered by a variety of biochemical as well
as mechanical insults [7]. Once the balance between destruction and repair has
been overcome and a lesion develops, the cartilage will not heal, or will heal
only partially under certain biological conditions, and will usually progress to
more severe OA [16]. The key features of OA include cartilage degradation, joint
stiffening and osteophyte formation [45]. These changes are thought to result from
cellular and constituent-level changes in the cartilage layer. Therefore, an improved
understanding of the relationships between the mechanical behaviour, composition
and structure of cartilage, and their changes associated with disease could lead
to the development of better procedures for disease intervention and treatment
that can arrest such processes at their earliest stages.

Changes to collagen fibrils and aggrecans are routinely observed in early OA [52)].
A loss of tensile strength of the tissue has been found in osteoarthritic cartilage
[53./54]. Collagen breakdown is considerable, constituting a critical and perhaps
irreversible step in disease progression [15,21,22]. A quantitative immunoassay
study has shown that there is increased denaturation of type II collagen at the
articular surface in osteoarthritic cartilage [26,/55]. Due to the damaged collagen,
the proteoglycans decorin, biglycan and aggrecan are lost from the surface while
their contents increase deeper within the cartilage as if to compensate for the
superficial loss [56].

In addition to these extracellular matrix changes, it has been found that
chondrocyte metabolism also changes [57], exhibiting a decline in proliferative
and synthetic capacity [58]. As a result, the mechanics of cartilage are necessarily
altered with disease progression [25,25,59]. Although the mechanisms of this
initiation remain to be determined, it has been found that these changes in structure,
composition, and metabolism alter the mechanical behaviours of the tissue.

Direct experimental measurement of such phenomena and relationships, however,

is infeasible. Computational models of articular cartilage have therefore been
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developed to investigate the mechanical properties of articular cartilage and the
effect of changes in cartilage constituents on mechanical properties in OA progression.
In addition to describing bulk behaviour, this allows prediction or assessment of
the individual constituent responses and properties. Wilson et al. developed a
fibril-reinforced poroviscoelastic swelling model to predict the equilibrium and
transient response of articular cartilage during mechanical stimulation. This model
allows the mechanical consequence of compositional changes during OA to be
assessed [60]. A viscoelastic model coupled with experimental data was developed
to show that the viscoelastic properties of different zones of the cartilage were
lower in osteoarthritic cartilage than in normal tissue, suggesting that changes in
constituents would affect the mechanical behaviours of cartilage [61]. A further
model combining collagen, proteoglycan, fluid and chondrocytes was developed
to understand the influence of the pericellur matrix (PCM) composition on the
deformation of chondrocytes. Results showed that the PCM plays a significant
role in the deformation behaviour of chondrocytes, implying that the PCM may
modulate cartilage development, adaptation and degeneration [62]. Through these
models, the importance of each component, their functions in cartilage and how

they affect the mechanical behaviours of cartilage were shown.
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1.3.2 Collagen-specific Changes in Osteoarthritis

Although constituents change during disease progression, collagen remains the most
abundant structural molecule in the ECM, resisting tensile deformations and loads.
Its architecture provides the material strength of the tissue and reduces stress
under load. Macroscopically, fibrillation is the first sign observed at the articular
surface in early OA [25,[26]. The disruption or loosening of the collagen network
in the superficial zone is closely involved in the initiation of OA [38,63,64]. It
is also suggested that collagen breakdown is considerable, constituting a critical
and perhaps irreversible step in disease progression |15[21,22]. Hence, changes
to collagen are important during disease progression.

Restructuring of collagen [16,[19}21],65], particularly the formation of collagen
bundles (e.g. Figure has been observed in the OA cartilage surface. Fur-
ther study also revealed localised regions of collagen meshwork disruption and
reconfiguration at early stages of disease before the appearance of histological
changes [34]. A recent study also suggested that the bundling of fibrils at the
surface is likely to be a mechanically-irreversible step in the damage process [21].
An early simple structural model of collagen was developed to investigate the
possible mechanism of this bundling formation. This revealed that it was the
entwinement of the collagen fibrils that causes the changes in fibril alignment and
bundle formation under load which correspond to images of the osteoarthritic
cartilage surface obtained by scanning electron microscopy [65]. This entwinement
of the collagen fibrils indicated the importance of their interaction. Later, instead
of entwinement, a representative volume element (RVE) model of the collagen fibre
network implemented crosslinks between fibrils and found that increased crosslink
density within a fibril network has a great impact on material stiffening and further,
that fibre alignment affects the strain stiffening of the fibre network [66]. On
the other hand, it also implies that decreasing the density of crosslinks between
fibrils may result in loss of tensile strength of the tissue corresponding to findings
in osteoarthritic cartilage [53},54]. Therefore, it is believed that changes in fibril

interactions are crucial in disease progression [15,21},/67,/68].
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Figure 1.4: Second harmonic generation microscopy shows the surface structure change
from (A) a normal collagen configuration (intact meshwork) to (B) sub-micron changes
(alignment and minor bundling), (C) micron-scale bundles and (D) finally macroscopic
degradation with proximity to a focal defect in bovine cartilage [21]. (image A is 500 x
500 pm, B-D are 200 x 200 pm) (permissions to reuse the contents and figures of these
papers have been granted by Elsevier (Appendix )

Before forming a bundle, rearrangement and reorientation of the collagen fibrils
are required. Initial disorganisation and altered orientation of the collagen fibrils has
been found to appear while the cartilage surface is still intact and smooth following
experimental anterior cruciate ligament section . Since collagen is a birefringent
material, this characteristic allows the use of optical-based techniques to observe

the orientation of the collagen fibrils by measuring the optical path differences
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(retardation, I') of the light [59]. The birefringence of a fibril in linearly-polarised
light is dependent on the angle between the axis of polarisation and the axis of
the fibril, on the thickness of the specimen or the structure, and the organisational
pattern of collagen fibres or the density of collagen structures [69]. Birefringence of
articular cartilage has been shown to be reduced in the superficial zone, indicating
either disorganisation or orientation of the collagen network in the superficial zone
in OA cartilage [69]. Later, it was suggested that this reduction in birefringence
is due to the derangement of the collagen meshwork in the superficial zone and
also that this change occurred before fibrillation was observed [59]. A current
collagen-like computational model suggested that the underlying cause of this
orientation of the collagen fibrils is related to changes in inter-connectivity between
the fibrils [70]. This again demonstrates the importance of the inter-connectivity
of the collagen fibrils in cartilage and suggests ways in which it may affect the
collagen meshwork during disease progression.

In recent years, with improvements in nano-biotechnology, it has become possible
to observe OA prior to the onset of micro- or macro- structural damage to articular
cartilage [71]. Atomic force microscopy (AFM) has been widely used for imaging
and testing of mechanical properties in biological tissue because of its high spatial
resolution, fine force sensitivity and versatility [68}|72,(73]. In 2009, Soltz et al. used
indentation-type AFM for early detection of OA in both animal models and human
specimens [68]. They observed changes in fibril thickness and in nanostiffness of
cartilage specimens with disease progression. From their animal model, they even
found a transient increase in the nanostiffness of the collagen fibril meshwork at
the cartilage surface before the loss of cartilage integrity. Further studies measured
a single collagen fibril extracted from osteoarthritic cartilage and found that the
collagen fibrils stiffened with disease progression [74,75]. These measurements
suggested that changes at the molecular level lead to changes in nanostiffness of
collagen fibrils. Although AFM is not suitable to directly measure collagen changes
in collagen molecules, yet in combination with other techniques, it could provide

an insight into collagen fibril changes. An example of such an application was
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reported by Wallace et al. who found structural changes in collagen fibrils in bone
from wild type mice and from genetically-modified mice whose collagen protein
structure had been altered by changing the cola1 allele [76]. Their observations
provide insight into the structural basis for changes in bone composition, geometry
and mechanical integrity in bone. Therefore, investigation of the nanomechanical
properties of collagen fibrils is also important for understanding the disease.
Overall, changes in the mechanical properties of collagen fibrils at the nano- or
micro- scale and arrangement of the collagen fibril meshwork with disease progression
seems to be an inevitable process during OA. However, the mechanism underlying
these alterations in collagen fibrils still remains to be elucidated. Computer
modelling provides a platform to understand the possible mechanism of changes in
the collagen meshwork, but the findings of these models suggest correlation rather
than a causation. Therefore, to increase understanding of changes in the mechanics
of the collagen meshwork, the way in which it changes, and how these changes affect

the mechanical behaviour of the tissue still need to be explored.
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1.3.3 Intraoperative Diagnostic Techniques in Osteoarthri-
tis

Early cartilage disruption occurs at the biomolecular level but without noticeable
visible changes to the tissue surface and macro-structure [26]. Arthroscopic
evaluation is a current clinical technique to evaluate pre-OA chondral lesions which
do not involve bone and generally are not visible by radiography [77]. However,
this evaluation is more qualitative based on clinicians’ experiences of evaluating
softness, roughness and other features on the cartilage surface; therefore, access
to such quantitative information could both improve the accuracy of the cartilage
assessment and benefit clinicians’ decision making regarding early treatment.

Currently, a number of intra-articular probes have been proposed and are
being studied such as ARTSCAN - an indentation-based device [7§|, infra-red fibre
optic probe (IFOP) [79] and arthroscopic optical coherence tomography (OCT)
probe [80]. Optical-based techniques have emerged in recent decades because of
their characteristics of high sensitivity and ability to measure at the molecular
scale. This allows increased accuracy of intra-cartilage assessment. In this section,
we will mainly discuss these techniques which include OCT, second harmonic
generation (SHG), near infra-red (NIR) spectroscopy, Raman spectroscopy and
ultraviolet-visible (UV-VIS) spectroscopy.

OCT (i.e. Figure is sensitive to OA-associated changes in cartilage bire-
fringence [81]. It has been shown to be feasible for articular cartilage assessment
in OA [77,82-84]. Further study showed that combining polarisation controllers
can render OCT sensitive to birefringence detection and improve OCT for early
OA assessment [84]. In 2010, Chu et al. demonstrated that OCT may become a
potential tool to complement arthroscopy for clinical use by providing quantifiable,
microscopic-resolution cross-sectional information on cartilage [77]. However, OCT
has its limitations including heavy dependence on operator-use and image post

processing [85].
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Figure 1.5: Schematic diagram of the general OCT design. Red line: broad band light.

SHG microscopy (i.e. Figure , because of its high sensitivity to collagen
organisation, shows promise of becoming a powerful diagnostic tool. It is often used
for collagen imaging in biological and medical science. Owing to the important role of
collagen in cartilage, SHG microscopy could have profound implications for cartilage
research. With SHG images, changes in orientation and organisation of collagen
in the different zones could be observed [86]. At the early stage of OA, collagen
content is maintained, but its organisation is perturbed [@ Therefore, developing
an SHG arthroscope would benefit early OA detection by detecting changes in the
SHG signals of collagen organisation. SHG, coupled with a two-dimensional spring-
mass network model, has been used to image and investigate architectural changes
in the collagen meshwork at the osteoarthritic cartilage surface, providing more
information about early OA detection . SHG microscopy has also been suggested
to show potential to precisely identify the stages of disease, which would improve the
accuracy of cartilage assessment [87]. In addition, SHG could distinguish different
types of collagen through use of polarisation settings [88,[89]. Since different types of
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collagen are present in the different cartilage zones, this could provide information
regarding which zones of the cartilage were assessed. However, challenges remain to
be overcome before SHG arthroscopy can be developed. One of the challenges is
collection of the SHG signal, since both the excitation and emission wavelengths
travel the same path, although this can be overcome by applying filters or using
two different fibres. At the same time, it may be necessary to introduce several
magnifications to obtain information at different levels. The biggest challenge could
be minimisation of SHG microscopy. To develop SHG arthroscopy, the device should
be movable and have a small, long and thin probe instead of a set of objectives,

which challenge the effectiveness of laser generation and the cooling system.

H P Lens Lens H G D Sample

Ti:Saph laser

Bandpass filter

PMT

Figure 1.6: Schematic diagram of the general SHG design. H: half wave plate; P:
polariser; G: galvo mirror; D: dichroic beamsplitter; PMT: photomultiplier tube; OBJ:
objective; red line: laser; light red line: reflected light; light blue: reflected light passes
filter.

NIR spectroscopy (i.e. Figure has also been proposed as a potential tool.
This is mainly because NIR penetrates deeper into the tissue and its typical
spectral regions correspond to C-H, O-H, N-H and S-H bonds, which fundamentally
make up the cartilage matrix. The potential of this technique for articular cartilage
evaluation has been investigated in a number of applications such as measurement of
the thickness of cartilage and structural changes . These studies showed that

NIR spectra can be used to monitor disease progression in OA and provide better
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cartilage evaluation . However, absorbances in NIR spectra are very low
and generally arise from a combination of molecular species which makes it difficult
to analyse specific peaks. Therefore, further methods to analyse the spectrum
are required. Recently, a study showed that using principal component analysis
(PCA) techniques can overcome this signal overlap to evaluate the composition of
cartilage tissue [102]. Brown et al. applied Beer’s Law dimensionality reduction
method to resolve spectral measurements from NIR into chemical concentration [103].

Since compositional changes are also a sign of OA, this information could improve

irror

Filter Sample

assessment of OA cartilage.

Light source

Mirror
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Spectrometer

Filter

Figure 1.7: Schematic diagram of the general NIR design. D: dichroic beamsplitter;
OBJ: objective; dark red line: laser; light red line: reflected and transmitted light pass
filter.
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Unlike NIR spectroscopy, Raman spectroscopy (i.e. Figure encounters less
interference from water in the tissue, producing better spectra and also eliminating
the necessity to process or dehydrate the samples before analysis , enabling
characterisation of biomolecular changes in living cartilage tissue. Recently, Raman
spectroscopy has been used to study microstructual alterations in cartilage ,
molecular changes in osteoarthritic tissue , the ability to distinguish between
various cartilage tissues and molecular changes in strained collagen tendon fibres
. Raman spectroscopy has been successfully used with a custom-built optical
fibre probe to assess joint tissue, demonstrating the proof of principle for Raman
arthroscopic measurement of joint tissue. . Like SHG microscopy, polarised
Raman spectroscopy has also been shown to optimise the assessment of tissue and
can be used to investigate the orientation of collagen fibrils at early stages of disease
[110H113]. Polarised Raman has been demonstrated to effectively detect a wide
spectrum of biomolecular changes associated with cartilage damage prior to visible
histological changes, including a decrease in glycosaminoglycans and changes in
amide ITI (collagen) Raman bands [112]. In addition to measurement of biomolecular
changes, detection of the orientation of collagen fibrils has been demonstrated
. These results suggest that Raman spectroscopy could be a powerful tool

for diagnosis and detection of early disruption to cartilage at the molecular level.

Mirror
Laser 785 nm

Sample

Spectrometer

Filter D

Figure 1.8: Schematic diagram of the general Raman design. D: dichroic beamsplitter;
OBJ: objective; dark red line: laser; light red line: reflected light passes filter.
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These optical-based techniques show great promise for the development of
new diagnostic tools. However, addition of a laser light source, together with
heavy dependence on image processing or further design is required in diagnostic
tool development. Ultraviolet-visible-near infra-red (UV-VIS-NIR) spectroscopy
provides an easier and simpler option because the scattering profile of UV-VIS-
NIR spectroscopy from the articular surface occurs over a wavelength range
approximately available to the arthroscope camera. Additionally, the wide spectral
range encompasses several wavelengths including ultraviolet, visible, and near-
infra-red laser wavelengths currently used in the clinic as well as some potential
laser wavelengths which may be considered for clinical application. Therefore,
without coupling with other devices, the only thing that is required is to develop
a method to analyse the spectra which could provide appropriate information for
assessment of the cartilage. Kinnuen et al. analysed visible light spectral imaging
(420 to 720 nm) with sophisticated spectral analysis and also transformed the colour
coordinates to evaluate the integrity of cartilage [116]. Cartilage thickness could
also be assessed and visualised over the joint tissue by analysing specific wavelengths
of the visible or near-infrared wavelength range [117,/118]. It has also been found
that the spectra of cartilage in the visible and NIR range could correlate with
biomechanical properties, biochemical composition, histological score of cartilage,
and the thickness of non-calcified cartilage [119].

In short, optical-based techniques could provide improved accuracy of measure-
ment compared to current techniques, and have been shown to have the ability to
assess cartilage properties such as roughness and thickness. Either combining these
approaches with current techniques or developing a new arthroscopy technique based
on this principle would improve the quality of diagnosis. However, among these
techniques, knowledge of the relationship between spectra and collagen structural
features is still incomplete. Therefore, there is a need to fill this gap to provide

more information about OA.
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1.4 Approach and Chapter Overview

This thesis combines experimental and computational approaches to address the
questions and aims outlined in Section , in light of the state of knowledge/state
of the art outlined in Section [1.3

Chapter 2 first examines the physical properties of collagen fibrils in the articular
cartilage surface, and their changes with disease. Following an extensive sample
optimisation and equipment build, AFM and Raman spectroscopy measurements
are applied to probe structural and mechanical properties at the nanometre to
micrometre scales. Topographical, elastic and viscoelastic properties probed by
AFM are supplemented by measurements of the protein secondary structure by
Raman spectroscopy, specifically focussed on quality.

Having established physical changes to the fibrils themselves, Chapter 3 examines
the role of fibril organisation and interactions in the degradation process. Here,
bottom-up models of the collagen meshwork are developed, representing a range
of fibril organisations and simulating their response to applied load in terms of
mesoscale mechanical resistance, local restructuring and susceptibility to failure
to establish key indicators of irreversible damage.

Finally, a UV-VIS-NIR approach is proposed as a method by which arthroscopic
imaging can be supplemented with a quantitative view of early surface damage.
Patterns in absorbance bands are explored as potential diagnostic markers, and
scattering-related features analysed via a Mie simulation. Taking advantage of the
light source, probe and fibreoptics already used in standard arthroscopy, this offers
an opportunity to provide key information to the surgeon without changing the

radiation or instrumentation to which the patient is exposed.
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2.1 Introduction

The collagen meshwork is one of the main components of articular cartilage and
is central to its function. As described in Section disruption of the collagen
meshwork is strongly linked to OA progression [15,21}/68,|120]. These studies,
through a range of experimental approaches, have identified the bundling of collagen
fibrils as an important step in the disease process, although the precise role of
this restructuring is yet to be established. The physical changes to collagen itself,
i.e. at and below the fibril level, are less clear.

One of the best known changes is in crosslinking. Intra-fibrillar crosslinking (in
particular via advanced glycation endproducts, AGEs) has been observed to increase
in osteoarthritic cartilage [121-124]. These crosslinks have been found to alter
the mechanical properties of collagen, specifically by stiffening the fibril [125-127].
Numerical modelling studies suggest that increased crosslinking may also act to
reduce tissue viscoelasticity by limiting inter-molecular sliding |128]. This has
the effect of reducing the energy that can be dissipated during fibril deformation,
restricting a major mechanism of collagen load carriage. The accumulation of AGEs
crosslinks may therefore stiffen the wider cartilage collagen network, potentially
making it more brittle and susceptible to mechanical failure |123}/124}/129].

In this chapter we aim to characterise the physical changes to collagen during
OA initiation and progression using a well-phenotyped manifestation of the disease:
anteromedial OA of the knee. Specifically, we probe the structural and mechanical
properties of collagen at the articular surface, using AFM and Raman spectroscopy.
Following an extensive optimisation of sample preparation for AFM, and a system
build for Raman spectroscopy, AFM was used to measure structural and mechanical
properties (Young’s modulus, loss tangent), and Raman spectroscopy to assess

fibril-level organisation, measures of collagen quality, and the relative concentration
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of collagen to other key matrix components. Finally, these properties are related

to histological grading to assess changes with disease progression.

2.2 Methods
2.2.1 Sample Collection

Human articular cartilage was obtained from the tibial plateaus of knee joints (n =
10, three males and seven females, aged 61 + 9 years, six left knees and four right
knees) after total knee arthroplasty (TKA) or unicompartmental knee arthroplasty
(UKA). Sample collection was managed by the Oxford Musculoskeletal Biobank,
with informed donor consent in compliance with national and institutional ethical
requirements, the United Kingdom Human Tissue Act, and the Declaration of
Helsinki (HTA Licence 12217 and Oxford REC C 09/H0606/11).

After extraction, samples were quickly frozen at —80°C and thawed immediately
prior to their use in experiments in order to minimise the number of freeze-
thaw cycles, which is known to affect the integrity of cartilage samples [130,|131].
A pictorial overview of the sample preparation protocol is given in Figure [2.2]
Cylindrical osteochondral cores (¢ = 6 mm) were punched out from the tibial
plateaus under the guidance of an orthopaedic registrar, who also provided clinical
assessment of the excised tissue (Figure [2.2]A). All cores were immersed in ice-cold-
phosphate-buffered saline (PBS) after punching to minimise further degradation.
The edge of each core was cut with a surgical scalpel to mark the direction of disease
progression and each core was mounted onto a glass slide. Images of the whole core
and the middle of the core were taken using a digital microscope (VHX-600, Keyence
Corp., Osaka, Japan) with a high-performance zoom lens (VH-Z20W) (Figure[2.2B).
Subsequently, samples were immersed in ice-cold-distilled-water and subjected to
Raman and UV-VIS-NIR spectroscopy measurement (Figure[2.2C). Each core could
therefore be measured at a single position for UV-VIS-NIR spectroscopy and at five
positions at 1 mm intervals for Raman spectroscopy, AFM and histology (Figure.

