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Abstract
This thesis explores the behaviour of collagen; both as a biomaterial and as a
tissue vulnerable to disease. It aims to develop a novel, scalable, and multimodal
system for recognising and characterising collagen abnormalities.
Initially, collagen implants were characterised using Scanning Electron
Microscopy (SEM), before a more detailed analysis using Atomic Force Microscopy
(AFM) and Optical Coherence Tomography (OCT) gave an overview of the
mechanical properties and degradation rates. The rates agreed with previously
established models, but imaging analysis led to new developments in the
manufacturing process. Using an AFM bead functionalised with fibroblasts and
characterising ex vivo implants from mice, helped monitor the behaviour and lifespan
of the implants.
Moving from an engineering biomaterial to ex vivo tissue, mice tendons were
obtained. The tendons were induced with a model of the terminal condition ARC
syndrome. SEM of ARC syndrome tendons showed disorder throughout the
hierarchy, and nanoscale imaging revealed a previously unreported swelling of the
D-band in collagen, these findings were highly indicative of disorder. Having
confirmed the D-banding swelling, a significant decrease of the Young’s modulus of
the tendons was found using AFM nanomechanics.
Having confirmed the suitability of AFM on tendons, healthy human skin
biopsies were obtained. These were used to form a baseline for healthy skin
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behaviour at the nanoscale. The addition of histological microscopy using picro sirus
red stain allowed for more reproducible AFM measurements. Data analysis of the
AFM images was significantly improved through the development of an image
quantification protocol. This protocol allowed for rapid comparison of images based
on a four-point dominant feature system.
Finally, this enhanced imaging and mechanical analysis system, termed
Quantitative Nanomechanics (QNM), was applied to three patients with the fibrotic
disorder scleroderma and matched healthy donors. Significant changes to the
morphology of scleroderma collagen, along with an increase in Young’s modulus was
reported.
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1 Introduction
Few proteins are as essential to animal life as collagen. This family are
ubiquitous in the animal kingdom, having crucial and wide-ranging functions
throughout the body

1,2.

As a part of the scleroprotein family, these functions are

mostly structural, such as in tendons, bones and cartilage; at the cellular level,
collagen provides support for cell attachment and adhesion, as well as
communication through mechanotransduction

1,3–6.

Less common uses include

functions as transport co-proteins, and modification through the addition of
glycoproteins further the many applications of collagen

7,8.

disorders of collagen can be life-threatening and pervasive

Defects, diseases and

9–11.

These diseases are

chronic and progressive with difficulties in diagnosis. Diseases of collagen are often
hereditary or progressive conditions, with limited treatment options available

9,12–15.

1.1 Collagen Synthesis and Behaviour
1.1.1 Intracellular Activity

All collagens consist of polypeptide chains with a triple helix structure

2,16–18.

Type I collagen is synthesised from the transcription of COL1A1 and COL1A2
genes19,20. Recently-transcribed mRNA moves to the cytoplasm and is translated at
the cytoplasm. Transcription of type I collagen has been well characterised and forms
the basis of much of what is understood in collagen formation 1. Chains α1(I) and
α1(II), are coordinately regulated in a stochastic ratio of 2:1 to form a heterotrimer
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13,21,22.

At this stage, the molecules are referred to as pre-pro-polypeptides, which are

sent to the endoplasmic reticulum (ER) for further modification 23–25.
Post-translational modification begins at the ER

26,27.

Though most of the

enzymatic reactions are complex and occur throughout the process of collagen
synthesis, three essential modifications are made at this stage 5. Initially, the Nterminal signal peptide is removed and returned to the ribosomes, acting as a
negative feedback loop

28–30.

Secondly, amino acids lysine and proline are

hydroxylated, using hydroxylase enzymes with ascorbic acid as the cofactor
12,16,22,31,32.

Thirdly, the hydroxylated lysine is glycosylated by glycosyltransferases

with glucose and galactose

33–35.

At the end of this third stage, the molecule is

referred to as pro-collagen. Three of the modified chains with a left-handed twist
combine in a zipper-folding to form a right-handed triple helix, at the step known as
registration 18,36,37. The pro-collagen fibrils can only wind in this specific arrangement
due to the presence of the glycine; the small amino acid sits inside the helical
structure, with the other amino acids taking positions on the outside of the chain9,38,39.
After registration, the pro-collagen is sent to the Golgi body, an organelle with
distributive and extra-cellular transport functions

25,40.