After measurement, cartilage from each core was removed with a scalpel and

the top edge of each core was cut to mark the surface of the cartilage (Figure [2.2D).
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Figure 2.1: Representative photograph showing the measuring points (red points
for Raman, AFM and histological measurements; black dotted circle for UV-VIS-NIR
measurement) on a sample of human articular cartilage. The red arrow shows disease
progression. The blue dashed line shows the cutting line after optical measurement.

Each core was then cut in half along the direction of OA progression, and processed
for AFM and histology (Figure 2.2E-G). Details of sample processing for AFM and
histological staining are provided in Section [2.2.2.1] and Section [2.2.5.1] respectively.
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Figure 2.2: Schematic diagram of the sample preparation process. Red arrow: disease
progression determined by a clinician. Black dashed lines: cutting line. dia.: diameter.
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2.2.2 Method Development

The experimental methods used in this chapter required development and optimisa-
tion for application in cartilage. The following section describes the development of
an appropriate sample preparation protocol for scanning probe measurements of

cartilage, and the set-up and testing of a polarised Raman spectroscopy system.

2.2.2.1 Optimisation of Sample Preparation for AFM

Sample preparation is critical for AFM due to its high sensitivity to surface properties.
It was therefore necessary to develop a protocol to produce consistent, high-quality
measurements of collagen in the cartilage surface. Using bovine cartilage, we
tested and optimised a number of preparation steps (sample presentation, washing,
enzymatic treatment, temperatures and treatment times) to expose the collagen
meshwork with minimal changes to its properties. Figure illustrates the decision
paths for the optimisation on bovine cartilage samples. This optimisation was
based on two parameters: (qualitative) clarity of fibrils in topographic imaging; and
(quantitative) Young’s modulus. As a clean and clearly-exposed collagen fibril is
a prerequisite for measurement of its material properties, the image quality was
the first criterion used to assess the protocol. Young’s modulus was chosen as a
representative property to describe the mechanical integrity of the collagen.

The optimisation process tested the effects of washing to remove debris and
lipids, sectioning to reduce sample drift, and enzymatic treatment to remove ground
substance. Finally, enzyme combinations and treatment times were optimised for

best exposure without compromising mechanical properties.

2.2.2.1.1 Bovine Cartilage Cores

To avoid the possibility of damage to the collagen from tissue processing, mea-
surements were first attempted on the surface of fresh, 6-mm cores of cartilage.
After extraction, each core was first washed with PBS, trimmed to a thickness
of approximately 1 mm and glued to a glass slide for measurement, however

meaningful data (i.e. reliable tip-surface contact) could not be obtained. It was
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Figure 2.3: Decision paths of the strategy for optimisation of sample preparation on
bovine cartilage. Optimisation began with fresh bovine cartilage cores, testing whether
collagen could be observed by AFM after a number of sample processing steps, including
sectioning and enzymatic treatments. Preparation was continued until collagen fibrils
were well exposed, after which the changes in mechanical properties were measured. An
iterative process was followed to balance the exposure of fibrils with the minimisation of
mechanical effects, before application to human tissues.

first hypothesised that this problem was due to debris and lipids on the cartilage
surface. Cores were therefore washed with PBS (control), 30% isopropanol [132], or
absolute ethanol to remove debris and lipids and re-tested. Meaningful data still
could not be obtained. This failure was due to a combination of the microscopically
uneven surface of the cartilage preventing imaging within the 7 ym z-range of the
instrument, and rapid dehydration of the sample causing drift. Drift and sample
roughness were addressed by cryo-sectioning parallel to the surface to produce

thin samples that could be imaged within the z-range of the instrument, with drift
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minimised by reducing the bulk water content of the tissue.

2.2.2.1.2 Cryo-sectioned Bovine Cartilage

Hemi-cylinders of fresh cartilage were washed in PBS (control), 30% isopropanol,
or absolute ethanol, then snap-frozen in liquid nitrogen and stored at —80°C for
cryo-sectioning. All frozen tissues were embedded in water-soluble OCT mounting
medium (Thermo Fisher Scientific, Waltham, MA, USA), cryosectioned (cryostat
2800 Frigocut, Reichert Jung, Depew, NY,USA) at a thickness of 10 ym parallel
with the articular surface (Figure 2.2F), and mounted on glass slides. The first
cut section from each sample was considered to be the surface of the cartilage.
Up to five to six sequential sections were taken to represent the remainder of
the superficial zone (considered to be up to ~200 pm [133,/134]). In each case,
OCT mounting medium was removed after sectioning by immersion in distilled
water for 10 minutes with three changes.

First, the effects of washing on image quality were observed. Figure shows
that pre-washing samples with either absolute ethanol or 30% isopropanol improved
the image quality compared to PBS, with 30% isopropanol being the most effective at
removing debris from the surface. These results helped us to develop an initial step
for sample preparation and presentation. However, collagen remained embedded in
‘ground substance’, thought to be proteoglycans (Figure and in many samples
the fibrils were not sufficiently exposed for reliable mechanical measurements.

Enzymatic treatments were then implemented to better-expose the collagen fibrils.
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Figure 2.4: Representative AFM amplitude images of 5 x 5 pum samples of bovine
cartilage following different pre-wash treatments: (A) PBS pre-wash (control), (B) ethanol
pre-wash and (C) 30% isopropanol pre-wash.

2.2.2.1.3 Enzymatic Treatments - Hyaluronidase (Temperature)

The first enzymatic treatment used hyaluronidase (Sigma-Aldrich, St Louis, MO,
USA) [65], which attacks the hyaluronic acid backbone of the aggrecan macro-
molecule. Figure [2.5] shows the enzymatic treatment protocol. After OCT removal,
samples were treated with 1 mg/ml hyaluronidase in PBS at 25°C (room tempera-
ture) or in a 37°C incubator for 30 minutes. Following the enzymatic treatment,
the samples were washed in three changes of distilled water for 10 minutes each
time and then dried at room temperature for at least 30 minutes. Finally, samples
were analysed by AFM and the effect on image quality recorded. As shown in
Figure samples treated with hyaluronidase showed better results than without
treatment and we found that samples incubated at 37°C showed the best results,

as expected due to the temperature dependence of enzyme activity.
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Figure 2.5: Flow chart of hyaluronidase treatment of the samples after a 30% isopropanol
pre-wash at different temperatures for 30 minutes. The dotted line indicates the process

of OCT removal.
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pm

Figure 2.6: Representative AFM amplitude images of a 1 x 1 pum area of bovine cartilage
with 30% isopropanol pre-wash with and without hyaluronidase treatment at 25°C and at
37°C for 30 minutes: (A) samples without hyaluronidase treatment; (B) samples with
hyaluronidase treatment at 25°C; (C) samples with hyaluronidase treatment at 37°C.

Treatment with 1 mg/ml hyaluronidase successfully exposed fibrils in ap-
proximately 80% of samples. To improve fibril exposure, additional treatments
were applied using alternative enzymes, or extending the incubation time with
hyaluronidase. Again, the effects of treatment on image quality and material

properties were examined.

2.2.2.1.4 Enzymatic Treatments - Hyaluronidase (Time)
To determine the effect of treatment time on fibril exposure and mechanical prop-
erties, samples were immersed in 1 mg/ml hyaluronidase at 30 minute increments
after each analysis, resulting in time periods of 30, 60 and 90 minutes. The sample
treated for 90 minutes exhibited the best fibril exposure (Figure 2.7A-D). For
mechanical measurements, four fibrils in three random regions from the sample
were measured, resulting in a total 12 fibrils. Mean values of Young’s modulus
from these fibrils were compared (Figure 2.7E). One-way ANOVA revealed that
there were no significant differences (P > 0.005) between treated and untreated
samples (after washing), or between treatment times, indicating that extending
the incubation time has no effect on material properties.

Based on the above results for bovine cartilage samples, the following pro-
tocol used for application to human samples: pre-washing the samples with
30% isopropanol; cryo-sectioning; and treating sectioned samples with 1 mg/ml

hyaluronidase in a 37°C incubator for 90 minutes.
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Figure 2.7: Representative AFM amplitude images of a 5 x 5 pum area of bovine cartilage
pre-washed with 30% isopropanol and treated with 1 mg/ml hyaluronidase at 37°C for
different time periods: (A) before treatment (control), (B) 30 minutes treatment, (C) 60
minutes treatment and (D) 90 minutes treatment. (E) Young’s modulus of collagen fibrils
increased slightly but insignificantly after hyaluronidase treatment for 90 minutes.
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2.2.2.1.5 Application to Human Cartilage

Application of the above protocol on human samples produced poor results, with
limited exposure of collagen fibrils. The optimisation strategy was therefore extended
to test the effects of additional enzymes, as well as increased concentrations.
Additional enzymes included chondroitinase (Sigma-Aldrich) [135]/136] and trypsin
(TrypLE, Gibco, Thermo Fisher Scientific, Waltham, MA, USA) [137].

Figure [2.8] summarises the decision paths for the optimisation of human cartilage.
Similar to bovine samples, treatment was increased until the collagen fibrils were
sufficiently exposed, after which mechanical properties were measured and compared
to pre-treatment values. Once the appropriate combination of collagen fibril exposure
and unchanged mechanical properties was observed, the modified protocol was

applied to the remaining tissue samples.

[ Cryo-sectioned human cartilage ]

[ Applied bovine sample protocol ]

Expose collagen
fibrils?

Change
mechanical
roperties?

C Protocol developed )

Figure 2.8: Decision path for the optimisation of sample preparation for human cartilage.

Yes

Expose collagen
fibrils?

2.2.2.1.6 Additional Enzymatic Treatment - Chondroitinase
Following treatment with hyaluronidase, samples were immersed in 0.1 U/ml or 0.5
U/ml of chondroitinase ABC in 0.01% bovine serum albumin (BSA) at 37°C for 30

minutes. This was expected to enhance removal of proteoglycans while maintaining
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the collagen network [138], however no improvement was observed (data not shown).
Both concentration and time were increased to 1U/ml of chondroitinase ABC in
0.01% BSA at 37°C at 30 minutes and one hour, yet the results were not improved

(data not shown). Based on these results, chondroitinase was not considered further.

2.2.2.1.7 Additional Enzymatic Treatment - Trypsin

Trypsin has a broader spectrum of efficacy than hyaluronidase or chondroitinase. It
is known to attack collagen with existing damage, however there is no guideline on
either the concentration or exposure time to which a sample can be treated without
this effect. Samples were therefore exposed to trypsin with increasing incubation
times (<5 s, 30 s and 60 s) at room temperature to observe the differences in
its effect on exposure and mechanical properties. Treatment for 5 or 30 s had a
minimal effect on collagen exposure (data not shown). Trypsin treatment for 60 s
in contrast resulted in a substantial improvement in collagen exposure (Figure ,
and samples were therefore subjected to mechanical testing.

For mechanical measurements on human samples, each core was divided into
five regions (regions A-E), each with three 4 x 4 pum sub-regions. Within each
sub-region, the material properties of four randomly-selected fibrils were measured,
resulting in a total of 12 fibrils per region. Mean values of Young’s modulus from
these fibrils were taken to compare the difference between samples before and
after treatments. Figure [2.10] shows the Young’s modulus of five regions of the
same tissue before and after treatment. A two-way ANOVA revealed that no
statistically-significant difference was found in either region A or B between before
and after trypsin treatment, but there was a significant decrease in Young’s modulus
in regions C, D and E after treatment (P < 0.0001), indicating collagen damage.
Again, since mechanical properties are important in this study, the use of trypsin

was abandoned, and alternative treatment was considered.
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Figure 2.9: Representative AFM amplitude images of a 4 x 4 um area on a human
tissue sample (A) before and (B) after trypsin treatment for 60 s.
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Figure 2.10: Young’s modulus of 12 collagen fibrils within regions A, B, C, D, and
E with and without trypsin treatment. Data are shown as mean 4 standard deviation.
K P < 0.0001.
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2.2.2.1.8 Enzymatic Treatment - Hyaluronidase (Increased Concentra-
tion and Time)

With the failure of alternative enzymes to expose collagen fibrils, or to achieve
exposure at the expense of changes in mechanical properties, modification to
the hyaluronidase protocol was considered. Here, concentrations of 1 to 40 mg/ml
hyaluronidase and incubation times of 90 minutes to 3 hours at 37°C were applied and
tested. Both increased time (Figure and increased concentration (Figure
improved exposure, with little effect on mechanical properties (P > 0.05 compared
to control). The small increase in Young’s moduli are indicative of removal of
soft non-collagenous ground substance rather than an increase in the modulus

of collagen itself.
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Figure 2.11: AFM amplitude images of a 3 x 3 um area of human cartilage surface after
treatment with different concentrations of hyaluronidase for one hour: (A) PBS (control),
(B) 1 mg/ml hyaluronidase, (C) 5 mg/ml hyaluronidase, (D) 10 mg/ml hyaluronidase, (E)
20 mg/ml hyaluronidase and (F) 40 mg/ml hyaluronidase.
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Figure 2.12: Young’s moduli of collagen fibrils after treatment with different concentra-
tions of hyaluronidase for 3 hours. Hyaluronidase treatment had little effect on mechanical
properties, despite increase in both time and concentration.cntr.: control.
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2.2.2.1.9 Final Protocol for Human Cartilage Samples

Figure [2.13|shows the final protocol for sample preparation for AFM. Hemi-cylinders
of cartilage were immersed and gently shaken 10 times in 30% isopropanol after
extraction (Figure ) All samples were then snap-frozen in liquid nitrogen and
stored at —80°C before cryo-section. All frozen tissues were embedded in water-
soluble OCT mounting medium and were sectioned at a thickness of 10 pum parallel
to the articular surface and mounted on glass slides. Before AFM measurement,
samples were immersed in distilled water for 10 minutes with three changes at
room temperature (25°C) to remove OCT and were then treated with 40 mg/ml
hyaluronidase in a 37°C incubator for three hours. After enzyme treatment, all
samples were washed with distilled water for 10 minutes with three changes and

dried at room temperature (25°C) for a minimum of 30 minutes.
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Figure 2.13: Flow chart of AFM sample preparation after washing with 30% isopropanol.
Hemi-cylinders of cartilage were washed with 30% isopropanol, snap-frozen in liquid
nitrogen and stored at —80°C before sectioning at 10 um, mounting on glass slides, and
removal of OCT. Samples were then treated with 40 mg/ml hyaluronidase in a 37°C
incubator for 3 hours, washed with distilled water for 3 x 10 minutes and dried at room
temperature (25°C) for a minimum of 30 minutes.
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2.2.2.2 System Build for Polarised Raman Spectroscopy

2.2.2.2.1 Optical System
The Raman spectroscopy system used for this study was built in-house. We aimed
to develop a polarised Raman system to assess the alignment and organisation of
collagen fibrils as well as the quantity and quality of collagen fibrils at different
stages of disease. Figure shows the set-up of the polarised Raman system.
One end of an optical fibre (600 pm, 0.22 NA, Ocean Optics, Dunedin, FL, USA)
was connected to a 785 nm diode laser to excite the samples and the other end
connected to a collimator (f = 7.5 mm, 600-1050 nm, Thorlabs Inc., Newton, NJ,
USA) to generate a parallel laser beam. Lens 1 (f = 50 mm, 650-1050 nm, Thorlabs
Inc.) and Lens 2 (f=175 mm, 650-1050 nm, Thorlabs Inc.) expanded the laser beam
to fill the back aperture of the objective. Iris 1 (Thorlabs Inc.) cut the remaining
non-collimated light and iris 2 (Thorlabs Inc.) cut the laser beam to a diameter of
around 1 cm. The laser passed through a clean up filter (785 nm, Semrock Inc.,
Rochester, NY, USA) and reflected off a broadband dielectric mirror (750-1100
nm, Thorlabs Inc.) at 45 degrees. After reflection, the laser passed through a
Glan-Thompson polariser with extinction ratio of 10000:1 (650-1050 nm, Thorlabs
Inc.) to provide polarised output. A half-wave plate (690-1200 nm, Thorlabs Inc.)
was used to rotate the polarised laser beam. The polarised laser then reflected off
a dichroic beamsplitter (Semrock Inc.) which reflects wavelengths shorter than
804 nm, transmitting wavelengths longer than 804 nm (> 301 cm™! for a 785 nm
pump). After reflecting off the dichroic beamsplitter, the laser passed through an
objective (Olympus Plan Fluorite Objective 10x, 0.3 NA, VIS-NIR, Thorlabs Inc.)
to reach the sample which was held in a slide holder (Thorlabs Inc.). The reflected
Raman signal, which was longer than 785 nm, was then collected by an objective
and passed through a notch filter (Semrock Inc.) to filter out the laser light. Lens
3 (f = 175 mm, 650-1050 nm, Thorlabs Inc.) converged the light into a collimator
then into a spectrometer (QE Pro-Raman, Ocean Optics).

The spectrometer uses a 900 lines/mm grating and a 50 pm slit with a 2-D

detector (1044 horizontal x 64 vertical pixels) which is responsive from a wavelength
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of 185 nm to 1100 nm. This gives a spectral resolution of 7-8 cm ™!, and coupled
with a 16-bit A/D converter delivered a dynamic range of 85,000:1 with a signal-

to-noise ratio of > 1000:1.
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Laser 785 nm L1 Irisl L2 Tris2
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Figure 2.14: (A) Schematic diagram of the Raman spectroscopy set-up. (B) Photograph
showing the Raman spectroscopy set-up. L: lens; M: mirror; Pol: Glan-Thompson
polariser; HWP: half-wave plates; Di-BS: dichroic beamsplitter; N: notch filter; Red line:
incident light; green line: scattered light.
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As the system was built in-house, testing was required to characterise the
sensitivity and reliability of the system (Figure. In brief, prior to mounting the
polarisation components (half-wave plate and polariser), the system set-up was tested
for basic performance by measuring samples with a known Raman spectrum. After
the system performance test, polarisation components were included incrementally
to observe their effect on both system performance and laser profile. At completion
of system testing, samples with a known polarisation profile were tested to examine

the polar sensitivity of the system, with modifications applied as required.

Basic Raman setup
(without polarisation components)

Mounting polarisation components
(Polarised Raman setup)

Does it affect the
system
stability?

Further improvements
of the system

of the system

[ Further improvements

“an system do
polarisation
measurements
on tissue?

Human samples

Figure 2.15: Flow chart of the system testing process during set-up of the polarised
Raman spectroscopy system.

No
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2.2.2.2.2 Basic Raman System Performance

Before mounting the polariser and half-wave plate (the polarisation set-up), chon-
droitin sulphate, hydroxyapatite and collagen (all from Sigma-Aldrich) were mea-
sured to test system performance for matrix components of interest. Spectra were

compared and matched with data in the literature [139-141] (Figure [2.16)).
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Figure 2.16: Raman spectra of (A) chondroitin sulphate, (B) hydroxyapatite and (C)
collagen.

2.2.2.2.3 Additional Optical Components

Following successful initial testing, the system was tested for polarisation control
and stability. The half-wave plate and Glan-Thompson polariser were sequentially
mounted and their effect on laser power was measured at different angles of rotation.
As shown in Figure [2.17A, the half-wave plate maintained total laser power at all

orientations (variation up to 0.8%). Figure [2.17B shows laser polarisation when the
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initially circular polarised beam was cut by the Glan-Thompson polariser, evaluated

by measuring laser power changes at 15-degree increments.
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Figure 2.17: Components affecting testing and laser polarisation profile. (A) Changes
in laser power with rotation of the half-wave plate. (B) Polarisation profile of the laser
after passing through the Glan-Thompson polariser.

The spectrum of a diffuse reflecting Teflon™ sample was then measured with
increasing time to test laser stability. Figure shows the spectrum of Teflon™
over time, with the intensity of the main peak at 748 cm™! plotted against the
increasing time (Figure ) The system was thus considered stable over time

(variation up to 0.6% of the mean value).
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Figure 2.18: Laser stability test after passing the half-wave plate. (A) Teflon™
spectrum with increasing time. (B) Intensity changes at 748 cm ™!,
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2.2.2.2.4 Polarisation Tests on Tissue

To test the ability to extract usable polarisation information from the system, initial
measurements were performed on porcine tendon due to its alignment characteristics
. This study first considered the effects of sample dehydration, using distilled
water to avoid the possibility of salts from PBS having an effect on the spectra.
Spectra were therefore acquired both without and with the addition of distilled
water during measurements for 180 minutes at 15 minutes intervals. Figure|2.19
shows that allowing dehydration during measurement created fluctuations that
would affect the results of the polarisation measurement by adding substantial drift
in intensity superimposed on the polarisation effect. It was thus seemed critical to

maintain hydration during measurements to acquire reproducible spectra.
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Figure 2.19: Raman spectra of porcine tendon. (A) Spectra allowing dehydration during
the experiment, showing the resultant drift of signal intensity. (B) Spectra with the
addition of distilled water during the measurements, showing more consistent results.
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The polarisation dependence of porcine tendon spectra at 15 degree increments
was then measured while maintaining hydration. Peaks at 937, 1251 and 1663 cm ™!
(type II collagen bands) at different polarisation angles were observed (Figure .
Results showed that the patterns were close to circular in each Raman band, with no
clear polarisation profile. Substantial drift was also observed, seen in the difference

between intensities at 0 degrees, despite maintaining sample hydration.
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Figure 2.20: Raman spectra of porcine tendon at different laser polarisation angles, in
15 degree increments. (A) Full spectra at different polarisation settings. Polar plots of
(B) 937 em~!, (C) 1251 cm™!, and (D) 1663 cm™*.

The above experiment was repeated with a higher NA objective, to determine
whether a usable polarisation profile could be extracted from the drift signal when
probing a smaller focal volume and thus tighter alignment. Previous work on bone
showed that higher NA objectives (i.e. 0.9 NA) provided improved resolution of the
polarisation profile against low NA objectives , despite the deleterious effects of
polarisation mixing in the focal volume due to tight focus. This project had a limited

number of objectives available to it: the highest NA usable objective was 0.45 the
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Olympus Plan Fluorite Objectives 20x, with a working distance of 6.6 to 7.8 mm in
air, UV-NIR (Olympus, Tokyo, Japan). This 0.45 NA objective was installed and
polarisation tests repeated. As shown in Figure 2.2T]A, improved spectral details
were seen when using the higher NA objective, and stronger polarisation effects
were observed at 937 and 1663 cm ™! (Figure and ), although problems
with drift persisted. These data suggest that a higher NA objective indeed provides

better results, yet the drift from the sample rendered measurements inconsistent.
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Figure 2.21: Raman spectra of porcine tendon at different polarisation angles with a
0.45 NA objective. (A) Spectra at different polarisation directions. (B) Polar plot of 937
ecm~! spectra at different polarisation angles. (C) Polar plot of 1251 cm™! spectra at
different polarisation angles. (D) Polar plot of 1663 cm~! at different polarisation angles.
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2.2.2.2.5 Final Raman Set-up

As an appropriate objective (high NA, long working distance) was unavailable
for this study, compounded by persistent issues with drift, polarised Raman was
unable to be realised within the time and financial constraints of the project.
It was therefore abandoned in favour of standard Raman measurements from a
scanning spectroscopy system (Figure , which could be applied after removal

of polarisation components to scan the surface of cartilage cores.
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Figure 2.22: Modified Raman spectroscopy. (A) Schematic diagram of the Raman
spectroscopy set-up. (B) Photograph showing the Raman spectroscopy set-up where
the white dotted circle shows the location of the removed polariser and half-wave plate.
(C) Representative photograph showing the Raman spectroscopy measuring points (red
points) on a sample of human articular cartilage where the red arrow shows disease
progression. The blue dotted line shows the cutting line after optical measurement. L:
lens; M: mirror; Pol: Glan-Thompson polariser; Di-BS: dichroic beamsplitter; N: notch
filter; red line: incident light; green line: scattered light; white dotted circle showed the
location of the removed half wave plate and polariser.
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2.2.3 AFM - Data Collection and Analysis
2.2.3.1 Data Collection

Scanning probe microscopy was performed on an MFP-3D AFM (Asylum Research,
High Wycombe, UK). AC240 AFM tips (spring constant 1.1 < k < 1.6 N/m,
nominal tip radius 9 nm, Asylum Research) were employed for each measurement.
Measurements were performed using intermittent-contact (tapping) mode [143],
applying AM-FM nanomechanical mapping [144] and loss tangent (tan §) mapping
[145]. AM-FM mode is a multifrequency and bimodal AFM which operates at two
cantilever resonances simultaneously. The lower resonance (first mode) is used for
amplitude modulation (AM) and the higher resonance (second mode) is operated in
frequency modulation (FM) mode. Surface tracking in repulsive mode was optimised
by manipulating gains and set points. The lower resonance acts in standard tapping
mode by adjusting the cantilever’s vertical position to keep the amplitude at the
setpoint value to obtain the topographic data and meanwhile, the amplitude and
phase at a fixed frequency are measured by a lock-in amplifier to determine the
loss tangent. At the second mode (higher resonance), phase and amplitude were
monitored to keep the phase lag of the cantilever at 90 degrees. The interaction of an
AFM probe with a surface produces a shift in the probe’s resonant frequencies that
is dependent on the strength of the interaction, or tip-sample contact force [146].
Considerations of the contact geometry (after Sneddon [147]) result in simple scaling

laws relating frequency shift to the tip-sample contact stiffness and Young’s modulus.

2.2.3.2 Stiffness and Young’s modulus

The concept of stiffness in Young’s modulus conversion is based on the theory of
Heinrich Hertz [148] and a simple harmonic oscillation formula. Heinrich Hertz

theory has been derived to extrapolate elastic modulus by
ks =2aF, (2.1)

where k;_; is the tip-sample contact stiffness, a is the contact radius and E is the

effective elastic modulus. By expanding the simple harmonic oscillation formula
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which is common in non-contact AFM, the relationship between stiffness and

frequency can be derived from

-
Af, = Jozk

W29
ke = (—)k 2.2
2 k2 y fv2 (w1> 1 ( )

where k;_ is the tip-sample contact stiffness, ks is the calibrated cantilever stiffness
at the second mode, k; is the calibrated cantilever stiffness at the first mode, w;
and wo are the angular frequency at the first and second mode respectively, A fs is
the frequency shift when the cantilever is moved near the substrate and fy o is the
second mode frequency of the AFM cantilever oscillating far from the substrate.
Combing E.q. and E.q. 2.2, Young’s modulus could then be calculated by

_Abk

B f0,2 a’

As shown in E.q2.3] the Young’s modulus depends on the contact radius which

E (2.3)

is unknown a-priori, the stiffness of the sample, and the second mode frequency
of the AFM cantilever which is known. To simplify the equation, this expression

can be rewritten in terms of
E =C(Agp, Afree) A fo, (2.4)

where C'(Asp, Afree) is a calibration factor including factors such as setpoint (Asp),
free amplitude (Ay,..), resonance frequency (fo2) and stiffness (k2) which result in
a relationship between Young’s modulus and frequency shift. Here, the calibration
factor C' was determined by assuming a uniform indentation depth with a punch
indentation geometry, and adjusting the prefactor to calibrate against a known
sample, polycaprolactone (PCL) with Young’s modulus of 300 MPa [109]. To
maintain the accuracy of the Young’s modulus after several measurements and
potential changes in tip shape, recalibration was performed between samples.
The second mechanical property of interest is the loss tangent (tand). The loss
tangent is the ratio of a material’s dissipated energy to stored energy in response

to cyclic excitation and is defined as

"

== 9.
tand o (2.5)
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where £’ is the storage modulus and E” is the loss modulus. Earlier studies
described the relationship between loss modulus (E”) and phase angle [149] and
the relationship between storage modulus (E’) and phase angle [150] in AFM

respectively as

(Fys - 2) ~ sing — :0 (2.6)
and
w(Fys - z) ~ cosyp (2.7)

where Fj is the tip-sample interaction force, z is the tip motion, 2 is the tip velocity,
A is the cantilever operating amplitude, A is the reference measurement, w is the
angular frequency at which the cantilever is driven, and () represents a time-average.
A recent study took the ratio of these two equations (E.q. and E.q. to
express the loss tangent of the material [145] and found that it agrees well with
numerical solutions. Therefore, the expression of the loss tangent can be simplified to

E' _ (Fy-3) _sinp— g
t 5 = — = = 0 . 2.8
an E w(F-2) cosp (2:8)

This loss tangent measurement provides a simple, almost calibration free method

and unlike the Young’s modulus, it does not consider the tip shape.
2.2.3.3 Data Analysis

At each measurement site (five positions per core, at 1 mm intervals in the direction
of disease progression. Figure , three regions were randomly selected and
scanned at a size of 3 x 3 um with 512 x 512 pixel resolution and a scan rate of 1
Hz. Within each region, four exposed fibrils were chosen for measurement of their
material properties, resulting in a total of 12 fibrils per measurement site. Mean
values of Young’s modulus and loss tangent in each region were then calculated.

The material properties across the D-period [151H153] were also measured. The
formation of the D-period is caused by the combination of collagen molecule overlap
and lengthwise spacing [154](Fig[2.23E). This produces a periodic pattern in both

topographic and material property measurements along the length of the fibril
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(Figure —C). As shown in Figure , each D-period was characterised by
a prominent peak (between gaps) and valley (at a gap site). The secondary peak,
attributed to quasi-hexagonal packing, was not used. Relative material properties
across the single fibril were processed by MATLAB (2015a, MathWorks Inc., Natick,
MA, USA), calculating the difference in Young’s modulus across the D-period (the
value at the major peak minus the valley value, e.g. Figure , d; - d3). The

mean value and the variance of this difference were recorded and compared.
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Figure 2.23: Representative figure showing the formation and analysis of D-periods. (A)
Height, (B) amplitude and (C) phase images showing D-periods of collagen fibrils. (D)
The D-period patterns from the red rectangle in the amplitude image (B). (E) Schematic
diagram showing the formation of D-periodic gaps.
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Figure 2.24: Representative figure showing the difference in the Young’s modulus across
the D-periods: calculations from a single fibril. One D-period of a collagen fibril is
observed as a major peak and adjacent valley (the red arrow). Blue arrows indicate the
peaks along one collagen fibril. The differences between major peak and valley values
(shown in dy, do and d3) were calculated.
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2.2.4 Raman Spectroscopy - Data Collection and Analysis

Spectra were collected at 7-8 cm ™! resolution from 150 to 2100 cm~*. A background
spectrum was acquired prior to scanning and was subtracted from each subsequent
Raman spectrum from the sample. Each Raman spectrum, taken at 1 mm intervals
in the direction of disease progression was acquired with a 30 second integration
time, with three continuous spectra averaged. Acquisition was repeated three
times and averaged a second time for each sample point on the cartilage surface
(a total of 9 scans). Between each measuring point, drops of distilled water were
added to avoid tissue dehydration.

The measured tissue spectra contained a combination of Raman scattering,
autofluorescence and noise. Following averaging, each spectrum was smoothed by
a 10-point, third-order Savitzky-Golay filter to reduce noise [112]. A fifth-order
polynomial [155] was then fitted to the autofluorescence background from 750 to
2,000 cm™! (Origin 9.1, OriginLab, Northapmton, MA, USA), and subtracted.
Finally, each spectrum was normalised to its total area under the curve between 750

and 2,000 cm ™! (Origin 9.1), enabling comparison of spectral patterns (Figure [2.25)).
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Figure 2.25: Representative figure of Raman spectrum processing. (A) Raw spectra.
(B) Spectra after processing.
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Following collection, Raman bands of collagen were measured and compared.
As mentioned above, the tropocollagen molecule is formed by three a-helical
domains. Each a-chain is composed of multiple triplet sequences of Gly-X-Y
where X and Y can be any amino acid. The glycine (Gly) residue ensures the proper
folding of each of these chains. X is commonly proline and Y is usually present as
hydroxyproline, with phenylalanine also found in the position X [156},157]. The
presence of hydroxyproline in the Y position is thought to contribute to stabilisation
of the helical form [158]. Therefore, helix stability was analysed by calculating the
ratio of proline to hydroxyproline [106}/112], providing a measure of quality. The
CH, and CHjs from the amino acid side chains were also observed.

Amide III was used to characterise order in collagen secondary structure [159).
In the amide IIT region (1209-1332 cm™'), 1241 and 1269 cm ™! represent random
coil (disordered) and alpha-helix (ordered) formations respectively [105]. Peak
values at 1240 and 1272 cm™! were calculated in this study to provide further
information about the quality of the collagen fibrils. Both peak heights and areas
under collagen-related bands were calculated, with wavenumbers of interest and

ranges used for area calculations given in Table

Table 2.1: Raman bands of collagen and range selection [109}/112,/160,161]

Raman shift (cm™') Spectral assignment Range selection
855 Type II collagen, proline 848-868
869 Type II collagen, hydroxyproline 868-875
1002 Type II collagen, phenylalanine 995-1015
1209-1332 Type II collagen, Amide 111 1209-1332
1429-1469 Type II collagen, CHy/CHs scissoring 1429-1469
1453 Type II collagen, CHy /CHgs scissoring 1450-1460
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Areas under the peaks of sulphate and hyaluronic acid bands were also calculated
to provide relative concentration data in relation to aggrecan. Table shows

the Raman band assignments and selected regions.

Table 2.2: Raman bands of hydroxyproline, hyaluronic acid and sulphate and their
selected ranges

Raman shift (cm™) Spectral assignment Range of Raman bands
1063 SO3. (chondroitin sulphate) 1059-1069
1135-1175 Hyaluronic acid 1135-1175
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2.2.5 Histology

2.2.5.1 Sample Preparation

Hemi-cylinders of cartilage for histological staining (Figure were fixed in 4%
paraformaldehyde and rotated at 4°C overnight. After fixation, samples were washed
with PBS for 2 hours with one change and then re-fixed in a tissue processor (Leica
ASP300 S, Leica Microsystems Ltd, Wetzlar, Germany). Tissue samples were then
embedded in paraffin and sectioned perpendicular to the surface at a thickness of 6
pm by microtome (Leica RM2125 RTS, Figure ) Specimens were transferred to
glass slides and incubated at 70°C overnight. Safranin-O (Sigma-Aldrich) was used

to stain the tissue for histological grading (protocol is provided in Appendix |C)).

2.2.5.2 Grading

The integrity of cartilage specimens was evaluated using the histology-based OARSI
(Osteoarthritis Research Society International) scoring system due to its sensitivity
to early or mild OA [162]. Three serial sections were prepared from each sample
and stained with Safranin-O. The slide with the best staining from each sample
was selected for histological scoring. In the OARSI scoring system, there are a total
of 6 scores with a low score indicating normal tissue and increasing scores reflecting
advancing disease stage. Because disease progression was often observed within the 6
mm wide sections, scores were recorded from 5 positions at 1 mm intervals, matching
AFM and Raman measurement positions, as shown in Figure [2.26] Each region
was analysed by light microscopy with a 10x objective (Zeiss Upright Microscope,
Carl Zeiss Microscopy GmbH, Jena, Germany). Images were randomised and
scored by an independent researcher based on reference images and scoring criteria
from Pritzker et al. [163]. Table describes the OARSI scoring methodology

and its related Safranin-O staining]l]

!Black: nuclei, bluish green: cytoplasm, and orange to red: cartilage, mucin (proteoglycan),
and mast cell granules
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Histological grading was supplemented by clinical grading using the Outer-
bridge classification system (Table [164-166]), performed by an independent

orthopaedic registrar.

Figure 2.26: Representative image of a safranin-O stained section showing the positions
used for histological scoring. Each section was divided into five regions at 1 mm intervals
(magnification 2.5x).
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Table 2.3: OARSI scoring methodology and histological staining \\

62

Score | Description Safranin-O

0 Surface intact and the cartilage morphology intact

i Articular surface is uneven and demonstrate superficial
fibrillation

9 Focally fibrillation extends through superficial to the
superficial zone to mid zone

3 The matrix fibrillation extends vertically downward into
mid zone

4 Cartilage matrix loss

5 Cartilage is completely eroded

6 Fibrocartilage has grown along the eroded and denuded
surface
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Table 2.4: Outerbridge classification system [165,/166).

Score || Description
0 Normal cartilage, shining intact surface
Softening of the cartilage, less shiny surface
Fissures or fragments on the surface
Deep fissures or fragments of the surface without exposed bone
Erosion of cartilage, exposure of bone

W N
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2.2.6 Statistical Analysis

All statistical analyses utilised GraphPad Prism (Version 5, GraphPad Software, Inc.,
La Jolla, CA, USA), and a value of P < 0.05 was considered significant. The Grubbs’
test (also called extreme studentised deviate) was applied to determine whether the
most extreme value in the data was a significant outlier from the rest. Data were
then tested for normality using the Pearson omnibus normality and Shaprio-Wilk
normality test before comparison analysis. The mean fibril mechanical properties
before and after trypsin treatment in different regions were compared using two-way
ANOVA with Bonferroni post-hoc tests. The mean fibril mechanical properties
before and after treatment with different concentrations of hyaluronidase, Young’s
modulus of the fibrils, and Raman spectra at different disease stages were compared
using one-way ANOVA with Tukey’s multiple comparison test. Loss tangent of
fibrils, changes in Young’s modulus of the D-period and variance of the changes in
Young’s modulus of the D-period in a fibril at different disease stages were compared
using the Kruskal-Wallis test with Dunn’s Multiple comparison test. All results are

presented as mean £ standard error of the mean (SEM) unless indicated otherwise.
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2.3 Results
2.3.1 Histological Analysis

A total of 172 regions from 35 cores were histologically scored in this study. Due
to failures in some sections, three regions could not be scored. The table below
(Table shows the numbers of regions with each score. As only one region was
scored 5 and the aim of the thesis is to explore early rather than late disease processes,

the results from AFM and Raman from that region were excluded from this study.

Table 2.5: Number of regions with each histological score (OARSI).

OARSI score oOo/1]2)]3 |4
Number of samples || 10 | 36 | 48 | 55 | 22 | 1

Clinical scoring, using the Outerbridge system, assessed whole cores rather than
specific regions, giving a total of 35 scores (Table [2.6). Where variable levels of
degradation were observed over the surface or where the observed cartilage charac-
teristics did not conform to a single category, cores were assigned transitional scores,

such as ‘grade 1 — 2" These transitional scores were taken as individual categories.

Table 2.6: Number of regions with each clinical score (Outerbridge).

Score 0 1 1 -2 2 2 -3 3 3 —4 4
Number of 0 7 5 14 | 4 4 1 0
samples

Although the direct comparison of histological and clinical grading is inappropri-
ate (clinical scoring ‘averages’ the core, and considers different features to histological
scoring), yet their agreement on the study’s representation of disease state can still
be tested. The transition scores from the Outerbridge system were allocated to
integer scores, for example, grade 1 — 2 was allocated to both grade 1 and grade
2. As cores were divided into 5 regions for OARSI scoring, the mode score from

each core was taken as the combined score of the core. Finally, as the scoring range
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of each system was different, we rescaled the OARSI scores to range from 0 to 4,
matching that of the Outerbridge system. The Kolmogorov—Smirnov test (MATLAB,
2015a) was then implemented to compare the two systems. Figure shows the
cumulative probability of the Outerbridge and OARSI system. Results from the
Kolmogorov—Smirnov test indicated that the study’s representation of disease state is
similar (P > 0.05) for clinical and histological scoring. Analysis therefore continued

using histological scoring as the basis for comparing disease states.
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Figure 2.27: The cumulative probability of the Outerbridge and OARSI scoring systems.
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2.3.2 Atomic Force Microscopy

Topography (height and amplitude), Young’s modulus and loss tangent images were
captured from each region of the cartilage surface, with mechanical measurements
taken from individual fibrils within these regions. Representative images are shown
in Figure 2.28] A total of 1,360 fibrils were measured, with Table [2.7] describing

the breakdown by disease stage.

Table 2.7: Numbers of fibrils measured at each OARSI score.

OARSI score 0 1 2 3 4
Number of fibrils || 96 | 336 | 424 | 468 | 36
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Figure 2.28: Representative AFM images of 3 x 3 um areas on the human articular
cartilage surface. (A) and (B) show the topography of the cartilage surface by height
and amplitude respectively. (C) and (D) show the mechanical properties of the cartilage
surface by Young’s modulus and loss tangent.
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2.3.2.1 Topography

Figure [2.29 shows typical fibril organisation at different disease stages. Generally,
fibrils are in the order of 80-100 nm in diameter and randomly aligned. No clear
pattern of fibril morphology was observed with disease progression at this scale,
however, a number of morphological features were noted. Regions of local alignment,
consistent with nonlinear optical measures of early OA cartilage [21] were observed
at low OARSI grades (Figure 2.29A-C) but less commonly in higher grades. Other
features included the presence of thin fibrils (Figure red arrows); knotted fibril
formations (Figure [2.31, OARSI grade 3); and collagen-bound granules (Figure
2.32]A) which have also been observed from in another study [167] (Figure 2.32B).
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Figure 2.29: AFM amplitude images of 3 x 3 pum areas of the human cartilage surface
at different disease stages: (A) grade 0, (B) grade 1, (C) grade 2, (D) grade 3 and (E)
grade 4.
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m

Figure 2.30: AFM images of thin fibrils from the human articular cartilage surface:
amplitude image (A, C) and height image (B, D) of 4 x 4 um and 3 x 3 pum areas on
human articular cartilage samples. Red arrows indicate thin fibrils.
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Figure 2.31: Knotting formation shown in an AFM amplitude image of a 3 x 3 pum
area on the cartilage surface.
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um

Figure 2.32: Granules on the surface of human cartilage: (A) amplitude images of a 3
X 3 pm area on the surface of human cartilage and (B) deflection images of a 5 x 5 ym
area on human femoral cartilage in PBS [167]. (permissions to reuse the contents and
figures of these papers have been granted by Springer (Appendix )
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2.3.2.2 Mechanical Properties

Figure[2.33A and B shows the mechanical properties of the collagen fibrils at different
disease stages. Grade 2 appears to be an inflection point at which the trends of
Young’s modulus and loss tangent reverse with disease progression. Collagen fibrils
became slightly softer from grade 0 to grade 1 (~0.006%) and slightly stiffer with
increasing disease stage from grade 0 to grade 2 (=6% increase from grade 0) after
which they soften again. The loss tangent, a measure of the mechanical contribution
from viscosity of the collagen fibrils, showed considerably larger changes. Here,
the reduction in loss tangent was 21% and 60% from grade 0 to grade 1 and 2

respectively, with statistically significant changes at each stage.