Pro-collagen is packaged at

the Golgi body where it is further modified with oligosaccharides

40,41.

Membrane

transport proteins actively transport the peptides to the extracellular environment 41.
1.1.2 Extracellular Interactions

Additionally, alterations to procollagen occur extracellularly, as proteinases are
required to cleave the N- and C-terminals, found at the termini of the pro-collagen
18

molecule

20,22,42,43.

Collagen peptidases are used to scission the end groups of the

pro-collagen molecule, with the end groups returning to the fibroblasts

16.

These

scissioned end groups act as a negative feedback system, with excess end groups
signalling that sufficient collagen has been secreted

16.

As collagen is a biopolymer,

the terminal ends also prevent pro-collagen from polymerising intracellularly

1,44.

Extracellularly, these ends are cleaved, reabsorbed into the cell, and the procollagen
is allowed to form the long chain collagen molecules in the extracellular space

22,45.

At this stage, the molecule is known as tropocollagen.
The final stage of collagen synthesis is fibrillogenesis. Two key enzymes are
copper-dependent lysyl oxidase and lysyl hydroxylase, which catalyse lysine and
hydroxylysine to form intermolecular covalent cross-links 1,16,46. These cross-links pull
the collagen into a head-to-tail arrangement, which is essential in giving collagen
strong mechanical properties in that direction 7,47. Glycine contains a single hydrogen
molecule as its side-chain, providing a small internal space to allow for the tight
winding of the collagen fibril

48–50.

Depending on the function of the collagen, at this

stage fibrils will form a distinct hierarchy, bundling into larger collagen units of fibrils
and fibres 51.
1.1.3 Collagen Cross-Linking

As tropocollagen molecules assemble into fibrils, stabilisation is performed by
weak van der Waals forces and hydrogen bonds

25,52.

Enzyme-mediated bonds are

required for further long-term stabilisation, and the reactions of lysyl oxidase (and the
essential role this enzyme plays in collagen) have been mentioned above. However,
19

not all cross-links and interactions with collagen have an enzymatic component.
Collagen undergoes a high level of hydroxylation and glycosylation, using ascorbic
acid, manganese and iron as various cofactors 1,16. The nature of this process is still
debated, although the degree of glycosylation increases with ageing, forming
advanced glycation end-products (AGE)

53–56.

These AGE products are currently

believed to be directly responsible for the majority of non-enzymatic crosslinking
59.

57–

It has been further observed that patients with diabetes have an increased

glycosylation level than their age would suggest, so it is reasonable to assume that
higher levels of circulatory glucose (and its poor systemic control) increases
glycosylation 54,58,60. In this way, collagen molecules undergo continuous and varied
modifications at several stages, and this is also linked to the age and morbidities of
the individual.

Figure 1-1 Schematic representation of the main stages of collagen synthesis 25
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1.1.4 Collagen Ultrastructure

Several models have been suggested to explain the 3D structure of collagen
fibrils

53.

Historically, a simplified stacking model of collagen was promulgated, with

amino acids, residues found periodically along the tropocollagen molecule

61,62.

This

was proposed as Hodge and Petruska’s quarter-staggered end overlap, which has
four tropocollagen molecules crossing each gap and over region 62. Advances in the
use of X-ray diffraction confirmed this stacking system in 1D space

63.

The stacking

in fibrillar collagens gives rise to a phenomenon known as the D-band 1. The overlap
occurs every 67 nm irrespective of fibril diameter, allowing unambiguous
identification of a dark annular area on collagen fibres

12,19,64–66.

The D-band period

is made by four and a half collagen molecules, as the length of the collagen molecule
is 300 nm, and the D-band staggered distance is 67 nm

67.

The 2D model is

represented in Figure 1-2. This unique structure allows for identification of collagen
when using high powered microscopy such as SEM, TEM or AFM, as the repeated
structure can be readily seen

68,69.

This identification, however, is predicated on

ordered fibrillogenesis; changes to collagen formation could disrupt or remove the Dband entirely

65,69,70.