A B
L i 1
. dekk '
ke I [ ** 1
| ’ ok p
N ok N —_— {
' kk ' ek
— t — {
— —_ ..
340+ 3 2.0 —
E Hkk |—| =
3 " s8] ey
% 3204 I 3 aga, I —_ x
3 5 1.0] :
£ 300 a
» -
> i 3 05 =
5
o
>
280 T T T T 0.0 T T T T T

o
-
N
w
»
o
=Y
N
w
IS

Figure 2.33: Mechanical properties within each collagen fibril at different disease stages:
(A) Young’s modulus and (B) loss tangent. *:P<0.05, **: P<0.01 and ***: P<0.001.

To investigate whether the observed pattern of variance was caused by potential
issues of independence (all measurements were considered independent in the
above), the analysis was re-run with measurements grouped by patient. Both
Young’s modulus and loss tangent (Figure and B) showed similar trends to
those shown in Figure and B. Therefore, we argue that the observed patterns

of mechanical properties can be attributed to disease stage.
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Figure 2.34: Mechanical properties of collagen fibrils grouped by patient at different
disease stages: (A) Young’s modulus and (B) loss tangent. **:P<0.01.

Figure [2.35] shows the distribution of Young’s modulus of collagen at different
disease stages. At grade 0, the Young’s modulus appeared distributed between
260-380 MPa. Interestingly, at grade 1 and grade 2, some fibrils with high Young’s
modulus were detected (above 400 MPa). At grade 3, we could still observe some
fibrils with high Young’s modulus but at grade 4, there were no fibrils with high
Young’s modulus above 400 MPa and most were rated between 280-320 MPa.
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Figure 2.35: Distribution of mechanical properties of collagen fibrils at different disease
stages.
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Patterns of mechanical properties along fibrils were also considered. Figure[2.36A
shows that the changes in Young’s modulus across each D-period on a single fibril
were largest in samples of grade 0, with a reduction of ~24% with the onset of
histologically detectable disease. The variance of the changes in Young’s modulus

(Figure [2.36B) along the fibrils showed a similar trend.
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Figure 2.36: The D-period of collagen fibrils at different disease stages: (A) changes
in Young’s modulus across each D-period on a single fibril and (B) the variance of the
changes in Young’s modulus. *:P<0.05, **:P<0.01 and ***: P<0.001.
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2.3.3 Raman Spectroscopy

Raman spectra at each OARSI grade are shown in Figure [2.37]
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Figure 2.37: Raman spectra at different disease stages (mean + SEM).

Areas under the Raman bands associated with collagen (Table were analysed
to assess the relative quality /quantity of the protein at different disease stages
(Figure . No significant differences were observed between disease stages for
any individual band. A general trend of decreased area, however, was observed
from normal to diseased samples in the early stages (grade 0 to grade 1) with the

exception of CHy/CHjy scissoring (Figure [2.38B).
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Figure 2.38: The areas under collagen type II bands at different disease stages: (A)
phenylalanine ring (995-1015 cm™!), (B) CHs/CHj scissoring (1450-1460 cm™1), (C)
amide IIT (1209-1332 cm™1); (D) CHy/CHjy scissoring (1429-1469 cm™1); (E) proline
(848-868 cm™!) and (F) hydroxyproline (872-881 cm™!).

Ratios of Raman bands were used as measures of quality. These measurements
included helix stability and the level of order in the helix secondary structure.
Helix stability, given by the ratio of proline to hydroxyproline, was similar at each
disease stage (Figure [2.39), decreasing slightly from grade 0 to grade 1 (~0.5%),
increasing to grade 2 (~1.2% from grade 0) and grade 3 (~2.4% from grade 0)

and decreasing again at grade 4 (=3% from grade 0).
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Figure 2.39: Collagen helix stability, given by the ratio of proline (856 cm™!) to
hydroxyproline (872 cm™1). **: P<0.01.
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The peak height ratio of 1240/1272 cm™! was calculated to assess the order of
the collagen [105]. Figure shows that secondary structure within the collagen
fibrils became less ordered with disease progression. Order decreased by 0.08% to
grade 1 and 1.6% to grade 2 relative to grade 0, decreasing by ~2% to grade 4.

There were, however, no significant differences between the different disease stages.
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Figure 2.40: Ratios of random coil to alpha-helix (1240/1272 cm™!) at different disease
stages.

The relative concentrations of sulphate and hyaluronic acid in the ECM of
cartilage were also considered. The Raman peak at 1002 cm™! (collagen, pheny-
lalanine ring) is generally assumed to be the most stable collagen peak against
any changes in the local tissue environment [168]169]. Therefore, the ratios of
sulphate to collagen (Ijps2/I1002) and hyaluronic acid to collagen (I1135-1175/T1002)
were calculated to provide an indication of proteoglycan content and hyaluronic
acid content in the ECM of cartilage. Figure shows that the sulphate content
slightly increased from grade 0 to grade 1 (=0.6%), decreased from grade 1 to
grade 3 (~8%) and increased from grade 3 to grade 4 (=0.5%). Figure [2.41B
shows that the hyaluronic acid slightly decreased with disease progression from
grade 0 to grade 3 (~1.5% decrease from grade 0 to grade 1, ~3% decrease from
grade 0 to grade 2 and ~9% decrease from grade 0 to grade 3) but with a 5%
increase from grade 3 to grade 4. However, there were no significant differences

(P > 0.05) in the content of either in cartilage with disease progression. Figure
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MC shows their ratio (sulphate to hyaluronic acid) at different stages of disease,
together providing measures of aggrecan concentration and quality. We found that
there was no significant difference, yet, generally, the ratio increased slightly with
disease progression but with a small fluctuation (~6% increase from grade 0 to
grade 1, ~5% increase from grade 0 to grade 2, ~6% from grade 0 to grade 3

and ~2% increase from grade 0 to grade 4).

Figure 2.41: The relative concentration of (A) sulphate and (B) hyaluronic acid in
cartilage ECM and (C) the ratio of the sulphate to hyaluronic acid at different disease
stages.
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2.4 Discussion

In this chapter, a sample preparation protocol was developed for AFM and a Raman
spectroscopy system built. Using AFM and Raman spectroscopy, the physical
characteristics of collagen fibrils, and their changes with OA progression were then
investigated. Within the time and financial constraints of the project, the Raman
system was unable to be extended for robust polarisation measurements. Hence,
we focus on measures of quality and concentration rather than organisation. Other
limitations are discussed in Chapter 5.

The low-level physical characterisation of cartilage surfaces revealed a number
of features that could be associated with disease progression. The first, and perhaps
most critical, observation was that physical changes with disease are nonlinear,
reinforcing the concept of OA as a dynamic process. For this reason, and to
ensure that comparisons between disease states are fair (the original surface is
no longer present in OARSI grades > 2) we therefore focus our discussion on

early-stage changes.

2.4.1 Topographical Features

Qualitative topographical information at the few-micron scale may further provide
insight into the physical aspects of the disease process. Regions of local alignment
were observed at early stages (Figure 2.29A-C) but less commonly in higher grades.
The diameter of collagen fibrils was around 100 nm but some fibrils appeared
thinner (e.g. Figure , red arrows). This may be because of the formation of new
collagen fibrils, or alternatively the presence of fibrils of a different collagen type.
Although bundling is strongly associated with disease progression before histological
changes [21], such bundling is typically on the same or larger, size scales as the 3 x

3 pm image areas used here, rendering them unsuitable for this purpose.

2.4.2 Mechanical Features

The Young’s modulus (Figure [2.33A) of collagen fibrils increased at early disease

stages. While interesting and statistically significant, this is unlikely to be meaningful
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in itself with just a 6% change from grade 0 to 2. The decrease in loss tangent (21%
and 60% for grades 1 and 2 respectively), however, was more substantial (Figure
2.33B). The loss tangent provides a measure of a material’s ability to dissipate
rather than store mechanical energy. A substantial decrease in loss tangent with
disease thus indicates a change from a dissipative, ductile deformation and fracture
mechanism to one which is brittle, releasing substantial stored energy with fracture
and undermining the controlled fracture propagation [170] that characterises high
toughness biological materials.

In this context, the small increase in Young’s modulus becomes more revealing.
During AFM indentation, localised bending on the collagen fibril is resisted by
tropocollagen tension and shear in the intermolecular bonds, similar to the appli-
cation of bulk tensile loading. In both situations, molecular stretching competes
with intermolecular sliding and breaking of weak and strong bonds.This mechanism
protects the integrity of the structure by allowing localised failure through energy
dissipation. With disease progression, studies have found increasing cross-link
densities such as through AGEs which stiffens the fibrils |[121-124]. A theoretical
model [171] showed that excessive cross-link densities would lead to stronger
fibrils, yet display a brittle deformation and smaller yield strains. Therefore, the
decreased loss tangent we observed in this study is likely due to increasing density
of crosslinks within fibrils with disease progression: the deformation mechanism is
then characterised by fracture, instead of sliding, slip initiation or bond disruption
within fibrils, resulting in less dissipated energy and thus lower damage resistance.
These changes in the patterns of mechanical properties along fibrils (Figure
with the onset of disease add weight to the argument that major changes occur in
the interactions between molecules rather than in the molecules themselves.

The distributions of Young’s modulus are also interesting. Although grade 0
samples were of insufficient number to clearly distinguish a distribution, results
for grades 1 and 2 showed a number of isolated, stiffer fibrils within the matrix
(Figure [2.35)). Such isolated fibrils create sharp deformation gradients in a loaded

network, potentially creating stress concentrations at their periphery. Combined
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with the decrease in loss tangent, the higher stresses these fibrils experience for
a given deformation, and the related increased probability of failure, may act to

embrittle the network due to the high elastic energy released upon fracture.

2.4.3 Raman Spectral Analysis

Analysis of Raman spectra was hampered by insufficient numbers, yet patterns
of spectral change were observed. Probing the secondary structure (at the level
of the tropocollagen molecule) directly, most collagen-related bands decreased in
intensity with disease progression (Figure indicating a potential loss of this
protein with disease. Measures of tropocollagen quality, however, showed little
change with disease. Helix stability (ratio of hydroxyproline to proline, Figure ,
remained stable in early disease, indicating little effect of OA processes on the
fundamental helical structure of the molecule itself. This conclusion is supported by
measures of order. Order appeared to decrease slightly with disease (Figure ,
although this trend was not statistically significant.

Later stages of disease did, however, show significant changes, such as the
5% decrease in helix stability from grade 3 to 4. This correlates with a previous
study using the N-H stretching intensity (3310 cm™!), which is associated with the
triple-helical conformation [172]. These authors observed a peak shift to higher
wave number at later stages of OA, indicating molecular disorder and a decrease
in the concentration and stability of crosslinks [173].

It is interesting to note that no correlation was observed between mechanical and
Raman results. The lack of a relationship between the properties of the tropocollagen
molecules and those of tropocollagen assemblies suggests that disease related changes
are specific to interactions between molecules. This further implicates intra-fibrillar
crosslinking, and the potential for subsequent embrittlement to initiate and more

easily propagate network damage.
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2.4.4 Scoring Systems

Finally, it is interesting to note that, despite histological grading revealing ‘normal’
samples, no sample was graded as normal by the clinician. This is related to
differences in spatial resolution. Clinical assessment is performed at the macro-
scale, providing a single score for each core, with histological scoring performed
on a 1 mm wide 2-D section. It should also be noted that no core was scored
as histologically normal at more than three of the five measurement positions
(only 2 out of 35 samples).

The relationships between scoring systems, and between such scores and the
properties measured, raises the issue of their true relation to tissue viability. This
is particularly important for the treatment gap in early OA that forms the main
motivation of this thesis. Where, for example, non-viable tissue is to be replaced
by a tissue engineered construct, terminally dysfunctional tissue must be defined
and demarcated from surrounding viable, or at least recoverable, tissue. The work
described in this chapter has established the physical changes to collagen in early
OA, and provided a mechanistic link between these changes and an increased
susceptibility to damage initiation and progression, yet it cannot on its own define
an irreversible loss of integrity. This definition requires insight into the function of

collagen in a network, and the inter-fibril interactions at this higher hierarchical level.
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3.1 Introduction

In Chapter 2, we established changes in the physical properties of collagen fibrils

with disease progression, and argued that the change in interactions between
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tropocollagen molecules leads to embrittlement and susceptibility to damage. It is
unclear from these results, however, how this increased susceptibility to structural
damage fits with the function and dysfunction of collagen as a network, or with
the reversibility of damage. We here propose that the process of collagen network
restructuring observed in early disease is principally related to the interactions
between fibrils rather than within them.

Computational modelling has become a popular method to explore the mechanics
of diseases such as OA due to its tractability, flexibility (simulation of different
situations) and predictability (predicting mechanical behaviour). It has been
widely used to advance the understanding of cartilage/bone response to load and
is becoming increasingly capable of representing cartilage structure |70,/174]. The
earliest constitutive models of cartilage were single phase in which only the solid
part of the tissue was considered [175]/176]. As such, these models, and subsequent
viscoelastic models [177,/178], were incapable of capturing the controlled fluid
exudation that we now understand dominates macroscale function. In addition,
the scope of such models in parameter space is limited by the extent to which
the hard-wired single phase constitutive relations retain validity as the ratios of
the constituents change. Furthermore, single-phase frameworks do not track the
constituents, and thereby do not allow for the way in which a change in constituents
would impact the constitutive relations. A second generation of cartilage models
(poroelastic or biphasic models), which considered both solid and fluid phases, were
proposed. Poroelasticity represents a porous elastic material saturated with fluid,
as initially developed by Biot in the context of soil consolidation [179] and later
adapted for cartilage [180,/181]. A biphasic model was first proposed for articular
cartilage in 1980 [180] and then further developed to include permeability [182] and
large deformation [183]. However, such models fail to capture important aspects of
cartilage behaviour such as microstructure and the influence of changes in osmotic
pressure. Further, both models were limited in describing the short-term and time-
dependent response when the compressive strain-rate was high. Consequently, fibril-

reinforced models were then proposed to account for not only high fluid pressurisation
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[184,/185] in the tissue but also to predict stresses in the cartilage under fast
compression [186]. Wilson et al., for example, integrated the relationship between
permeability and tissue composition with a viscoelastic constitutive relationship
within a fibril-reinforced model to predict the equilibrium and transient response of
articular cartilage during compression, indentation and swelling tests [60]. Ateshian
et al. applied continuous fibril angular distributions to model the solid matrix
of cartilage, and successfully predicted experimental observations of the tissue’s
equilibrium response to mechanical and osmotic loading [187].

Triphasic models have been developed generalising biphasic models by incor-
porating an ionic phase in the proteoglycan matrix in addition to fluid and solid
phases [188]. This yields complex models that allow for a tighter link between the
actual observed process and the modelling representation. Nonetheless triphasic
treatments, with the solid phase of tissue simplified to a homogeneous, isotropic,
linearly-elastic material undergoing infinitesimal strain, could be related to biphasic
models a posteriori in contexts where the properties of the aggrecans do not change
extensively [189]. Later these models were extended to account for multi-electrolytes
and polyvalent ions [190]. Further generalisation appeared with quadriphasic
description of cartilage, with cations and anions treated separately in order to
capture swelling more accurately [191]. A recent review article has documented
these advances in multiphase cartilage modelling and their challenges [23].

Such models provide excellent representation of bulk properties yet are unable
to represent damage processes as they average fibril properties and orientations
on the scale of a continuum, and thus cannot access the scale of early matrix
damage. In particular, while there have been advances in the theoretical mechanics
of upscaling (e.g. [192-194]), whereby material properties at the sub-continuum
scale are systematically incorporated into the constitutive relation of continuum
models with controlled accuracy, such approaches are generally not tractable for
collagen networks and cartilage [23}[170]. Hence, it is currently not feasible to assess
the impact of fibril-scale changes and individual crosslinks in a continuum model.

Thus one must instead adopt a bottom-up approach and represent collagen fibrils
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individually; furthermore elastic-dominated constitutive relationships are indicated
for fibrils [170] in contrast to entropic-dominated models at lower scales. There
has been relatively little study below the scale of the continuum approximation
until recently. An exemplar of such a model has been explored by Lee et al. |195],
who concentrated on elucidating the stress-strain relationship of materials made
from networks of collagen fibrils. They found that fibril network geometry is a key
determinant of the mechanical properties of the fibre network. A recent study also
developed a representative volume element (RVE) model of the collagen fibre network
to investigate the tensile behaviour under different crosslink densities and stiffnesses
at the microscale, and found that increased crosslink density within a fibril network
has a much greater impact on the material stiffening than the crosslink stiffness [66].

Here, a bottom-up two-dimensional (2-D) model of the cartilage collagen
meshwork was developed to explore the relationship between the fibril interactions in
the collagen meshwork and the consequent mechanical performance and restructuring
under load. To test these fibril interactions, different numbers of crosslinks within
each structure were used to represent inter-connectivity between fibrils, with
structural changes related to fibril alignment as it is a known characteristic of
cartilage pathology [21,|196]. Two different collagen fibril configurations were
developed to investigate the mechanical behaviours under load. In Section [3.2] a
‘zigzag’ network configuration is considered, with initially aligned fibrils perturbed
to produce a kinked, interlocking microstructure capturing the mesoscale alignment
and microscale randomness of the cartilage matrix. In Section [3.3] we consider a
Mikado network configuration of straight fibrils, with random alignment and spatial

distribution as an alternative, surface-specific network.

3.2 Zigzag Configuration

3.2.1 Materials and Methods

A 2-D model of collagen microstructure (30 by 30 pm) was implemented in C/C++.

The scale addressed by this study is below the scale which requires consideration of
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inertia and thermodynamics, so each node has no mass and there is no inclusion
of thermodynamics in our model.

For simplicity, collagen fibrils were not represented as Euler-Bernoulli filaments;
instead each fibril was modelled as a series of one-dimensional (1-D) springs of
length approximately 1 um connected at nodes, via torque-free pin joints. Assuming
a fibril diameter of 100 nm and a linear force-strain relationship, the material
properties of a fibril were calculated by fitting experimental data from a single fibril
tensile test to give a force-strain relationship of 4 4N /unit strain (equivalent
to a Young’s modulus of around 500 MPa) (Figure [3.1).
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Figure 3.1: The material property of a fibril was calculated by fitting experimental data
from a single fibril tensile test (inset figure) to give a linear force-strain relationship
of 4 uN/unit strain (the black dashed line). The red dots show the fitting nodes from the
stress-strain experimental data after conversion to a force-strain relationship.
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Crosslinks were implemented with a linear force-strain relationship on the
assumption of small deformation, with parameters chosen a posteriori due to a
lack of available data. It should be noted that crosslinking in this model refers to
inter-fibril connectivity, and does not probe, for example, enzymatic or AGE-related
crosslinking [124}/170]. Validation of the fibril implementation was performed using
a single fibril of length 20 ym (20 segments) under load in one dimension. Validation
of crosslink behaviour was similarly performed by linking two fibrils in series. Each

spring had the linear force-strain relationship

F = k(¥ (3.1)

where L’ was the displaced length of the spring, Ly was the resting length of the
spring, F' was force and k is the spring constant, a material property. The error
in the numerical solution, relative to the analytical solution, was considered by
calculating the spring length when it reached equilibrium (i.e. all node movement

was below a very small tolerance). The accuracy of the numerical solution was

better than 99.9% (Table [3.1).

Table 3.1: Numerical spring length error under one-dimensional tensile test load for an
isolated spring segment (single spring) and a single, 20-segment spring (single fibril).

single spring single fibril
Spring resting length lpm 0.5pm | lpm | 2pum
Error(%) -0.006 -0.022 | -0.003 | -0.003

Thirty collagen meshwork configurations were constructed to simulate the pseudo-
random collagen observed in electron micrographs [65,68,198], with anisotropy and
connectivity forming the Benninghoff arcades [47] at larger scales. A representative
structure is given in Figure [3.2] Each node, shown in yellow, is connected to two
neighbours on the same fibre by linear springs, shown in green. All structures were
based on 30 parallel sets of 24 springs, giving a total fibre length 24 pm, initially
aligned with the y-axis and separated by 1 um in the = direction. Nodes were then
randomly displaced in = direction within + 1 pm. Crosslinks (shown in red in

Figure were incorporated based on the proximity of nodes from adjacent fibrils.
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Proximity thresholds of 0.3, 0.5 and 0.8 um were applied to each structure, with a
linear stress-strain relationship for the crosslink varying between 2 and 12 uN /unit

strain. Once a crosslink formed in the model, it was not allowed to break.
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Figure 3.2: Representative collagen network model. Spring segments are shown in green,
nodes shown in yellow and crosslinks shown in red.