In terms of gap to overlap proportion of the D band, the gap

region represents 60% of the repeating pattern, with the overlap taking the remaining
40% 71.
Simplistic, this model caused several issues arising from the fact that collagen
was only modelled as a flat molecule in one dimension, and that contemporary
imaging only allowed for 1D or 2D geometric reconstructions in Transmission
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Electron Microscopy (TEM), instead of a complex 3D structure

53,72,73.

However this

2D model cannot be fully realised in 3D, as the tight molecular packing does not allow
for all of the molecules to occupy the available space

51,74,75.

Finally reconciling the

contradictions of Hodge and Petruska’s model, Smith suggested that there was a
hollow pentagonal microfibril being formed by collagen 69,76,77.

Figure 1-2 Collagen fibril representation showing the gap-overlap D-band structure

Intermediary work was performed by several groups, theorising that the five
tropocollagen molecules were in a crystalline lattice, forming a hexagon

78.

This was

improved by suggesting that the overlap (banded) collagen zone is hexagonal
crystalline in nature, but the gap zones are highly disordered

66,79.

Combining the

model improvements, Orgel proposed that five tropocollagen molecules are
staggered and discontinuous, but form a “quasi-hexagonal” packed structure, which
can easily interact with other tropocollagen in the microfibril, which has a righthanded twist for the whole molecule

78,80,81.

Orgel included the latest discoveries in

collagen modelling, and allows for a simplified system to explain collagen behaviour,
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as further supported with recent work 4,59,67,81,82. While imperfect however, the model
presented by Hodge and Petruska remains valid as a visualisation concept for
flattened 2D projections (such as in Figure 1-2), which are often used for imaging 83–
87.

1.1.5 Collagen Types

Twenty-nine (I – XIX) different types of collagen in humans have been identified and
catalogued in humans

12,16,17.

In terms of broad categorisation, collagen can be

separated into three distinct groups, fibril-associated collagens with interrupted triple
helices (FACITs), fibrillar and non-fibrillar collagens. This is based on how the
collagens form their supramolecular arrangements, and often determines where the
collagens will be found in vivo

7,17.

FACITs are the smallest group of collagens, and

can be found on their own, or combined with other collagen fibrils, but regardless of
location, they tend to provide elastic and compression support

7,41,88.

Non-fibrillar

collagens perform other supportive or communicative functions throughout the body,
either as long-chain molecules or single molecules. Collagen IV is the most prevalent
non-fibrillar collagen and forms mesh networks on the basement membranes and
basal laminae of most cells

16,46.

However, this support is not considered to extend

to mechanical support for the extra-cellular matrix (ECM), and rather acts as a
filtration network 1. Mechanical support is provided by the final class of collagens, the
fibrillar collagens. These fibrillar collagens will be of particular interest in this thesis.
1.1.6 Fibrillar
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Fibrillar collagens are comprised of types I, II, III, V, XI, XXIV and XXVII, and
are the most abundant type in the body

2,78,89.

The fibrous nature of these collagens

allows for anisotropic tensile strength along the fibre axis

1,12.

Fibrillar collagens are

secreted with varying length scales; the lengths homogenise in healthy adults for
most tissues 1. Fibrillar collagens contain thousands of amino acid residues in long
chains, increasing the strength of the fibres

1,16.

These binding sites allow for

intramolecular cross-linking, which stabilises the collagen molecule and helps to give
fibrillar collagen an increased level of mechanical properties

46.

The hierarchical

structure of collagen tissues functions to improve and maintain the mechanical
properties 90–92. This can be seen in a tissue such as a tendon, which has increasing
levels of structural complexity from nanometres to centimetres (Figure 1-3). However,
out of all of the collagens, only type I has been shown to form the D-band periodicity
structure

36,93,94.

The presence of D-banding provides an effective means of

identification for fibrillar collagens under high powered microscopy in skin, tendons
and ligaments 70,95–97.
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Figure 1-3 Structure of tendons showing the hierarchical organisation of collagen across
length scales
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1.2 Clinical Significance of Collagen

The importance of all collagen types in the healthy functioning of the body is
well understood. Diseases and disorders of collagen can occur at every stage of
collagen synthesis, and throughout the ageing process of collagen

12,98–101.

Several

disorders will be investigated in detail throughout this thesis; those diseases have
their own sub-sections background information. Most collagen diseases are found
predominantly or exclusively in the skin. An understanding of the organisation of the
skin, therefore, is essential.
1.2.1.1 Skin Structure
The functions of the skin are numerous; however, they can generally be
grouped into four main categories: barrier protection, sensation, thermoregulation
and metabolic functions. For the purpose of this thesis, it is the barrier protection
through support of the underlying tissues that are of interest. The histology of skin is
also complex, comprising three main layers, the epidermis, dermis and hypodermis.
Two images of skin anatomy, one as a schematic and the other as a histology image
are presented in Figure 1-4 and Figure 1-5.
The epidermis is the external layer of the skin, closest to the outside world. This
is also the thinnest layer and acts to protect the deeper layers of the skin

102.

Thin

skin, which is found across most of the body) has four layers of cells in the epidermis.
Apart from the basal layer (stratum basale), these cells do not divide and have
minimal cellular activity 102. The basal layer is also responsible for excreting collagen
type IV to form the basement membrane, anchoring the epidermis and dermis. The
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final surface layer is often the most visible at low power under histology and is known
as the stratum corneum 103. This layer is comprised of thick layers of dead cells which
are highly keratinised

104.

The integrity of the stratum corneum is an indicator of the

health of the epidermis layer; cells are replaced after 14-28 days so any change to
the basal layer can be rapidly noticed at the stratum corneum 105,106.
The dermis is the middle layer of the skin, and the main focus of the skin
samples taken for this thesis. This is comprised of three major cell types, adipocytes,
macrophages and collagen-producing fibroblasts

107,108.

The extracellular matrix of

the dermis is dominated by collagen, although elastin, glycosaminoglycans,
proteoglycans and glycoproteins make up the non-collagenous material present
75,109.

The dermis is itself split into two main layers. The upper layer is the papillary

dermis, where loosely arranged collagen fibres and loose connective tissues are
found

32.

Dermal papillae, small extensions of the dermis into the epidermis,

responsible for fingerprints, also originate here 110. The much larger lower layer is the
reticular dermis, containing dense irregular connective tissue and densely packed
collagen

32.

The alignment of the collagen changes throughout the body, with

Langer’s lines, shows the direction of tension in the particular area

111.

Hair follicles,

sebaceous glands and vasculature are also present 102.
The hypodermis is the lowest layer of the skin

112.

This is the subcutaneous

region, predominantly made of lipid lobules and some loose connective tissue with
collagen similar to the epidermis

113.

Adipose cells are found in the highest

concentration here, and the largest blood vessels and nerves of the skin are
connected in this layer, to serve the rest of the skin

102.

The primary immune and
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glandular responses of skin are focused on the hypodermis

114,115.

While it plays an

essential role in the coordination and nourishment of the other two skin layers, the
high percentage of subcutaneous fat makes the analysis of the other components in
this region difficult 116,117.

Figure 1-4 Schematic representation of the skin layers. From

118
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Figure 1-5 Histology of the major skin layers. The stratum corneum is labelled with an
asterisk, with layers of stratum corneum seen peeling off the surface

1.2.1.2 Diseases Linked to Collagen
The role of vitamin C/ascorbic acid as a cofactor in intracellular hydroxylation
has already been discussed 31,32. A deficiency in water-soluble ascorbic acid is most
commonly associated with the disease scurvy, although the role of the vitamin in the
immune system, wound repair and as an antioxidant is well established

119–121.

As

there is limited ascorbic acid available to act as a cofactor, patients initially present
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with fatigue, weakness, and impaired wound healing

119.

While often thought of as a

historical disease, it is becoming more common in the developed world due to
inadequate nutritional intake 122.
Diabetes has been previously discussed as leading to a change in collagen
behaviour due to the relatively rapid formation of AGEs 55,123. However, senescence
itself plays a role in the changing properties of collagen 124,125. Changes to the water
retention of the stratum corneum, transepidermal water loss, skin pH and sebum
content are all known to be caused due to the ageing of the skin, which can influence
the behaviour of the skin at the nanoscale 59,126. However, this ageing process is not
solely due to chronological senesce, as premature ageing of the skin can occur. Most
often this is to ultraviolet radiation from excess sun exposure, with malignancy a more
severe threat 114,124,127.
More rarely, Alport and Goodpasture syndromes are described in terms of their
effects on the secondary and tertiary structure of collagen

49.