Uniaxial tensile loading, in the direction of predominant fibril alignment, was
applied as an exemplar to simplify the complex stress environment of the tissue
while capturing the tensile response of the collagen meshwork to macroscale applied
loads [199,)200]. In each simulation, the end nodes of each fibril were fixed in the
z-direction and subjected to a constant tensile force of 0.5 uN in the y-direction.
Node positions were time-stepped according to a linear overdamping law. When
the structure reached equilibrium, the load was released and the structure allowed
to recover. Node positions were recorded at original, equilibrium and recovered
positions and transferred to MATLAB (2015a) for analysis.

Strains and fibril organisations were calculated for each simulation. Fibril strains
in each structure were calculated based on the change in distance between adjacent
nodes. Bulk strains were calculated based on the mean distance between the fibril

end nodes. Organisation was classified using an anisotropy parameter 7,,.., based on
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polarised optical parameters used for cartilage measurements [201-203], providing a

means for comparison with experimental results. In particular 7,,c4, is defined by

N
0Y; —0X;

Tmean = ]{[ Z
0Y; + 20X,

where N is the total number of springs, and §X; = [0x;11 — 0x;|, 6Y; = [dyir1 — dyil

(3.2)

and dx; and dy; are the x and y positions of the i node. Note for instance that

when 7,,can = 1, the fibrils are aligned in the direction of loading.
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3.2.2 Results
3.2.2.1 Effect of Crosslink Density

A representative model simulation before and after stretching is shown in Figure 3.3

Figure 3.3: A representative structure (A) before stretching, (B) after stretching and
(C) after relaxation. White arrows show the force direction. Springs are shown in green,
nodes in yellow and crosslinks in red.

Qualitatively, different numbers of crosslinks lead to different configurations after
loading. Highly-crosslinked microstructures maintained a ‘normal’ configuration
with loading (Figure[3.4A). On the other hand, microstructures with lower crosslink
densities were more aligned with the direction of loading, and formed fibre bundles
(Figure ) which were similar to those observed in electron microscopy of
osteoarthritic cartilage (Figure [120]).
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Figure 3.4: Representative structure with (A) 314 crosslinks and (B) with 81 crosslinks
after stretching. (C) Transmission electron micrograph of collagen fibril organisation in
osteoarthritic cartilage, reproduced from [120]. Scale bar 1.5um. (permissions to reuse
the contents and figures of these papers have been granted by John Wiley and Sons
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For a given structure and crosslinking threshold, the crosslink density was
inversely proportional to the anisotropy measure of the pre-loaded meshwork

structure (Figure |3.5)), with 72 > 0.9 (Pearson’s correlation coefficient)).
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Figure 3.5: Relationship between crosslink density and angular anisotropy (7mean) of
the pre-loaded structure. Each line represents data from a single crosslink threshold.
Black represents 0.3 pm, blue represents 0.5 pum and green represents 0.8 pum crosslink
proximity thresholds.

Quantitative differences due to crosslink density were also observed. Because
of the random modification of node positions for each microstructure, threshold
distances for crosslinking produced a range of crosslink densities in the structures.
The reconfiguration of fibrils under loading, quantified by the above anisotropy
parameter 7p,eq, (equation is presented in Figure . At low crosslink densities,
fibrils aligned with the direction of load, with minimal recovery. At higher crosslink
densities, the microstructures resisted realignment (Figure [3.6/A) and recovered
their isotropy to a greater extent (Figure [3.6C). The maximum recovery of isotropy
(% recovered Tpeqn relative to rpeqn at equilibrium), however, was only 35%.

For a fixed crosslink proximity threshold, bulk strain data clustered into groups.
Within these groups (i.e. black, green or blue dots in Figure , bulk strain
increased with increasing crosslink density, both after stretching (Figure ) and
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Figure 3.6: Structural anisotropy as defined by rpcqn under loading and recovery.
(A) Greater isotropy was maintained, and (B, C) recovered, in highly-crosslinked
microstructures. Dashed lines plot the trends within the same structure at different
crosslink thresholds. Different crosslink proximity thresholds are presented in different
colours where 0.3 pym is black, 0.5 pm is blue and 0.8 pum is green.

after relaxation (Figure [3.7B). This was likely due to the relationship between
crosslink density and angular isotropy in the pre-loaded state (Figure , and
therefore greater structural reconfiguration under load. Within a structural configu-
ration (linked by dashed lines, Figure , however, increasing crosslink densities
consistently reduced bulk strain. In both cases, greater bulk strain was recovered

upon relaxation with increasing crosslink density (Figure )
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Figure 3.7: Bulk mechanical strain under loading and recovery. (A, B) Bulk strain
decreased with increasing crosslink density, (C) with greater recovery in highly crosslinked
microstructures. Dashed lines plot the trends within the same structure at different
crosslink proximity thresholds. Different crosslink proximity thresholds are presented in
different colours where 0.3 pym is black, 0.5 pm is blue and 0.8 pm is green.

Fibril strain (the mean of the distribution of fibril strains) after stretching

increased with crosslink density (Figure |3.8). Two exceptions to this trend were



3. Development of a 2-D Model of the Collagen Meshwork 95

apparent, however, reasons for this are unclear. Recovery of fibril strain after

relaxation was near 100%, with mean fibril strain reduced to 0.037 £ 0.004%.
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Figure 3.8: Fibril strain at equilibrium at different crosslink densities. Dashed lines link
the same structure with different crosslink thresholds. Different crosslink thresholds are
shown in different colours where 0.3 pum is black, 0.5 um is blue and 0.8 pm is green.
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3.2.2.2 Effect of Crosslink Stiffness

Six different material properties were assigned to test the effects of crosslink
properties on the mechanical behaviour of the microstructure. Output parameters
generated for a representative structure are given in Table [3.2] Kruskal-Wallis tests
(SPSS Statistics 17.0, IBM) showed no significant differences (all P > 0.4) in the

structural response to loading for different crosslink stiffnesses.

Table 3.2: Mechanical behaviour of a representative structure (293 crosslinks) with
different crosslink stiffness.

Material property of crosslink (Force (uN)/unit strain)

Output parameter 2 4 6 8 10 12

fibril strain at equilibrium (%) 6.540 | 6.554 | 6.560 | 6.563 | 6.565 6.566

bulk strain at equilibrium (%) || 28.935 | 28.654 | 28.549 | 28.493 | 28.459 28.435

anisotropy at equilibrium 0.439 | 0.433 | 0.431 | 0.430 | 0.429 0.429

fibril strain after relaxation (%) || 0.037 | 0.036 | 0.036 | 0.036 | 0.035 0.035

bulk strain after relaxation (%) || 17.306 | 17.296 | 17.289 | 17.283 | 17.279 17.276

anisotropy after relaxation 0.362 | 0.362 | 0.362 | 0.362 | 0.362 0.362
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3.3 Mikado Configuration

A Mikado network structure was implemented for comparison with the network
geometry above. These networks consist of straight fibrils, randomly orientated
and distributed in the 2-D plane, providing an alternative configuration yet similar

averaged orientation.

3.3.1 Materials and Methods

The configuration was generated by sequential random deposition of filaments of
length 30 um into a circle with a radius of 15 yum (MATLAB, 2015a). Fifty filaments
were placed at random orientations and random spatial distribution inside this
circle. Fach filament was divided by 10 nodes, creating nine segments of equal
length incorporated with a linear force-strain relationship which was 4 uN/unit
strain. Crosslinks, shown in red, were incorporated based on the proximity of
nodes which were thresholded at 0.5, 0.7, 0.9, 1.1, 1.3 and 1.5 pum from adjacent
fibrils in each structure. As in the previous sections, crosslinks were implemented
with the same linear force-strain relationship as used for the collagen and once

formed, were not allowed to break.

3.3.2 Model Simulation and Analysis

A tensile radial force of 0.5 uN was applied to 30 different structures (Section
. We further tested 10 structures with anisotropic loading including uniaxial
tensile loading (i.e. y-direction) and uneven 2-dimensional tensile force of 0.5 uN
in the x-direction and 0.1 uN in the y-direction to observe the difference (Section
. When the changes in the node positions were below a very small tolerance
(equilibrium), the force was released and the structure allowed to recover. The
positions of the nodes were recorded at the original, equilibrium and recovered
positions and transferred to MATLAB (2015a) for analysis. As in previous sections,
strains and fibril organisations were calculated for each simulation. Fibril strains
in each structure were calculated based on the change in the distance between

adjacent nodes. Instead of measuring bulk strain, the changes in the areas of
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each structure before and after stretching and recovery were calculated (MATLAB,
2015a). Calculations were performed by setting the outer boundaries of the structure
before and after pulling and after recovery. The outer springs of the structures
were discarded from the analysis. Therefore, the positions of second layers of outer
springs were applied for boundary detection by MATLAB (2015a). A representative
figure of boundary detection is shown in Figure 3.9 The areas enclosed by the
boundary were returned during boundary detection and then the differences between

these areas before and after pulling and after relaxation were calculated.

550
500}
asof
400}
350}
300}
250+
200}

150+

100 : : : :
100 200 300 400 500 600

Figure 3.9: Representative boundary detection from one structure with a crosslinking
threshold of 0.9 um. Black dots represent the boundary nodes of the structure before
stretching. Blue dots represent the boundary nodes of the structure at equilibrium and
red dots show the boundary nodes of the structure after recovery. The boundary of the
structure before stretching is shown in blue, after stretching is shown in red and after
recovery is shown in yellow.
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3.3.3 Results
3.3.3.1 Radial Tensile Force

3.3.3.1.1 Anisotropy, Fibril Strain, Bulk Strain and Area Changes

A representative figure of the Mikado collagen meshwork is shown in Figure [3.10/A.
A 0.5 uN radial force was applied to the outer nodes until equilibrium was reached
(Figure [3.10B). The load was then released and the structure considered relaxed

when the velocities of nodes were below a very small tolerance (Figure [3.10/C).

A B C

Figure 3.10: Configuration of a representative surface specific simulation with a 0.9 pm
crosslink threshold (A) before stretching, (B) after stretching and (C) after relaxation.
Fibrils are shown in green, nodes are shown in yellow and crosslinks are shown in red.

Figure shows the anisotropy before and after loading. Unlike ‘zigzag’
configurations under 1-D load, no clear trends in organisation were observed after

loading due to the complexity of the structure and uniformity of the applied load.
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Figure 3.11: Relationship between crosslink density and angular anisotropy (A) at
equilibrium and (B) after relaxation. Different crosslink thresholds are shown in different
colours where 0.5 pm is black, 0.7 pm is blue, 0.9 ym is green, 1.1 ym is red, 1.3 pm is
cyan and 1.5 pym is magenta.

Figure [3.12] shows the changes in the areas of each structure before and after
stretching and after recovery. Highly-crosslinked structures showed smaller area
changes after stretching (Figure A) and relaxation (Figure|3.12B), with a higher
percentage of recovery (Figure [3.12(C).

A B C

60

Area recovery [%]
w
s
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®
3

Area change after relaxation [%]

; 0 )
[ 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200 105
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No. of crosslink No. of crosslink
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Figure 3.12: Area changes (A) after stretching, (B) after relaxation and (C) recovery.
Dashed lines link the same structure with different crosslink thresholds. Different crosslink
thresholds are shown in different colours where 0.5 um is black, 0.7 pgm is blue, 0.9 um is
green, 1.1 pm is red, 1.3 pm is cyan and 1.5 pym is magenta.

Virtually no fibril strain was observed after relaxation (data not shown). However,
fibril strain at equilibrium (Figure [3.13)) revealed a different trend to that observed

in our previous ‘zigzag’ model. Instead of the fibril strain increasing along with the
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increase in the number of crosslinks, fibril strain initially increased with crosslinking

and then decreased after the number of crosslinks exceeded between 200 and 400.

7.5F

Fibril strain after stretching [%]

0 200 400 600 800 1000 1200
No. of crosslink

Figure 3.13: Fibril strain at equilibrium at different crosslink densities. Dashed lines
link the same structure with different crosslink thresholds. Different crosslink thresholds
are shown in different colours where 0.5 pm is black, 0.7 pm is blue, 0.9 pm is green, 1.1
pm is red, 1.3 pym is cyan and 1.5 pm is magenta.

We further plotted the fibrils with strain greater than 7.5% to observe their
location in the structure and to better understand the functional difference between
lower- and higher- crosslinked structures. Figure |3.14] compares the distribution of
fibril strains of over 7.5% (shown in white) between lower crosslinks (Figure [3.14A)
and higher crosslinks (Figure [3.14B). We found that decreased fibril strain occurred
around clusters of high-density crosslinks (yellow dashed ellipse), forming highly-
localised ‘protected’ regions where fewer fibrils in the greater structure experienced
high strains. This is further reflected in the variance in fibril strain observed between
different crosslink patterns (Figure , showing that the lower the number of

crosslinks, the higher the variance of fibril strain.
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Figure 3.14: A representative structure highlighting fibrils under high strain (over 7.5%)
with crosslink thresholds of (A) 7 ym and (B) 15 pm. The fibrils in white indicates those
with strain of over 7.5%. The yellow dashed ellipse shows a region of local strain reduction
due to the high density of crosslinks.
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Figure 3.15: Variance of fibril strain at equilibrium at different crosslink densities.
Dashed lines link the same structure with different crosslink thresholds. Different crosslink
thresholds are shown in different colours where 0.5 pm is black, 0.7 pm is blue, 0.9 pm is
green, 1.1 pum is red, 1.3 pm is cyan and 1.5 um is magenta.
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3.3.3.1.2 Redundancy and Crosslink Clustering

Since Figure [3.13| showed a decreasing trend of fibril strain at equilibrium in highly
crosslinked structures, the length after stretching was compared with the original
length to observe whether there was any compression behaviour. Figure [3.16
shows that when the number of crosslinks increased, more fibrils were placed under
compression, indicating increased redundancy in the system and an increasingly

complex local loading environment.
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Figure 3.16: Number of lengths shorter than the original lengths after stretching.
Different crosslink thresholds are shown by different colour dots where 0.5 pm is black,
0.7 pm is blue, 0.9 pm is green, 1.1 pm is red, 1.3 um is cyan and 1.5 pgm is magenta.

Unlike the microscopically-aligned configuration which is more linear with less
opportunity for the clustering of nodes, the microscopically-random configuration
contains many intersecting fibrils and thus more opportunity for the crosslinking
of more than two fibrils in a single location, or cluster (Figure [3.17A). Hence it is
easier for crosslinks to link neighbouring nodes and thus gradually form regions
with a higher density of crosslinks. An example is provided in Figure m (red
dotted rectangle), which shows a region in which crosslinks cluster with increasing

threshold distance (Figure lower half).
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o
N2

%

Figure 3.17: Schematic diagram showing crosslinking in the Mikado spring structure.
(Left) each node (grey circle) except the top and bottom nodes has two neighbours (N1
and N2). (Right) when forming a crosslink (red) with other fibrils, the neighbouring
nodes increased.

Increase crosslink threshold

Figure 3.18: Example of the structure showing the high density of crosslinks in a specific
area. A structure with a 1.1 pm crosslink threshold (left) and with a 1.3 pm crosslink
threshold. The red dotted rectangle indicates the formation of the region with a high
density of crosslinks when the crosslink threshold increased. The lower half of the figures
shows this formation at higher magnification. Nodes are shown in yellow, springs in green
and crosslinks in red.

To further explore cluster formation and related protection, we investigated the
distribution of these regions. From visual inspection of the structures, we observe
regions formed by a node which has more than four neighbouring nodes (Figure

3.17} right). Figure shows that when the number of crosslinks increases, the

number of nodes with > 4 neighbouring nodes increases linearly, while the number
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of nodes with > 2 neighbours plateaus at higher overall crosslinking densities. It
is interesting to note that the greatest difference between the > 2 and > 4 curves
was between 200 and 400 crosslinks per structure (threshold of 0.7-0.9 pm), at
the same point as the maximum average fibril strain shown in Figure [3.13] This
indicates that the crosslinking sites are established at a density of approximately

600 per structure, after which they cluster.
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Figure 3.19: The relationship between the number of crosslinks and the number of
nodes with > 2 neighbouring nodes (red dots) and with > 4 neighbouring nodes (blue
dots).

Based on the initial results for fibril strains and clustering behaviour described
above, we chose two thresholds, 0.7 and 1.5 pum, to investigate fibril strains in
further detail. Figure|3.20[shows the distribution of fibril strains in 10 representative
structures with crosslink thresholds of 0.7 and 1.5 ym. These show a relative skew
in distributions, with lower crosslink densities revealing a tendency for isolated
(outlier) fibrils under higher strain, in contrast to the predominantly low-strain
outliers in highly crosslinked structures. Figure shows the lumped distribution
of a total of 450 fibril strains from 10 structures with crosslink thresholds of 0.7
and 1.5 pym. Here, the skew in distribution could be more clearly observed, with
the related increase in fibrils exposed to high strain (and therefore stress) despite

a relatively small change in mean strain.
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Figure 3.20: Fifty fibril strains of ten representative structures with 0.7 um and 1.5
pm. Red crosses indicate the outliers (whisker lengths are defined as + 2.70 and 99.3%
coverage if data are normally distributed).
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Figure 3.21: Histogram of a total of 500 fibril strains from ten representative structures
with crosslink thresholds of 0.7 ym (blue) and 1.5 pm (light grey).
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3.3.3.2 Anisotropic Loading

3.3.3.2.1 Uniaxial Tensile Force

To explore the effects of anisotropic loading we used a subset of 10 structures, first
considering a uniaxial force in the y-direction (Figure . A 0.5 pN uniaxial
tensile force (y-direction) was applied to the structure to equilibrium (Figure )
After reaching equilibrium, the force was released and the structure relaxed until

the node velocities were below a very small tolerance (Figure [3.22(C).

A C

Figure 3.22: A representative surface specific simulation with a 1.1 pgm crosslink
threshold (A) before stretching, (B) after stretching and (C) after relaxation. Fibrils are
shown in green, nodes in yellow and crosslinks in red.

Anisotropy under 1-D loading, shown in Figure [3.23] increases with loading in
contrast to the isotropic 2-D loading (radial tension force) of the same structures.
Here, fibrils become increasingly aligned up to 400-600 crosslinks per structure,
after which anisotropy plateaus. The bulk response (Figure follows a similar
trend with a pronounced change in behaviour up to 400-600 crosslinks per structure,
after which behaviour stabilised. Highly-crosslinked structures expanded less under
load (Figure [3.24)A) and after relaxation (Figure [3.24B), with a higher percentage
of recovery (Figure [3.24C) compared to low crosslink densities.
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Relationship between crosslink density and angular anisotropy at (A)

equilibrium and (B) after relaxation. Different crosslink thresholds are shown in different
colours where 0.5 pm is black, 0.7 pm is blue, 0.9 ym is green, 1.1 pm is red, 1.3 pm is

cyan and 1.5 pym is magenta.
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Figure 3.24: Area changes (A) after stretching, (B) after relaxation and (C) after recovery.
Dashed lines link the same structure with different crosslink thresholds. Different crosslink
thresholds are shown in different colours where 0.5 pm is black, 0.7 pm is blue, 0.9 pm is

green, 1.1 pm is red, 1.3 pm is cyan and 1.5 pm is magenta.
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Fibril strain at equilibrium (Figure [3.25)) decreased linearly with increasing
crosslink density. Variance, however, decreased to a minimum at 300-600 crosslinks

per structure after which it increased with increasing density (Figure [3.26]).
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Figure 3.25: Fibril strain at equilibrium at different crosslink densities. Dashed lines
link the same structure with different crosslink thresholds. Different crosslink thresholds
are shown in different colours where 0.5 pym is black, 0.7 ym is blue, 0.9 pym isgreen, 1.1
pm is red, 1.3 pm is cyan and 1.5 pym is magenta.
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Figure 3.26: Variance of fibril strain at equilibrium at different crosslink densities.
Dashed lines link the same structure with different crosslink thresholds. Different crosslink
thresholds are shown in different colours where 0.5 pm is shown in black, 0.7 pm in blue,
0.9 pm in green, 1.1 pym in red, 1.3 pm in cyan and 1.5 ym in magenta.

Figures and show a similar narrowing of distribution at higher crosslink
densities to that from isotropic loading. Similar distribution shapes were observed for
both crosslinking conditions, yet the large variance and shift towards higher strain
produced a similar pattern of stress-exposed fibrils at low crosslinking densities

to that under isotropic loading.
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Figure 3.27: Fifty fibril strains of ten representative structures with 0.7 ym and 1.5
pm. Red crosses indicate the outliers (whisker lengths are defined as + 2.70 and 99.3%
coverage if data are normally distributed).
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Figure 3.28: Histogram of a total of 500 fibril strains from ten representative structures
with crosslink thresholds of 0.7 ym (blue) and 1.5 pm (light grey).
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3.3.3.2.2 Uneven 2-D Tensile Force

An anisotropic 2-D load was used to explore the combination between the
1-D and radial 2-D loading situations. A representative structure under this
loading condition is shown in Figure m An uneven force (0.5 pN in the x-
direction and 0.1 pN in the y-direction) was applied the structure (Figure [3.29B).
After reaching equilibrium, the force was released and the structure relaxed as

in previous simulations (Figure [3.29C).