Other diseases, such

as rheumatoid arthritis, systemic lupus and Menkes’ disease can interfere with
collagen at any stage of its synthesis, although most diseases impacts procollagen
before

secretion

into

the

extracellular

space,

and

before

fibrillogenesis

begins11,128,129.
1.2.2 Osteogenesis Imperfecta (OI)

While many collagen diseases often associated with the skin, there are other
collagen disorders where the skin is not the focus of the main symptoms.
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Referred to as ‘brittle bone disease’, osteogenesis imperfecta (OI) is another
heterogeneous collagen disorder, linked to a genetic defect in type I collagen

130,131.

The main symptoms are bone fragility and low bone mass. Some skin hyperelasticity
and joint hypermobility are recorded, but blue coloured sclerae, potential dental
abnormalities and congenital hearing loss can help to distinguish it from the much
greater elasticity experienced in EDS

132.

Eleven different variations of OI are

recognised, with some giving a mild phenotype (type I) others a degenerative
phenotype (III, IX, XI) and others still being severe (VII, VIII) or lethal (II, VII) 131,133.
The variation in phenotypes is predominantly linked to defects in COL1A1 and
COL1A2

1,134.

Again, however, mutations in genes related to the activity of lysyl

oxidase in some types implicate pathological post-translational modification crosslinking as a cause

134–136.

The diagnosis of OI is primarily differential, based on the

signs and symptoms previously stated. Current indications suggest that upwards of
90% of type I collagen defects can be tested with genetic testing, but several types
of OI are not linked to COL1A1/2 mutations 131. The presence of blue sclerae is often
a significant sign of OI and is a recommended investigation for all paediatric patients
presenting with suspicious fractures. Other objective diagnostic tools are dual-energy
x-ray absorptiometry and computed tomography to indicate widespread changes to
bone density and activity 99,137.
OI was initially associated with abnormalities in the structure and synthesis of
type I collagen. As most of the models of type I collagen formation have been made
in fibroblasts, it should be noted that collagen synthesis in bone takes place in
osteoblasts, which are suggested to have a different post-translational modification
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pathway than fibroblasts 138. The importance of glycine in fibrillogenesis has already
been discussed; glycine in every third position on an alpha polypeptide chain allows
for tight winding of the fibril 48,139. The most common COL1A1 and COL1A2 mutations
alter the ratio and position of the glycine residue. The severity of OI that occurs is
dependent on which alpha chain is affected, the location of the amino acid
substitution, and the amino acid substitution that occurs

140.

Often the mutations are

not homogenous, and a mixture of typical and atypical collagen will be produced if
the mutation is not lethal. Other mutations of the genes include a premature stop
codon or non-sense mediated mRNA error

141.

This generally does not allow for

abnormal collagen to be formed, and would not prevent the formation of healthy
collagen, but it is heavily reduced from the expected amounts

142.

When abnormal

collagen is released, however, it is noted to be significantly weaker than normal
collagen. This change in structural support of the collagen is indicated as a factor in
the repeated bone fractures experienced by OI patients

140,143.

1.2.3 Dentinogenesis Imperfecta (DI)

Dentinogenesis Imperfecta (DI) is related to OI, in that they are both collagen
diseases that affect mineralised tissues. There are three types of DI. DI type I is comorbid with OI (sometimes referred to as OIDI) and arises from the same mutations
in COL1A1 and COL1A2

13,144.

The clinical presentation of OIDI is also varied,

affecting approximately 50% of children with OI Types I, II and IV

145.

The two other

types are DI type II (not associated with OI) and DI type III (rare and also not
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associated with OI, and found in certain ethnic groups) are caused by mutations in
the dentine sialophosphoprotein (DSPP) gene 146,147.
Whereas OI affects bone, all types of DI affect dentine in the teeth. Dentine is
the mineralised matrix situated within the core of the tooth. Dentinal tubules run
throughout the thickness of the dentine and contain the cytoplasmic extensions of
odontoblasts, responsible for formation and maintenance of the dentine 147–149.
Although dentine is broadly similar to bone, both its creation and overall architecture
present some key differences when compared to bone matrix

150.

Dentine is a

calcified tissue formed through dentinogenesis, which results in the conversion of unmineralised pre-dentine into mineralised dentine

151.

At the end of dentinogenesis,

20% of the mass is fibrillar collagen. Similar to the bone, collagen fibres form a
consistent distribution of interrupted striations and thinner fibrils, thus building an
overall collagen network 92.
While the effect of OI on bones has been well reported and studied, there is a
lack of reported outcomes for OIDI in teeth. These teeth present an increased
susceptibility to wear and fracture similar to the bones found in OI

152.

The primary

dentition usually is more severely affected than the permanent teeth 14. The enamel
layer is regular, but spontaneous enamel chipping results in dentinal wear; which can
be accompanied by periapical pathology in the more severe forms of OIDI. The failure
rate of fillings has also been observed to be higher in patients with OIDI, yet the cause
is not known. There is an apparent loss of mechanical strength in this collagen which
affects the dentine and the teeth; however, this has yet to be fully quantified

14.
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1.2.4 Ehlers-Danlos Syndrome (EDS)

Ehlers-Danlos Syndrome (EDS) is a collection of heterogeneous, rare
connective tissue characterised by abnormal skin elasticity and abnormal joint
mobility and forms a part of a class of diseases known as hypermobility disorders 100.
The exact number of patients with a hypermobility disorder is hard to ascertain due
to the complex and varied nature of symptoms, but estimates have ranged from 2%
of the population to 0.2%, without apparent distinction of race or gender

100,153,154.

Most patients can be diagnosed in the clinic, with EDS described as being a
“diagnosis of exclusion;” where possible complex cases can be sent for genetic or,
rarely electron microscopy analysis (Figure 1-6) 155–158. Recent attempts to reclassify
the disease led to the suggestion that EDS should be renamed “the Ehlers-Danlos
Syndromes” as the variability between the EDS types makes diagnosis and treatment
complicated and balancing acts. Some of the rarest types of EDS have very few
reported patients, sometimes a rare as symptoms being identified in a single family
or individual 159–163.
Clinically, patients with classic or hypermobility EDS may start to manifest
symptoms between 4-6 years of age

158,164.

Often, these are ease of bruising, skin

hyperextensibility, joint hypermobility, atrophic scarring and a generalised fragility of
connective tissues

165,166.

As with most collagen-based disorders, it is the

dermatological symptoms that are likely to be detected early. After further
investigation, the presence of calcified spheroids and piezogenic papules may be
recognised on the limbs and especially at the base of the foot 167. On taking a history
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recurrent joint dislocations and slow healing from scrapes to the knees and arms are
frequently reported for various types of EDS. Symptoms of classic EDS but with the
addition of tooth loss and periodontal weakness may suggest periodontal EDS 168,169.
A family history of unexpected heart attacks and sudden deaths are often indicators
of the life-threating type, vascular EDS 165,166,170.
Testing for the vascular type usually is also confirmed through genetic tests,
mostly from an abundance of caution

170.

There is an advantage in that mutations in

intron 14 of COL3A1 has been linked solely to vascular EDS, whilst experimental
diagnostic techniques such as siRNA analysis have been seen to discriminate
between normal COL3A1 and mutated COL3A 38,171,172.

Figure 1-6 TEM of collagen showing ‘cauliflower’ or ‘galaxy’ structures in classic EDS 173

The most well-reported mutations in collagen for EDS are in the genes COL3
and COL5

156,171.

Other mutations causing the misplacement of a stop codon in

COL5A1 is thought to be at least partially responsible for COL5A1-linked mutations
in type I, III, and V collagen156. Experimental techniques such as the addition of
siRNA in vascular EDS patients can show the reversion of the mutation;
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conformational changes in collagen which resulted in the collagen appearing to take
on a typical structure as if it were coded for by a correct version COL3A1

171,172.

However, it is not always possible to obtain a diagnosis through genetic or clinical
testing. Hypermobility EDS (type III) has no identified collagen mutation, with the
characteristic symptoms of hypermobility and classic EDS often masked

164,174,175.

Further speculation suggests that the deletion or skipping of exons in COL5A1, is a
leading cause of EDS, as glycine is not as prevalent in the collagen 164.
Very little work has been performed in terms of cellular mutations and
mechanics, but fibroblasts have shown a reduced mRNA level of proα1(V) relative to
the mRNA level for proα2(V) in coding for collagen V 156. Lysyl oxidase PLOD1/LH1,
essential in the post-translational modification of collagen, is mutated in some
patients with kyphoscoliotic EDS 176,177. There are also mutations which are linked to
a tenascin-X on V1195M which can be found in EDS patients (tenascin-X linked EDS
was not recognised in the Villefranche nosology), but minimal observed changes in
the mechanical and thermochemical properties suggest that this is not a cause of
hypermobility EDS

3,159.