A

Figure 3.29: A representative anisotropic 2-D simulation with a 1.1 pm crosslink
threshold (A) before stretching, (B) after stretching (0.5 uN in the x-direction and 0.1 uN
in the y-direction) and (C) after relaxation. Fibrils are shown in green, nodes in yellow
and crosslinks in red.

Qualitative differences in the structural response to load were most pronounced
under this loading condition. Specifically, structures with low crosslink densities
became more aligned with the direction of loading, forming fibre bundles (Figure
3.30B, yellow rectangle, Figure and Figure 3.32A) and knots (Figure [3.30B,
red rectangle), similar to that observed in diseased tissues (Figure [3.4C). Highly-

crosslinked microstructures, however, maintained a ‘normal” configuration with

loading (Figure [3.31B and Figure [3.32B).
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A

Figure 3.30: A representative structure with 139 crosslinks (A) before and (B) after
application of anisotropic force. The red dashed rectangle indicates the knots formed and
the yellow dashed rectangle indicates bundle formation.

B

Figure 3.31: A representative structure with (A) 94 crosslinks and (B) 820 crosslinks
after loading. Bundle formation is indicated by the yellow rectangle.

A B

Figure 3.32: A representative structure with (A) 129 crosslinks and (B) 916 crosslinks
after loading. Bundle formation is indicated by the yellow rectangle.
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Anisotropy initially decreased with increasing crosslinking to a minimum at
approximately 300 crosslinks per structure, after which anisotropy increased (Figure
3.33/A). Similar to the 1-D loading condition, highly-crosslinked structures were
more resistant to bulk deformation (Figure , B), with a higher percentage
of recovery (Figure ). The plateau, however, was reached at lower crosslink

densities (200-400 per structure).
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Figure 3.33: Relationship between crosslink density and angular anisotropy at (A)
equilibrium and (B) after relaxation. Different crosslink thresholds are shown in different
colours where 0.5 ym is shown in black, 0.7 um in blue, 0.9 ym in green, 1.1 ym in red,
1.3 pm in cyan and 1.5 gm in magenta.
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Figure 3.34: Area changes (A) after stretching, (B) after relaxation and (C) after recovery.
Dashed lines link the same structure with different crosslink thresholds. Different crosslink
thresholds are shown in different colours where 0.5 pgm is shown in black, 0.7 pm in blue,
0.9 pm in green, 1.1 pym in red, 1.3 pm in cyan and 1.5 gm in magenta.
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Again, fibril strain at equilibrium (Figure decreased when the number of
crosslinks increased. However, some structures showed a similar trend to that of
radial tensile force (Figure with a peak strain at around 200 crosslinks per
structure. In contrast to 1-D loading, variance was maximised at around 300-400

crosslinks per structure (Figure [3.36)).
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Figure 3.35: Fibril strain at equilibrium at different crosslink densities. Dashed lines
link the same structure with different crosslink thresholds. Different crosslink thresholds
are shown in different colours where 0.5 pm is shown in black, 0.7 gm in blue, 0.9 pym in
green, 1.1 ym in red, 1.3 pm in cyan and 1.5 pm in magenta.
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Figure 3.36: Variance of fibril strain at equilibrium at different crosslink densities.
Dashed lines link the same structure with different crosslink thresholds. Different crosslink
thresholds are shown in different colours where 0.5 pym is shown in black, 0.7 pm is blue,
0.9 pm is green, 1.1 um is red, 1.3 pm is cyan and 1.5 pm is magenta.



3. Development of a 2-D Model of the Collagen Meshwork 119

Figures [3.37] and [3.3§ show the individual and lumped fibril strains from

ten representative structures. Unlike radial and uniaxial loading, fibril strain
distributions were remarkably similar for the two crosslinking densities, with only

a slight shift to higher strain at low densities.
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Figure 3.37: Fifty fibril strains of ten representative structures with 0.7 ym and 1.5
pm. Red crosses indicate the outliers (whisker lengths are defined as + 2.70 and 99.3%
coverage if data are normally distributed).
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Figure 3.38: Histogram of a total of 500 fibril strains from ten representative structures
with crosslink thresholds of 0.7 pm (blue) and 1.5 pm (light grey).
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3.3.3.3 Comparison of Loading Conditions

Figures 3.40], and show combined results for anisotropy, area change and

fibril strain at equilibrium and after relaxation under different loading conditions.
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Figure 3.39: Relationship between crosslink density and angular anisotropy at (A)
equilibrium and (B) after relaxation with different types of tensile force. Different
crosslink thresholds are shown in different colours where 0.5 ym is shown in black, 0.7
pm is blue, 0.9 pm is green, 1.1 ym is red, 1.3 pum is cyan and 1.5 pm is magenta.
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Figure 3.40: Area changes (A) after stretching, (B) after relaxation and (C) after
recovery with different types of tensile force. Different crosslink thresholds are shown in
different colours where 0.5 pm is shown in black, 0.7 pym is blue, 0.9 ym is green, 1.1 pm
is red, 1.3 pm is cyan and 1.5 pym is magenta.
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Figure 3.41: Summary of the (A) fibril strain and (B) variance of fibril strain at
equilibrium with different types of tensile force. Dashed lines link the same structure
with different crosslink thresholds. Different crosslink thresholds are shown in different
colours where 0.5 pum is shown in black, 0.7 yum is blue, 0.9 pm is green, 1.1 um is red,
1.3 pm is cyan and 1.5 pym is magenta.
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3.4 Discussion
3.4.1 Zigzag Configuration

Using a bottom-up model of a cartilage-like collagen meshwork, we have demon-
strated the effect of fibril interconnectivity, represented by crosslinking, on re-
structuring under load. Although crosslink stiffness, within the parameter range
considered, had no significant effect, the number of crosslinks in each structure
consistently altered the structural response to loading. This finding is in agreement
with previously published studies, although these were based on entropy-based
mechanics [204] in contrast to the elastic dominated regime adopted here for
collagen fibrils |170].

Increasing crosslink density in ‘zigzag’ configuration increased resistance to bulk
deformation, and improved the recovery of both bulk deformation (Figure and
structural isotropy (Figure . This improved resistance to network reconfiguration
under loading, although at the expense of higher stresses for the collagen fibrils
themselves (Figure [3.8).

In the context of cartilage and cartilage degradation, this may provide an insight
into the mechanisms underpinning the transition from a normal, intact meshwork
to the degraded collagen architecture observed in experimental studies [198]. In
particular, a highly connected meshwork was predicted to maintain its ‘normal’ con-
figuration under loading. In Figure for example, the highly-crosslinked structure
maintained its pseudorandom organisation after loading, also shown by the lower
anisotropy at high crosslink densities, shown in Figure|3.6} The same structures with
lower connectivity, however, transformed to a ‘diseased’ configuration (Figure )
This ‘diseased’ configuration, as observed experimentally by electron microscopy of
osteoarthritic cartilage (e.g. Figure [120]), was characterised by bundling of
fibrils in the direction of the applied force, and increased anisotropy (Figure .

Expanding on findings and hypotheses from previous experimentally-driven
studies [21},34,/65] which focussed on structural disease progression rather than

initiation, the role of collagen connectivity provides insight into the mechanisms by
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which bundle formation and micro-cracking occur. Small regions of fibril alignment,
of the size of a few tens of microns for example, have been observed in the deep zone
of human cartilage sections prior to changes in histological score, with increasing
bundling during progression [34]. While progression can be explained by stress
concentrations and critical-size crack formation, the initiation of bundling may be
explained by a local loss of connectivity through the breaking/removal of crosslinks
with the latter being consistent with the modelling predictions presented here.
Specifically, high inter-fibril connectivity appears critical in maintaining the balance
between swelling pressure and collagen tension [33| required for cartilage function.

In this context, the same effect would be obtained by either a loss of direct
collagen-collagen connectivity or the loss of physical separation of fibrils by aggrecan
digestion. Our results suggest, due to the increased stress at the fibril level in
highly crosslinked structures (Figure , that such restructuring is likely to be
driven by damage to connecting elements rather than the collagen fibrils themselves.
The reduced fibril-level strain observed with reduced connectivity further suggests
that recovery from a ‘diseased’ collagen configuration is energetically unfavourable

while loading is maintained.

3.4.2 Mikado Configuration

In addition to the mesoscopically-aligned yet locally-random fibrils of the ‘zigzag’
networks, a series of Mikado networks, consisting of microscopically-disordered yet
straight fibrils, was implemented to explore the mechano-structural characteristics
of an alternative configuration. Based on the results presented in Chapter 2, this
may better represent the organisation of collagen in the ‘normal’ cartilage surface.

The Mikado networks showed a number of similarities, yet also key differences in
behaviour to that of the ‘zigzag’ network. Bulk deformation, quantified by changes in
area, showed that highly crosslinked structures consistently resist loading better than
structures at low crosslink densities and display improved recovery (Figure [3.40)).

Increased bundling at low crosslink densities was also observed in Mikado simulations,

particularly under anisotropic 2-D loading (e.g. Figures [3.30] [3.31] and [3.32)).
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Fibril strain in particular showed different trends in the Mikado simulations than
for the ‘zigzag’ fibril configuration (Figure. Under each loading condition, fibril
strain in the Mikado network decreased with increasing crosslink density in direct
contrast with previous results, indicating that in this configuration, crosslinks may
be protective. The interpretation of average fibril strain in this more complex loading
environment, however, must be balanced against the distribution of that strain.

Considering first the radial loading simulations, observations of increased re-
dundancy and decreased variance with increasing crosslink density indicate that
structures with low crosslink densities place isolated fibrils under very high stress.
Unlike the ‘zigzag’ simulation, these randomly-aligned, straight fibrils are thus
prone to rupture as a damage mechanism rather than reorganisation alone (e.g.
Figure . Further, it suggests that some damage in a Mikado-like network may
be recoverable via increased collagen synthesis.

Related to this magnitude distribution in fibril-level load is the spatial distribu-
tion, controlled by the distribution of crosslinks within the structure. Particularly
relevant is the formation of crosslink clusters. As crosslink thresholds increased, the
overall number of crosslinks increased as expected. Their distributions, however,
changed, with a plateau in the number of sites above 400-600 crosslinks, with
each site continually growing in size (Figure . It is difficult to determine
quantitatively whether the increased number of sites, or size of those sites, has a
stronger protective effect. The formation of protected ‘islands’ of highly-crosslinked
clusters, however, is unlikely to translate to a global protective state, instead
redistributing load unevenly to the surrounding matrix.

Within the Mikado simulations, loading conditions (radial 2-D; anisotropic 2-D
and 1-D) produced different patterns of behaviour. A transition in structural
response, however, was observed in each. Bulk strain, measured by area change,
consistently decreased with increasing crosslink density. In each case a fast change
was observed at low densities, followed by a plateau of minimal change, with the

sharpest transition observed under anisotropic 2-D loading.
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Increased alignment (given by anisotropy) under 1-D load at higher crosslinking
densities was an unexpected result (Figure , middle), contrasting directly with
the ‘zigzag’ model. This can be interpreted as a different role for crosslinks in the
Mikado network. In a network of mesoscopically-aligned collagen, crosslinks act to
maintain isotropy where all fibrils are necessarily engaged. In the Mikado model,
crosslinks allow the recruitment of fibres that are not aligned with the direction of
load. Under an anisotropic 2-D load, a combined effect is seen (Figure , right).
Here, fibrils at very low crosslink densities realign to the direction of maximum
load, and at high densities more efficiently recruit fibrils with a transition between
behaviours at densities of 300-600 per structure. This interpretation is reflected in
the results for fibril level strains for which the transition is matched by a peak in

variance under anisotropic 2-D load (Figure |3.41[B, right).

In summary, a number of points can be made from the results of this chapter.
The behaviour of a cartilage-like collagen network depends on the organisation
and number of crosslinks rather than the properties of those crosslinks. In a
Mikado network, high numbers of crosslinks are protective and allow efficient
recruitment of fibrils in response to load, however this protection can be at the
expense of neighbouring regions where crosslinks are not evenly distributed. In the
mesoscopically-aligned yet locally random ‘zigzag’ configuration, low numbers of
crosslinks conversely reduced fibril level strain. A decrease in crosslink density in
this configuration is therefore mechanically irreversible while loading is maintained.
Finally, the changes in network behaviour under different applied loads are neither
linear nor consistent, indicating that, in addition to crosslink density, structural
organisation must be highly optimised to a given loading environment to perform
effectively. While the physical changes to the properties of fibrils, described in
Chapter 2, may increase potential for local damage initiation, the current chapter

shows that it is instead the interactions between fibrils that drives disease.



Potential for Intraoperative Assessment of
Initiation and Progression of
Osteoarthritis

Contents
M1 Tontroductionl . ............ ... . ... 128
4.2 UV-VIS-NIR Spectroscopy|. . - « « .« o oo v v v 130
4.2.1  System Set-up| . . . . . ... 130
[4.2.2  Data Collection and Data Analysis| . . . . .. ... ... 131
M23 Resultd . . .. ..o 133
4231 Absorbance Peakd . .. ... ... ... ... .. 135
4232 Colourl .. ....... .. ... . ..., 138
[4.2.3.3  Slope Between the Wavelengths of 600 and 980 |
[ nml .o 140
4.3 Mie Scattering Model| . . . . . ... ... ... ... .. 141
4.3.1  Mie Theory and the Scattering Modell . . . . . . .. .. 141
M32 Resultd . . . . ..o oo 142
[4.3.2.1  Polar Scattering Profiles| . . . ... ... ... 142
[4.3.2.2  Cylinder Diameter and 600-980 nm Slope| . . . 148
M4 Discussionl . . . .. ... L o oo e 152

4.1 Introduction

The findings of Chapters 2 and 3, and from recent literature [16}[19,21]/65] highlight

the importance of collagen organisation and interactions in the disease process.
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Particularly important is the formation of aligned collagen bundles, which was
identified as a ‘mechanically irreversible’ step in disease progression (Section .
In early disease (Grade 0 to 1), a change in the interactions between molecules within
the fibre, a measure of collagen ‘quality’ (Section, were also observed as changes
to the loss tangent (Section without necessarily including changes at the
molecular level. This can be conceptually linked to the embrittlement of the fibrils
by predisposing molecular fracture over energy dissipating stick-slip mechanisms
(see, for example Buehler [170]), providing a measure of susceptibility to direct fibril
damage. There remains however, a question of whether such changes can be identified
clinically, and this ‘irreversibly damaged’ tissue distinguished during keyhole surgery.

An efficient and objective measure of early OA detection is crucial to improve
clinical decision-making, improve treatment, and to advance the understanding of
disease progression. Modalities such as x-ray and MRI are often used clinically to
diagnose OA, however, these techniques can only detect macroscopic damage to the
tissue and are thus limited to late stage assessment. More advanced MRI techniques
have shown promise as non-invasive methods for detection of OA [205]206], yet
signal changes with disease are too weak to detect against the background of
normal variation [207] in the context of the early stages of disease and related
treatments that motivate the present work.

For the application of, for example, scaffold- or cell-based techniques the surgeon
must intraoperatively distinguish the non-viable tissue to be removed from the
viable tissue to be preserved. Currently, decision making is based on the visual
and tactile impression of the surgeon at arthroscopy, yet it has been demonstrated
that the visually normal tissue in a degraded joint is not always healthy [17,
208].This prompts the necessity of a tool or technique that can aid treatment
decisions, and provide feedback on post-treatment tissue healing in both clinical
practice and the trials of new treatment methods. Several techniques have been
developed to diagnose early OA [85], with a number of arthroscopic assessment
tools commercialised. None, however, have become widely used due to limitations

such as heavy dependence on operator, image post processing requirements, poor
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performance, or technological requirements that cannot be addressed within the
size, weight and cost constraints of a useful medical device.

Here, we undertake a pilot study to assess the potential of a new approach
to characterise the afore-mentioned changes. This approach aims to utilise the
light source and optics available in current arthroscopes, extending them from
qualitative to quantitative tools without change to the radiation or instrumentation
to which the patient must be subjected. Utilising a similar source and optical
path to a standard arthroscope, and constraining input to the range available to a
standard detector/camera, we therefore capture and analyse spectral information
from the cartilage surface. Specifically, UV-VIS-NIR spectroscopy is applied, and
analysed quantitatively in terms of specific electronic absorbance bands, colour, and

scattering, again with a focus on the early stages of degradation.

4.2 UV-VIS-NIR Spectroscopy
4.2.1 System Set-up

Figure shows the UV-VIS-NIR spectroscopy setup. UV-VIS-NIR spectra were
measured with a fibreoptic probe (Ocean Optics, Dunedin, FL, USA). The probe
was held in position by a probe holder maintaining a distance of 4 mm between
sample and probe. The probe was composed of six illumination fibres and one read
fibre, each with a 400 pm diameter core and with a + 12.7 °collection angle. Figure
shows the details of illumination and collection from the probe at the sample.
The six-fibre illumination leg was connected to a deuterium-halogen light source
(DH-2000, Ocean Optics). Scattered light from the sample was collected by the read
fibre and delivered to a highly-sensitive spectrometer (QEPro-Abs, Ocean Optics).
The spectrometer had a 2-D arrangement of pixels (1044 horizontal x 64 vertical)
which was responsive from a wavelength of 185 nm up to 1100 nm. The combination
of the spectrometer’s detector and 16-bit A /D converter delivered a dynamic range of

-85000:1 and the signal-to-noise ratio of the spectrometer was approximately 1000:1.
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Figure 4.1: Schematic diagram of the (A) UV-VIS-NIR spectroscopy setup and (B)
measurement from the probe. (A) Light from the deuterium-halogen light source (UV-
VIS-NIR) was delivered to the probe head through six 400 um optical fibres. The probe
was held in a position by a probe holder to maintain the correct distance between sample
and probe head. Scattered light from the sample was collected by the probe and delivered
to the spectrometer. D: distance from the probe head to the core. (B) Probe is composed
of six illumination fibres (light gray circle) around one read fibre (red circle).

4.2.2 Data Collection and Data Analysis

Prior to spectroscopic probing of the tissue, a reference spectrum was acquired from
a Teflon™-based material across the entire wavelength and used as the reference
for optical measurements in this study. A background spectrum was acquired prior
to each sample scan and the resultant spectrum was then subtracted from each
sample spectrum. Measurements were taken from each sample used in Chapter
2, allowing comparison with detailed physical characterisation and histological
scoring. Unlike Raman spectroscopy in which five points were measured at 1
mm intervals, the measurement point of UV-VIS-NIR spectroscopy was taken in
the middle of the core due to the large area of the measuring point (Figure 4.2}
black dotted circle). Each spectrum was acquired at 30 ms integration time,
averaging 20 continuous readings. Three of these spectra were then averaged

to produce the final UV-VIS-NIR spectrum for each measurement point. Each
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sample spectrum was then processed by normalising to the area under the curve
between the wavelengths of 250-980 nm.

All statistical analysis used GraphPad Prism (Version 5, GraphPad Software,
Inc.), with P < 0.05 considered significant. The mean spectral densities, intensities
of the spectra and the ratios of the intensities were compared using a one-way
ANOVA with Tukey’s multiple comparison test. All results are presented as mean

+ standard error of the mean unless indicated otherwise.

Figure 4.2: The measuring point used for UV-VIS-NIR spectroscopy (black dotted
circle). The blue dotted line shows the cutting line after optical measurement. The cut
edge shows the mark of disease progression.
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4.2.3 Results

Due to failures in some measurements, a total of 33 spectra were analysed in this
study (Table . As visual assessment is sufficient to characterise late stage disease
(OARSI grade > 2), this chapter primarily aims to distinguish between grades 0
and 1. The means and standard deviations of spectra at grade 0 and grade 1 are
given in Figure [4.3] In addition to differences in peak heights, the slopes of grade
0 and grade 1 after the wavelength of 600 nm show clear qualitative differences.

Figure 4.4 shows the mean spectrum for each OARSI grade for comparison.

Table 4.1: Numbers of samples with each histological score.

OARSI score 0
Number of sample || 3 | 4| 9| 14 | 13
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Figure 4.3: The UV-VIS-NIR spectrum between the wavelengths of 250-980 nm at grade

0 and grade 1. Grade 0: green straight line and grade 1: red dashed line. Shaded areas
show the standard deviation.
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Figure 4.4: The mean UV-VIS-NIR spectrum between the wavelengths of 250-980 nm
at different stages of disease. Grade 0: black straight line; grade 1: green dashed line;
grade 2: blue short-dotted line; grade 3 line: yellow dash-dotted line and grade 4: red
dash-dot-doted line.

A linear fit was applied to the data points between 600 and 980 nm, and the
slopes were compared at different disease stages. Five peaks at wavelengths of 320,
405, 455, 531 and 566 nm were also analysed and compared. As peak positions
shifted between spectra at different disease stages, instead of peak value, areas
under specific ranges were calculated to minimise error (Table [4.2]). Data (areas
under the peaks and the ratios between these values) were normalised to grade

0 to facilitate comparison with normal cartilage.

Table 4.2: The wavelengths of the peaks and range selection

Wavelength (nm) | Selection of the range of wavelength (nm)

320 303-344
405 373-433
455 435-475
931 510-547

566 539-582
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4.2.3.1 Absorbance Peaks

Figure [4.5] shows the five spectral peaks at different disease stages. General patterns
in peak area can be observed, mirroring those described by AFM and Raman
measurements in Chapter 2. At 320, 531 and 566 nm, a step-change could be
observed from grade 0 to grade 1, with peak area remaining relatively stable with

disease progression. Peaks at 405 and 455 nm ‘pivoted’ at grade 2.
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Figure 4.5: Areas under the main peaks at different stages of disease at (A) 320 nm,
(B) 405 nm, (D) 455 nm, (E) 531 nm and (F) 566 nm. *:P < 0.05. cntr.:control.

Figure shows the ratios between these peaks. No significant difference was

observed at the early stages (grade 0 to grade 1), however the complementary

patterns observed for individual peak areas were magnified. This was particularly

prevalent for the 320/531 and 320/566 nm ratios (Figure and B), each of
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which showed opposing step changes in individual peak areas.
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Figure 4.6: Comparison of the under areas of the five peaks at different stages of disease:
(A) 320/531, (B) 320/566, (C) 405/531, (D) 405/566, (E) 455/531, (F) 455/566, (G)
320/405, (H) 320/455, (I) 405/455 and (J) 531/566. *:P < 0.05 and **:P < 0.01.

We further analysed the maximum value of these peaks (i.e. peak height) as
a sense check. Patterns and levels of significance remained consistent with area
calculations (data not shown). Area calculations were subsequently maintained
both to avoid the possibility of missing information due to peak shifts, and to better

capture the total contribution of absorbing material at these energy levels.
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4.2.3.2 Colour

As mentioned earlier, decision making by the surgeon at arthroscopy is based on
the visual and tactile impression. We therefore wonder how camera detected the
colour changes with disease progression. We think having this information might
provide another way to objectively distinguish disease stages. Reflectance in the
610-650 nm, 520-570 nm, and 420-510 nm ranges were calculated to give red, green
and blue (RGB) values respectively as detected by a CCD camera, based on the
RGB profile of a generic detector [209] (Figure [4.7)). Calculated colours at different
disease stages are given in Figure 4.8A, with 95% confidence intervals indicated for
each. Data from each region (areas under the curve) were normalised to grade 0
to facilitate comparison with normal cartilage. Then, intensities of blue and green
region were then normalised to red at each stage to maximise colour contrast in
a visual comparison. Red was chosen as this wavelength range is expected to be
equally reflected by both cartilage and bone [117]. The resulting artificial colour
profile with disease is shown in Figure [£.8B. The colour became increasingly red-
dominated with the change from grade 0 to grades 1 and 2, with blue-dominated
changes most apparent at later stages. The decrease in the relative intensity of
green with disease can be further observed in the strong magenta hue at grade 4.

No significant differences, however, were observed at different disease stages.
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Figure 4.7: RGB profile of a generic detector [209].
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Figure 4.8: The intensity of RGB reflectance at different disease stages: (A) changes in
RGB profile and (B) resulting artificial colour. cntr.:control.
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4.2.3.3 Slope Between the Wavelengths of 600 and 980 nm

The slopes between the wavelengths of 600 and 980 nm at different stages of disease
(all 72 > 0.97) are shown in Figure The slope decreases markedly from grade
0 to grade 1, after which it increases with disease progression. Despite this large

change in mean slope, differences are not statistically significant for early OA.

*

0.0025- —_
E 0.0020-
=
]
S 0.00154 [
o &
3 :
< 0.0010 E .
Q -
g— :
& 0.0005- |

0.0000- -

1 2 3 4
Grade

Figure 4.9: Slopes of UV-VIS-NIR absorbance spectra between the wavelengths of 600
and 980 nm at different stages of disease. *:P < 0.05.



4. Potential for Intraoperative Assessment of Initiation and Progression of Osteoarthritis 141

4.3 Mie Scattering Model

The appearance of peaks in the UV-VIS-NIR spectrum is related to the absorbance
of light due to electron excitations. The slope of the spectrum between 600 and 980
nm, however, is related to scattering. We speculated that the change of scattering
profile observed in Section could be related to changes in effective fibril
diameter, from either a direct increase in fibril size or the bundling of fibrils into
larger structures. This bundling may then be related to the disease process defined
in previous chapters. We therefore used a Mie scattering model to investigate
the relationship between scattering profile and fibril (or bundle) diameter, and
interpreted in terms of the scattering profile at different disease stages. Section
briefly introduces Mie scattering, the developed model and its related parameters

that were used in this study, with model outputs described below.

4.3.1 Mie Theory and the Scattering Model

When an electromagnetic (EM) wave (i.e. incident light ray) with frequency
vo encounters an obstacle, the electron’s orbit within the obstacle’s constituent
molecules is set in oscillation at the same frequency as the electric field of the
incident wave.This oscillation is manifested as a source of EM radiation, thereby
resulting in scattered light. Light scattering theory can be generally categorised
into the Rayleigh theory [210] and Mie theory [211]. Rayleigh scattering primarily
refers to the scattered light from particles whose diameter is smaller than the
wavelength of the incident ray, typically by an order of ten. However, in the theory
of Mie scattering [211] that encompasses the general spherical scattering without
a particular bound on particle size. Therefore, Mie scattering theory has no size
limitations and converges to the limit of geometric optics for larger particle which
may be used for describing most scattering systems, including Rayleigh scattering.
For normal fibril diameters of around 80 to 100 nm, and disease-related bundles (at
micro level), Mie theory was seemed most appropriate to describe this scattering.

A perviously-developed scattering model [212-216] was used to explore the

relationship between fibril diameter and scattering angles at different wavelengths.
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The differential scattering cross-section was calculated to quantify the intrinsic rate
at which the scattered light can be detected at a given angle (Figure . That
is, the higher the differential scattering implied by the cross section, the greater
the opportunity for the scattered light to be collected from the spectrometer

at any given angle.

Flux (F)

Differential cross section
4o (g, 0)= LN
dQ "7 F dQ

v

Figure 4.10: Angular scattering intensity. o: cross section; Ng: number of scattering
particles.

In this study, a collagen fibril is assumed to be a cylinder irradiated by a far field
light with a 0 degree incident angle. Several parameters are required for the Mie
simulation including the cylinder diameter(s), and the refractive indices of collagen
and the surrounding medium. The refractive index of collagen has been reported to
be 1.46-1.55 |217]; therefore, we used a refractive index of 1.5 for the cylinder in
this simulation. Water is the main component of articular cartilage extracellular

matrix, so the refractive index of the surrounding medium was taken to be 1.33.

4.3.2 Results
4.3.2.1 Polar Scattering Profiles

Scattering profiles were considered for a range of cylinder diameters (5-400 nm)
at wavelengths between 600 and 980 nm (Figure [1.11]). Although this range
extends beyond the 80-100 nm diameter range observed by AFM, the extended
parameter space was chosen to clarify patterns of change. As the diameter of the

cylinder increased, the scattering profile shifts markedly forwards (towards a 0
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degree scattering angle). Shorter wavelengths scattered more strongly than larger
wavelengths, though it is interesting to note that for the 200 nm diameter cylinder,

this trend was revered in the backwards direction.
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Figure 4.11: Calculated scattering profiles with different diameters of cylinders (5-400
nm) at wavelengths of 600, 650, 700, 750, 800, 850, 900, 950 and 980 nm. Dia.:diameter.

Figure shows the scattering profiles for diameters ranging from 200-1600 nm,
approximating fibril bundling. Here the trend of forwards-dominated scattering for

larger diameters was continued. Scattering profiles in the these larger cylinders were
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more complex due to constructive and destructive interference. Hence scattering
profiles at 50-310 degrees were plotted separately in the lower half of each part
of Figure [£.12] showing the formation of lobes.
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Figure 4.12: Calculated scattering profiles with different diameters of cylinders (200-
1600 nm) at 600-980 nm. Profiles for 50-310 degree scattering angles are included below
each figure. Cylinder diameters were (A) 200 nm, (B) 600 nm, (C) 1000 nm, (D) 1200
nm, (E) 1400 nm, and (F) 1600 nm. Dia.:diameter.
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To better elucidate the angular scattering patterns, results from a subset of

cylinders irradiated at 600 and 980 nm are given in Figures [£.13] and .14 In

addition to the increased scattering at 0 degrees with increasing cylinder diameter,
the increasingly complex interference patterns can be observed. With local peaks
and troughs differing by a factor of 10 in differential scattering cross section, and
with the fast change in peak position with increasing cylinder diameter, this makes

interpretation of diameter effects challenging.
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Figure 4.13: Differential scattering cross-sections as a function of scattering angle with
different diameters of cylinders at a wavelength of 600 nm.

It was unclear, however, whether the interference patterns would persist in
the context of multiple fibrils. Simulations were therefore re-run and differential
scattering cross-section calculated for multiple cylinders. Twenty cylinders were
randomly located in a 10 x 10 pum cross section without overlapping. A comparison of

single versus multiple cylinder scattering is given in Figure [1.15] The use of multiple
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Figure 4.14: Differential scattering cross-sections as a function of scattering angle with

different diameters of cylinder at a wavelength of 980 nm.

cylinders of equal diameter added noise to the system, in many cases extending

over two orders of magnitude, without a substantial effect on lobe formation.

Interpretation of results was therefore based on single cylinder simulations.
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Figure 4.15: Differential scattering cross-section of single and multiple cylinders at
wavelengths of 600 and 980 nm. The diameters of cylinders were 100, 200 and 600 nm.
Scattering profiles showed more noisy from multiple cylinders.
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4.3.2.2 Cylinder Diameter and 600-980 nm Slope

As can be seen in Figures and 4.12] a greater proportion of light at a given
wavelength is scattered forwards (0 degree) with increasing cylinder diameter. More
formally, this can be stated as a greater proportion of forward scattering with an

increasing size parameter y, which is defined as

2ralN

where a is the cylinder radius, N is the refractive index of the surrounding medium
and A is the incident wavelength. That is, as the ratio of diameter to wavelength
increases, so does the proportion of forward scattering. This relationship may
then be used to extract information on the cylinder diameter by comparing the
scattering of short and long wavelengths.

As the measured light is backscattered, the proportion of non-forward scattered
light is of interest. This includes primary scattering (i.e. single scattering event
at or near 180 degrees) as well as secondary backscattered light (i.e. multiple
scattering events, at any angle away from 0 degree). Figure and Figure m
show the differential scattering cross-sections at 0, 0 4+ 90, 180, 180 + 90, and total
scattering (integration of all angles) at wavelengths of 600 and 980 nm. Scattering
at 180 degrees was strongly influenced by interference patterns, resulting in a
large ‘noise’ signal. This also affected results for the integrated scattering angles.
In all cases, however, a general trend of increased scattering cross section was

observed with increasing cylinder diameter.
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Figure 4.16: Differential scattering cross sections at (A and B) a 0 degree scattering
angle, (C and D) between 0 + 90 degree scattering angles and (E and F) total cross-
sections with different diameters of cylinder at wavelengths of 600 and 980 nm from Mie
simulation.
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Figure 4.17: Differential scattering cross sections at (A and B) a 180 degree scattering
angle, (C and D) between 90-270 degree scattering angles and (E and F) total cross-
sections with different diameters of cylinder at wavelengths of 600 and 980 nm from Mie
simulation.
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The wavelength dependence of this backscattered light is of particular interest for
understanding and interpreting the experimental measurements. This dependence
was explored by fitting power law relationships (all 72 > 0.95) to the 0 degree and
total scattering cross sections at each wavelength, as the ratios retain their power
law form and can be compared without magnifying noise contributions. Figure
[4.T8A shows the ratio of proportional backscattering at 980 and 600 nm can thus
be calculated and the inset figure shows the broader diameter effect ranging from
5-1600 nm. To aid interpretation and allow comparison, experimental results were
replotted for the same ratio (Figure [4.18B ). Note that the experimental data
above are plotted in reflectance (logy, %, where R is reflectance), hence trends
are reversed with respect to absorbance data in Figure 1.9, As shown in Figure
[4.18 wavelength dependence is strong at relatively small cylinder diameters, as
the scattering behaviour transfers from the Rayleigh regime to the Mie regime. At

larger diameters, above 400-500 nm, this dependence is weaker.
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Figure 4.18: The ratio of 980 and 600 nm comparison from Mie scattering model and
experimental data. (A) Ratio of the proportional backscattering between 980 and 600 nm
with cylinder diameter ranging from 5-800 nm (inset figure shows the slope of proportional
backscattering between 980 and 600 nmwith cylinder diameter ranging from 5-1600nm.
(B) Slope changes from experimental data (reflectance).
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4.4 Discussion

UV-VIS-NIR spectroscopy was applied to explore the potential of three approaches
for detecting disease-related changes to the cartilage surface within the constraints
of the arthroscopic light source and path. These approaches were based on electronic
absorbance peaks, a scattering interpretation of the slope in the 600 to 980 nm
region, and colour analysis. It should be noted that this is a pilot study: due to
the very low numbers of samples, it aims to explore the potential of a spectral
measurement approach in preparation for a future assessment of efficacy.

When sample molecules are exposed to light which has an energy matching
a potential electron transition within that molecule, some of the energy will be
absorbed and then the electron will be excited to a higher energy orbital. The
absorbance is determined by the structure of the molecules comprising the object.
It is particularly sensitive to the degree of conjugation, which determines the energy
difference between ground and excited state: high levels of conjugation give rise
to low energy transitions. In this study, we found five apparent absorbance peaks
which were at 320, 405, 455, 531 and 566 nm. Areas under these five peaks and
the ratios of them were analysed at different disease stages (Figure and .
Patterns of absorbance peaks with OARSI grade were similar at 405 and 455 nm,
and at 531 and 566 nm, with inverse patterns for the 320 nm and >500 nm peaks.
Little previous work has been performed in this area. One previous study found
that above 510 nm, the absorbance of weight-bearing cartilage is significantly higher
than that of nonweight-bearing cartilage [218]. Our results showed similar effects
with disease progression (Figure and E). It may further be possible to take
advantage of the inverse patterns of the 320 nm and >500 nm peaks, taking a ratio
of the two to enhance the potential to discriminate between normal and diseased
tissue. This can be observed in Figure and B.

Despite the potential of this approach, we were unable to determine the
source of the absorbance peaks of interest. Theoretical calculation of UV-VIS
absorbance peak assignments reveal no obvious source of the absorbance peaks,

and are generally used in the analysis of smaller conjugations (i.e. higher energy,
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shorter wavelength) than observed here. An experimental approach, systematically
removing proteoglycans or lipids, or digesting collagen, did not remove absorbance
peaks. Further analysis is therefore required to quantitatively link the absorbance
results to specific disease processes.

Closely related to the absorbance peaks is colour. Colour change, from pristine
white cartilage to diseased yellow/red cartilage, is anecdotally associated with OA
progression and is used in qualitative assessment. Based on the spectral range of a
standard RGB sensor, we therefore incorporated three broad peaks (Figure at
610-650 nm, 520-570 nm, and 420-510 nm which combines contributions from both
scattering and absorbance from electronic transitions. Quantifying this change, we
observed a red-dominated (with reduced green reflectance) change at early stages
and a blue-dominated change at later stages (Figure , although it should be
reiterated that the colouring in Figure is the product of normalisation and
calculations to highlight colour related change and should not to be taken as an
approximation to the true colour of cartilage.

Finally, we examined the VIS-NIR slope, with an interpretation based on
scattering. Experimental measures of the slopes between the wavelengths of 600 and
980 nm differed at different stages of disease, with a ~50% decrease from grade 0
to grade 1, followed by an increase in slope with further disease progression (Figure
. Given the 80-100 nm diameter of collagen fibrils observed in Chapter 2, the
bundling of fibrils to form structures of a larger effective diameter will therefore
transition from a Rayleigh scattering regime to a Mie scattering regime. A Mie
scattering model was applied to investigate the relationship between the slope
and this change of effective fibril size with disease, representing fibrils as cylinders
oriented perpendicular to the light path.

Analysis was complicated by a number of features of Mie scattering, and also
of the samples themselves. First is the roughness of the surface, and its change
with disease. The interpretation of scattering based on cylinder size assumes, and
requires, that the surface is intact. The presence of cracks/fissures in later-stage

diseased tissue (summarised in Figure |4.19) therefore produces complications to the
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specular reflectance profile, with related interference due to the complex geometry,
and further exposes deeper layers of cartilage within which fibrils are no longer
perpendicular to the surface [47]. Fibril bundling is further difficult to detect due
to the natural change in fibril diameters with depth [219,[220].

Figure 4.19: Safranin-O stained sections at different stages of disease: (A) grade 1, (B)
grade 2 and (C) grade 3. Cracks/fissures from the surface of the cartilage appeared at
grade 2 and grade 3 (magnification 10x).

Second, the formation of lobes at around 50-310 scattering degrees due to
constructive and destructive interference of scattering events in different regions of
the cylinder (Figure and .Compounding this is interference of scattering
from adjacent cylinders. The wavelength and cylinder diameter dependence of
backwards scattered light was therefore approximated by summing light that was
not forward scattered. This includes directly backscattered light, and that which
undergoes multiple scattering events away from 180 degrees to reach the detector
as diffuse reflectance. Taking the ratio of total scattered light to forward scattered
light at each wavelength, we were thus able to capture the distinct proportional back
scattered light (Figure when transitioning from the Rayleigh to Mie regimes in a
way that best approximates the light measured via the fibreoptic probe (Figure )

As the transition is a function of both the wavelength and diameter, an upper
bound of cylinder size exists, above which both wavelengths are in the Mie regime
and the technique becomes insensitive. This sensitivity is highlighted in Figure
4.18A, showing a flattening of the curve above cylinder diameters of 400 nm,
corresponding to a bundle of /12 fibrils, substantially smaller than the bundles of

tens to hundreds of fibrils observed in SHG studies of cartilage [21].
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In summary, due to the spot size of the probe allowing only single measurements
per core, and the resultant low sample numbers, this Chapter was pursued as
a pilot study to explore the potential of spectral measurements rather than test
efficacy. From our limited results, we found that the absorbance peaks and their
ratios change with disease progression, implying that the conjugated system of
molecular structure changed with disease progression, although we were unable
to define the responsible molecular structures for this change. A simplified, yet
related analysis RGB changes revealed red/blue-dominated changes at early stages
and blue-dominated changes at late disease stages. These related changes detected
by the camera may provide a simple and easily tested objective reference to the
surgeon to distinguish the disease stages. Finally, slope changes between 600-980 nm
were applied to explore the relationship between the structural changes explored in
earlier chapters and spectra available to the arthroscopic camera. By comparing the
computational Mie scattering model and experimental data, we found that the slope
changes could be related to the bundle size, with sensitivity restricted to bundle
sizes below 400-500 nm. These findings, and the different sensitivity of each method
suggest a combined spectral approach will provide the most robust results. Further
analyses are required but we conclude that a UV-VIS-NIR spectroscopy approach

has good potential for application as an integrated arthroscopic assessment tool.



Discussion and Future Work

Contents
(.1 Timitations ... ... ... ... ... ..., 157
5.2 Discussion and Conclusion| . . . . . . . . ... ... ... 159
5.3  Future Work and Future Directionsl . .. ... ... .. 167
[5.3.1  Opportunities to Improve Current Work| . . . . . . . .. 167
(.3.2  TFuture Directions| . . . . . . . ... ... ... ... ... 169

Having established collagen as a central factor in the function and dysfunction
of articular cartilage, this thesis has sought both to improve our understanding of
the physical processes in disease and to explore new approaches to detecting the
key features of irreversible damage. Focussing on the articular cartilage surface,
Chapter 2 examines physical changes within the collagen fibrils, Chapter 3 examines
interactions between collagen fibrils when placed in a cartilage-like network, and
Chapter 4 explores a potential diagnostic/assessment method to probe them. Before
any general conclusions can be reached from this work, however, a number of

limitations must be discussed.

156
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5.1 Limitations

The main limitation in this study was the low number of samples: tibial plateaus
of 10 patients (35 cores) were available to the project. Particularly important was
the small numbers of grade 0 samples available to the study, limiting statistical
power when examining changes with early stage disease. Although the use of animal
tissues may address this deficiency, human samples, even at low numbers, is argued
to provide better insight into the disease states of interest and at a minimum allows
power calculations required to examine our preliminary findings in further detail.

The second major limitation relates to our ability to define the articular surface
in later stages of disease. As shown in Figure [5.1, OARSI grades 3 and above
are characterised by large scale fissuring or complete loss of the surface layer.
Comparison of surface characteristics may therefore only be valid for grades 0
to 1, or grade 2, as later measurements from later stages of disease are likely to
probe the exposed deeper layers of the tissue.

A number of specific experimental limitations further affect our ability to
draw conclusions. First, by taking measurements from cores, we were unable
to examine the continuous transition from the histologically normal to diseased
cartilage surface. Therefore, some detailed spectral changes, topography and
mechanical changes of collagen fibrils along disease progression may be missed.
Second, we were unable to perform experiments in an aqueous solution, which is
closer to the physiological environment, although the of effect on results is unclear.
Finally, our inability to develop a satisfactory polarised Raman system within the
time and budget constraints of the project, limited our investigation of collagen
organisation at different stages of disease. Consequently a direct experimental link
between fibril properties (Chapter 2) and fibril organisation (Chapter 3) could
not be made, the conceptual link between Chapters instead relying on previous
findings in the literature.