Recent reclassifications have sought to include tenascin

linked conditions as a subcategory of EDS 163.
1.2.5 Scleroderma (SSc)

Scleroderma, or systemic sclerosis (SSc), is a multi-systemic collagen disorder
of indeterminate aetiology

178,179.

It can be characterised primarily by the severe

fibrosis of skin and viscera, but widespread vasculopathy and a spectrum of other
features can arise

179.

SSc can cause significant physical impairments, which are
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often reported as reducing the patients’ quality of life 110,180. SSc occurs globally, with
females significantly more frequently diagnosed than males but without a racial bias
181.

The precise cause of scleroderma remains unknown, although the most

significant predictive factor remains the identification of an SSc diagnosed relative,
suggesting a hereditary factor 182,183. No conclusive genetic or biomarkers have been
identified for the diagnosis of SSc 184. There are two broad types of SSc, denoted as
limited and diffuse cutaneous SSc

185–187.

Limited cutaneous SSc primarily causes

vasculopathy with slow fibrosis whereas diffuse cutaneous SSc is dominated by the
rapid fibrosis of skin and organs 188. Diffuse cutaneous SSc is often identified earlier
than limited cutaneous SSc in clinic 188.
The diagnosis of the disease is performed through clinical investigation via a
differential diagnosis approach. Histological biopsies of the skin can prove useful in
later-stage SSc, though after the disease has progressed a visual assessment in the
clinic is often sufficient and avoids aggravating any skin lesions110,189. Biopsies of
other commonly affected areas such as the liver, lungs or kidney can be taken to gain
a complete diagnosis of the subtype, and have some usefulness in the prognosis of
the disease

190–192.

There is a well-recognised need for earlier, faster and more

diagnosis of SSc, as a late stage diagnosis severely limits treatment options 180,183,193.
Some methods have been tried to detect the early onset or spread of SSc. One such
approach has been the use of optical coherence tomography (OCT). This has been
used to limited effect in monitoring the blood flow in the fingers and the nail bed 191,194.
These studies did not appear to distinguish between the subtypes of SSc
investigated; it is reasonable to assume however that by looking for vascular changes
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that their focus was on limited cutaneous SSc. Irrespective of the investigations,
however, current OCT research is as yet unable to distinguish between the density
of healthy skin, keloid scar formation and an SSc lesion, limiting its use 110.
SSc is often refered to as being a skin disorder, however it affects colalgen
throughout the body, and the affects of this should not be overlooked

182,189,193.

SSc

is believed to be associated with an excess of collagen cross-linking from lysyl
oxidase and other enzymes noted as possible causes 195. It is important to note that
other diseases in this thesis are congenital collagen disorders, while SSc is a
developed and progressive condition with an average onset in middle age without
any suggestive history previous to onset

101,188,189.

As has been observed in other

crosslinking studies, excessive crosslinking within SSc lesions would likely confer
both structural and mechanical abnormalities to collagen fibrils

196–198.

However, to

date, outside of the published work in this thesis, there has been no research effort
to investigate the biophysical properties of collagen in SSc patients. The limited
amount of research that has been performed on laboratory cell models is decades
old without further developments 199.
Despite recent advances in disease management, 55% of patients are reported
as dying within ten years of diagnosis

189,200.

As a consequence of its relative rarity

and the absence of sensitive biomarkers, SSc may go undetected for several years
after clinical onset, and thus opportunities to modify disease progress are lost.
Improvements to clinical care and condition management have increased patient life
expectancy. The rapid emergence of SSc combined with difficulties in early diagnosis
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are considered as the likely reasons for the high mortality rate associated with this
condition 193.
1.2.6 ARC Syndrome

ARC syndrome is a sporadic and fatal paediatric disease, primarily causing
hepatic cholestasis

201.

The principal symptoms are arthrogryposis, renal tubular

dysfunction and cholestasis with a low blood γ-glutamyl transpeptidase activity, with
the additional inability of the patients to thrive and develop normally in all aspects
8,202.

It is often, but not exclusively, found in patients with consanguineous parents of

Arab or South Asian origin

203.