The ability to draw conclusions from our model may be limited by three factors.
First, it does not consider non-collagenous components such as aggrecan and fluid.

Although very little aggrecan is present in the surface zone, and is unlikely to
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contribute mechanically, fluid flow through the surface is prevalent. At the level of
scale examined in this model, and considering the overdamped nature of the collagen
network, inertial effects are unlikely to be large. By considering only the equilibrium
behaviour, the need for inclusion of highly complicated fluid effects are minimised.
The consequent inability to examine dynamic behaviour of the network, and its role
in disease progression should be highlighted as an important limitation of this work.

The second factor was the simplification of collagen load carriage to ignore
compressive behaviour. This may be an important oversight, based on our observa-
tion of fibril-level compression in the Mikado model (Figure [3.16). As the bending
and rotation characteristics of the collagen fibrils, however small, are overlooked,
interpretations of fibril stresses in the Mikado models may be incomplete.

The third limitation is a lack of precise information on the structure and
loading environment in the surface layers. Our simulations therefore explore a
number of different structures under different applied loads, comparing findings
with observations from experimental data. Although we argue that the structure and

environment is within the variation tested in Chapter 3, its true nature is unclear.
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5.2 Discussion and Conclusion

Figure [5.1] summarises the main experimental outputs from the characterisation
of cartilage by AFM and Raman spectroscopy (Chapter 2) and the exploration
of UV-VIS-NIR spectroscopy for detecting structural features associated with
OA (Chapter 4).
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Three main questions are addressed in this study. As collagen plays an important
role in the functioning of the tissue and also in disease, the first question we asked
was: What physical changes occur in collagen during early disease progression?

Raman spectroscopy and AFM were used to characterise collagen at different
stages of OA. Raman spectroscopy indicated that the quality and quantity of collagen,
and the relative concentration of hyaluronic acid, decreased with disease progression
at early stages (grade 0 to grade 1), though changes were not statistically significant
against the large variations within each group, particularly for ‘normal’ samples.
This variation may result from the combined synthesis [221] and degradation [222]
processes characteristic of early disease. The level of order in the tropocollagen
molecule (Figure appeared to decrease with disease progression. Helix
stability (Figure , however, was maintained up to grade 3. More important for
interpretation is the magnitude of changes between groups: the small differences
observed between disease states indicates that the central changes in early OA
are not at the level of the collagen molecules’ secondary structure, but rather
at a higher hierarchical level.

This finding is reinforced by mechanical results. Young’s modulus increased
up to grade 2, accompanied by a marked decrease in loss tangent (Figure [2.33|A
and B, Figure . After grade 2, trends were reversed. Relative Young’s moduli
along the fibre, measured as the difference between the gap region and the inter-gap
region decreased with the onset of grade 1 OA and remained stable thereafter
(Figure [2.36 Figure [5.1)).

Coupled with a lack of correlation between mechanical and Raman results (all
r? << 0.5), these findings demonstrate that the central changes are at the level of
tropocollagen interactions, potentially via AGEs, and act to embrittle the collagen
fibril. By strengthening interactions at this level, energy dissipation through the
generation of slip pulses is nullified, forcing fracture of the tropocollagen molecule
itself and release of stored elastic energy causing catastrophic failure.

Topographical changes were also observed at different stages of disease. A

number of granules were observed on collagen fibrils, similar to those reported
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by some studies [167,223]224], however their origin and potential role in disease
remains unclear. A reorganisation of collagen into bundle and knot formations
was also observed in a number of late OA samples. In early OA samples, regions
of aligned fibrils, and a number of isolated, thin fibrils were found (Figure .
It is uncertain whether the thin fibrils were a sign of new fibril formation, or
alternatively whether they were a different type of collagen. Insufficient fibril
exposure may also have been a factor.

Interestingly, during sample preparation we found that, after enzyme treatment,
collagen fibrils were most easily exposed at late disease stages. In normal samples,
and at early stages of degradation, an adhesive ‘ground substance’ remained attached
to collagen. This ground substance, which could not be removed by targeted
enzymatic treatment or isopropanol is thus likely to modulate interactions between

fibrils, and therefore the behaviour of the collagen network.

The findings of Chapter 2 indicate a crucial role for for network behaviour, and
warrant investigation at the tens of micron level of scale. From the above results,
and findings of collagen network restructuring at the earliest stages of OA [21], we
speculated that the inter-fibril interactions may be critical as a physical disease
progression mechanism. This raises the second question of the thesis: how physical
changes relate mechanistically to osteoarthritic progression mechanically?

2-D cartilage-like collagen network models, based on two different configurations,
were developed to investigate the role of inter-fibril connectivity in the cartilage
surface. These models included a mesoscopically-aligned yet locally-random ‘zigzag’
network, and the randomly-oriented and distributed, straight-fibrilled Mikado
network. Beginning with the Mikado network which, based on Chapter 2 results,
may best represent the collagen in the cartilage surface, increasing crosslink density
acts to resist load at the network level, and improve recovery of the network when
load is removed (Figure . Highly-crosslinked networks also reduce the strain
carried by individual fibrils as stress is more effectively distributed across the

network and more fibrils are engaged to carry an applied load. With a loss of
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connectivity, isolated fibrils are placed under increasing stress (Figure and
, and fibrils are observed to form aligned and bundled structures, particularly
under anisotropic applied loads (Figure . Coupled with the embrittlement
of fibrils observed in Chapter 2, the increased stress on isolated fibrils may act
as a trigger for catastrophic damage.

With increased mesoscale alignment, and maintaining local disorder, such a
network will transition to a state better approximated by the ‘zigzag’ model.
Here, crosslink density had a similar effect on the network level resistance to, and
recovery from, applied loads, and better maintained its organisation (Figure
and . With decreasing crosslink density, however, fibrils carried less stress as
they could more freely realign in the direction of applied loads (Figure . Thus,
a qualitatively ‘normal’ structure, with low crosslink density is transformed to a
disease-like structure, fitting experimental observations by electron microscopy [120].
From this lower energy state, given by the strain energy stored per fibril, it is
energetically unfavourable to revert to the normal network configuration, and the

disease process may be argued to have reached a mechanically irreversible state.

Building on the findings that the intra- and, perhaps more importantly, inter-
fibril interactions are critical to maintaining the collagen structural and functional
integrity, we finally ask whether we can detect these early, irreversible changes to
cartilage intraoperatively to facilitate treatment?

Attempting to utilise the light source and optics available in current arthroscopes,
and without change to the radiation or instrumentation to which the patient must
be subjected, we examined opportunities for the quantitative analysis of reflected
light. Utilising a similar source and optical path to a standard arthroscope, and
constraining input to the range available to a standard detector/camera, we therefore
analysed the spectral properties of reflected light in the UV-VIS-NIR range. This
included analysis of UV-VIS absorbance peaks from electronic transitions, the
colour properties, and the slope from 600 to 980 nm, which we examine in the

context of scattering. This work in particular was limited by sample numbers, as the
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experimental setup of the UV-VIS-NIR probe allowed only a single measurement
per core. Chapter 4 should therefore be considered a pilot study, exploring the
potential of different approaches rather than establishing their efficacy. It should
also be noted that an assessment tool need not be sensitive to disease progression
beyond OARSI grade 2, as the large scale fissuring and fibrillation in the surface is
easily visible to the naked eye. From this consideration, and from the limitations
discussed above, analysis therefore focussed on the change from grade 0 to grade 1.

Results from the analysis of five absorbance peaks revealed similar patterns in
absorbance with disease progression at 405 and 455 nm, and at 531 and 566 nm,
with inverse patterns for the 320 nm and >500 nm peaks (Figure UV-VIS-NIR).
Taking advantage of this inverse relationship with disease progression, the ratio
of the 320 nm and >500 nm absorbances produced a more distinct change from
the normal to diseased states, which may have potential as an assessment tool.
Further analysis, however, is required to quantitatively link the absorbance results
to specific compounds and disease processes.

Spectra were then analysed to quantify the colour of the cartilage surface. This
used the relative intensity of the RGB components of the reflectance spectra at
each stage, based on a standard RGB sensor configuration. RGB colour ratios
of cartilage were increasingly unbalanced towards late stage, matching anecdotal
observation. Absolute intensities of the reflected light of all colours decreased with
the onset of disease, with later-stage changes primarily driven by changes to the
blue component. The relationship between red and green intensities may provide
the most useful indication of early stage disease, and may capture some aspects of
both the absorbance peak changes and the slope changes with disease (Figure .
From the current results, however, the use of RGB appears to have lowest potential
of the three approaches when assessed as a quantitative diagnostic tool.

Using a scattering interpretation of the slope between wavelengths of 600 and
980 nm, we finally explored the transition from the Rayleigh to Mie scattering
regimes at different diameters of cylinder, representative of either single of bundled

fibrils. Capturing the edge of the transition, and utilising the marked forward shift



5. Discussion and Future Work 165

of scattering from larger structures (i.e. in the Mie regime), we found that diameter-
dependent scattering at these wavelengths could be sensitive up to approximately
400 nm bundles (Figure . This equates to a bundle of approximately 12 fibrils,
above which the method is largely insensitive. Relative to findings from nonlinear
optical techniques [34] this scale of bundling represents an extremely early stage of
disease. This sensitivity window could be considered as a strength, where such an
analysis is coupled with an approach that maintains sensitivity beyond this disease

state. If not, it should be considered a limitation.

To conclude, the physical changes to collagen with osteoarthritis are multifaceted
and dynamic. With disease progression, the impact of intra-fibrillar changes appears
to be lower than that of inter-fibrillar changes. Intra-fibrillar changes, however,
may be more closely linked with disease initiation, and an increased susceptibility
to mechanical damage. The significant changes to the loss tangent, with minimal
changes to the tropocollagen molecules themselves, indicates that with the onset of
disease, collagen fibrils change from a dissipative, ductile deformation and fracture
mechanism to one which is brittle. The loss of dissipative slip pulse mechanisms
substantially increases stored energy during deformation, which is released upon
fracture, thus undermining the controlled fracture propagation.

Coupled with the findings of the 2-D network models, the combination of this
embrittlement and a decrease in fibril interaction will instigate and progress damage
as high levels of stress are carried by individual fibrils. We argue that the inter-fibril
interaction is key for driving disease. The restructuring of the collagen network, via
this loss of connectivity appears energetically irreversible while loading is maintained.
This may form a ‘tipping point’ beyond which damage is irreversible while loading
is maintained. The precise structural changes that would constitute such a tipping
point, however, require substantial further investigation.

It may further be possible to detect the onset of the above physical/structural
changes by quantitative analysis of the light available via arthroscopy to aid

intraoperative decision making and the application of localised treatments such
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as tissue engineered replacement or cell implantation. Assessing specific UV-VIS
absorbance bands, the related RGB colour profile, and the VIS-NIR scattering
behaviour, we conclude that significant potential exists to detect early physical,
and importantly irreversible, changes to the cartilage surface with OA. This raises
the possibility of advancing arthroscopy from a qualitative to quantitative tool,
without requiring modification of either the radiation (the light source and path)
or instrumentation (the arthroscope itself) delivered to the patient, thus allowing

a low-cost yet potentially high-value technology.
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5.3 Future Work and Future Directions
5.3.1 Opportunities to Improve Current Work

Considering the limitations outlined in Section [5.1], several improvements could
be made to expand this work in future. First, and the main limitation of the
thesis, relates to the number of samples. This can be overcome given more time
to gather more human samples of an appropriate disease state so as to allow
examination of the full spectrum of disease. Samples from amputees would provide
normal and early-stage OA tissue.

Second, the lack of a continuous tracking function with disease progression
may be overcome with a modified experimental set-up. For AFM measurement,
scanning over the entire region of interest instead of measuring random spots within
specific regions would improve coverage. Mounting motorised stages to the sample
holder for both Raman and UV-VIS-NIR spectroscopy would allow continuous
tracking at a smaller scale with disease progression, but maintaining the precise
focal point on the cartilage surface is of concern when using such an approach. To
compensate for the focus effect, mounting a camera with a focal point conjugated
to the objective may help to precisely adjust the focal point of the laser light onto
the cartilage surface by allowing the operator to observe the clear image from the
camera. Where continuous tracking could be achieved, another issue that needs
to be overcome to improve UV-VIS-NIR spectroscopy is the large spot size. A
reduction in spot size could be achieved by using a different type of probe, coupling
the light source and the spectrometer to a scanning microscopy system, or by using
hyperspectral imaging. With these improvements, the continuous transition with
disease progression could be examined in greater detail.

The third limitation is the inability to directly compare the organisation of
collagen with the scattering profile. This could be overcome by improving the beam
shape by replacing the laser and optical fibre to maintain polarisation throughout
the beam path. This modification would need to be coupled to an objective with a

long working distance and high NA that would provide a tighter focus to minimise
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the effect of turgidity in the sample. Increasing the precision of the focal point would
necessitate a strategy to maintain its position in the sample, using a compensation

method such as that outlined above.
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5.3.2 Future Directions

In addition to the above improvements in experimental set-up, there are also
opportunities to expand the analysis, and offer new directions for the work. First,
further study of the slope changes within different regions of the UV-VIS-NIR
spectra is needed. As the scattering sensitivity of the wavelengths is different,
analysing different slope changes from other regions may provide more information
and potentially broaden the window of sensitivity.

Potential also exists to investigate the D-periodic gaps of the fibrils at different
disease stages. It has been shown that the population distribution of D-periodic
gaps of Type I collagen can be changed by altering the protein structure, although
the average spacing was unchanged [225]. The D-periodic gap distribution has
also been found to change in age-dependent diseases such as oestrogen-depletion-
related osteoporosis [226],227]. A recent study found that the stiffness of the
overlap regions of the D-periodic gaps increased with OA progression [74] but no
significant difference in D-periodic gap patterns was found between collagen fibrils
from intact and osteoarthritic cartilage. A decrease in the D-periodic length in
aged tissue has also been observed [128]. Therefore, we believe that further study
of the D-periodic gaps of collagen fibrils, such as the material properties of overlap
regions and distribution of D-periodic gaps at different disease stages, may provide
more information on the collagen structure with disease progression, and provide
insight into the related mechanics. The accumulation of more spectra and data on
mechanical properties from continuous sampling of disease progression will allow
deeper exploration of the relationships between properties. Future work could
explore the use of these relationships as predictive tools.

Our future model would be in a 3-D environment and includes dynamics which
requires data on aspects including fluid, bending and rotation of collagen. This allow
us to investigate damage feedback, the dynamic transition from normal to disease
states, and the sensitivity of this process to phenomena such as embrittlement,
connectivity and loading environment. Having created a more sophisticated

model, we would be able to develop key structural markers of functionality or
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defunctionalisation and investigate the ‘tipping point’ at which collagen structural
change becomes irreversible after loading.

Future application of the model could be based on this ‘tipping point’. Before
the ‘tipping point’, our model would be applied to study the pharmaceutics for
early treatment. Targeted drug delivery, retention of drug in the targeted tissue
and morphology of the drug are important in medical therapy. In combination
with pharmacodynamic parameters, the model would improve understanding of
the interactions between drug and tissue, aiding pharmaceutic drug design. Since
collagen is an important component of connective tissues, this could also be expanded
to other tissues such as skin or tendon. For application to other tissues, the
mechanical properties and the organisation of different types of collagen from
different tissues would be investigated and incorporated into our model.

After the ‘tipping point’ where structural changes become irreversible, tissue
engineering would be necessary for this mid-late and late disease treatment. Articular
cartilage tissue engineering has evoked massive interest in recent decades and
has been shown to hold great potential for improving articular cartilage therapy
[27,228,229]. In addition to cell sources, biocompatible materials, growth factors
and mechanical stimuli, recreating the native scaffold and function of the tissue
is important in tissue engineering. There is no doubt that it is better to use a
biomaterial with characteristics closer to the native collagen fibrils. The use of
AFM allows comparison of the mechanical properties of a biomaterial with those
of native collagen fibrils. A good design of scaffold which can support the growth
and expansion of cells while retaining the characteristics of native cartilage is also
important. The use of a well-developed collagen model will enable simulation of the
mechanical performance of different structures with different material properties
under different mechanical stimuli or investigation of the interaction between native

and artificial collagen under loading to optimise scaffold designs.
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There is a long history of mathematical and computational modelling with the objective of
understanding the mechanisms governing cartilage's remarkable mechanical perfor-
mance. Nonetheless, despite sophisticated modelling development, simulations of carti-
lage have consistently lagged behind structural knowledge and thus the relationship
between structure and function in cartilage is not fully understood. However, in the most
recent generation of studies, there is an emerging confluence between our structural
knowledge and the structure represented in cartilage modelling. This raises the prospect of
further refinement in our understanding of cartilage function and also the initiation of an
engineering-level understanding for how structural degradation and ageing relates to
cartilage dysfunction and pathology, as well as informing the potential design of
prospective interventions. Aimed at researchers entering the field of cartilage modelling,
we thus review the basic principles of cartilage models, discussing the underlying physics
and assumptions in relatively simple settings, whilst presenting the derivation of relatively
parsimonious multiphase cartilage models consistent with our discussions. We proceed to
consider modern developments that start aligning the structure captured in the models
with observed complexities. This emphasises the challenges associated with constitutive
relations, boundary conditions, parameter estimation and validation in cartilage modelling
programmes. Consequently, we further detail how both experimental interrogations and
modelling developments can be utilised to investigate and reduce such difficulties before
summarising how cartilage modelling initiatives may improve our understanding of
cartilage ageing, pathology and intervention.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http:/creativecommons.org/licenses/by/4.0/).
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The mechanical performance of biological tissues is underpinned by a complex and finely balanced structure.
Central to this is collagen, the most abundant protein in our bodies, which plays a dominant role in the
functioning of tissues, and also in disease. Based on the collagen meshwork of articular cartilage, we have
developed a bottom-up spring-node model of collagen and examined the effect of fibril connectivity,
impl d by crosslinking, on ) 1 behaviour. Although changing individual crosslink stiffness within
an order of magnitude had no significant effect on modelling predictions, the density of crosslinks in a
meshwork had a substantial impact on its behaviour. Highly crosslinked meshworks maintained a ‘normal’
configuration under loading, with stronger resistance to deformation and improved recovery relative to sparsely
crosslinked meshwork. Stress on individual fibrils, however, was higher in highly crosslinked meshworks.
Meshworks with low numbers of crosslinks reconfigured to disease-like states upon deformation and recovery.
The importance of collagen interconnectivity may provide insight into the role of ultrastructure and its
mechanics in the initiation, and early stages, of diseases such as osteoarthritis.

1. Introduction

Articular cartilage performs an impressive mechanical function,
which is underpinned by a hierarchical structural configuration of type
1I collagen, proteoglycans, and interstitial fluid (Huber et al., 2000). As
one of the main determinants of function in the tissue, changes to the
collagen meshwork are central to disease processes (Hwang et al.,
1992; Hunziker, 1999; Brown et al., 2012; Stolz et al., 2009). Collagen-
collagen interactions dominate the cohesive strength of the matrix
(Broom and Silyn-Roberts, 1990) and therefore the resistance to
mechanical damage progression.

The breakdown from the intermeshed, pseudo-random collagen
configuration at the micrometer scale to form aligned fibre bundles has
been identified as a mechanically irreversible step in the damage
process (Brown et al., 2012) and has long been associated with
abnormal cartilage softening (Broom, 1982). A recent study has further
found localised regions of collagen meshwork disruption and reconfi-
guration at early stages of disease before the appearance of histological
changes (Brown et al., 2014). An improved understanding of the
mechanics of the collagen meshwork, and the implications of its
properties and connectivity, is therefore of interest for osteoarthritis
pathogenesis, diagnostics and the design of regenerative medicine
strategies.
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Computational modelling provides an ideal platform from which to
explore mechano-structural changes. In recent years, increasingly
sophisticated constitutive models have been developed to represent
tissue-level cartilage mechanics (Wilson et al., 2006; Pierce et al., 2013;
Ateshian et al., 2009; Wilson et al., 2005; Deneweth et al., 2013;
Wilson et al., 2007). With this sophistication has come an improved
representation of structure. Wilson et al., for example, integrated the
relation between permeability and tissue composition with a viscoe-
lastic constitutive relation within a fibril-reinforced model for predict-
ing the equilibrium and transient response of articular cartilage during
compression, indentation and swelling tests (Wilson et al., 2006).
Ateshian et al. applied continuous fibre angular distributions to model
the solid matrix of cartilage and successfully predicted experimental
observations of the tissue's equilibrium response to mechanical and
osmotic loading (Ateshian et al., 2009).

However, such models do not incorporate details from individual
fibres but instead consider the impact of average fibril orientations on
the scale of continuum. In particular, while there have been advances
in the theoretical mechanics of upscaling (e.g. Quintard and Whitaker,
1994; Cushman et al., 2002; Davit et al., 2013), whereby material
properties at the sub-continuum scale are systematically incorporated
into the constitutive relation of continuum models with controlled
accuracy, such approaches are generally not tractable for collagen
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