There is no known cure, with life expectancy ranging

from several weeks to 6 months with rarer cases approaching one year with the
syndrome. The inability of the renal tubules to filter urine results in an unstable
alteration to the blood chemistry. This then affects the rest of the organs, resulting in
multi-system failure. Mutations in the gene Vacuolar Protein Sorting 33B (VPS33B)
and related families have been mapped as the cause of the ARC syndrome

98.

Human VPS33B protein has not been sufficiently studied, although a bacterial
homologue, VPS33P, has been shown to be instrumental in the formation of transport
and secretory vesicles in yeast, and there are other analogues throughout nature

98.

However, mutations in these analogues in non-mammalian species produce different
phenotypic variations than those seen in humans

201,202.

VPS33B has also been

shown to interact with VPS33B-Interacting Protein Apical-basolateral polarity
Regular (VIPAR), allowing for the formation of junctions crucial to secretory vesicles
8.

In vitro mutations in VIPAR have been seen to produce a phenotype with ARC
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syndrome-like symptoms, even when VPS33B mutations were not present. VIPAR
forms a functional complex with VPS33B in allowing cell transport of several proteins,
essential for the formation of lysyl oxidase-mediated cross-links in collagen. The
importance of these crosslinks has already been discussed at length in this thesis 57.
Further markers of the disease are alterations to the platelet alpha granule
proteins in the fibroblasts. This inhibits the ability of fibroblasts and platelets to
respond to injury and damage within the body 204,205. However despite several crucial
developments, there is a need for further research into the genotype and phenotype
of ARC syndrome, as there is little available knowledge on the disease 206.
1.2.7 Collagen Disease Summary

Disease
EDS

Origin
Genetic

SSc

Acquired

OI

Genetic

DI

Genetic

ARC Syndrome

Genetic

Primary Genes
COL1A1
Unknown
None
COL1A1
COL1A2
COL1A1
VPS33B
VIPAR

Collagen Effect
1-5% fibrils
weakened
Fibrotic, increase
stiffness
Weakened,
brittle
Weakened,
brittle
Poor cross-linking

Main Treatment
Physiotherapy,
surgery
Immune
suppressants
Bisphosphonates
Conservative
dentistry
None

Figure 1-7 Summary of the origin and effects of collagen diseases

1.2.8 Collagen as a Biomaterial

Collagen also has a therapeutic use, in a broad range of biomaterials for
surgical and therapeutic purposes which is an increasing trend in both medicine and
dentistry worldwide

207,208.

The three main conditions for most implantable
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biomaterials are that they are biocompatible, biodegradable and biomimetic, the ‘3Bs’
209.

Biocompatible means that the body should not reject the implanted membrane.

If an immune response is provoked, this must be of a limited duration wherever
possible. Fibrous encapsulation of long-term implanted devices is a common and
low-level patient response, usually without impacting its function. Biodegradable is a
subjective description. Metal-based devices, such a hip replacement or dental wire,
should not be expected to degrade over time. Depending on their function, dental
wires can last for the patient’s life, while hip replacements can wear out within 15-20
years. An implanted pacemaker may need its settings altered over time or require a
change of battery. Both of these changes should be minimally invasive wherever
possible. Biomimetic means that the device should seek to replace or enhance a
function. Replacement mitral and atrial valves, for example, prevent blood back-flow
in the heart, and collagen membranes in surgery allow for cell recovery and wound
healing.
More specifically, biomaterial-based membranes are being used for procedures
involving techniques such as guided bone regeneration (GBR) and guided tissue
regeneration (GTR) 210. In the case of GBR, these membranes prevent the invasion
of soft tissue cells into bone defects, allowing osteoblast migration into the
compromised area to promote optimal osseous tissue formation

211,212.

Therefore,

biomaterials to be used as barrier membranes must fulfil specific favourable
biological and mechanical parameters; and ideally have the ability to reabsorb and
thus avoid the need of a subsequent removal surgery, which increases the risk of
complications and infection

213–215.

In recent years several natural polymers such as
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chitosan, alginate and collagen have been studied as potential barrier membrane
materials, due to their high biocompatibility and mechanical stability after implantation
216–218.

Within this context, the use of collagen as a biomaterial barrier in wound healing
is becoming increasingly common, notably in oral surgery and dermatology

219–221.

Collagen membranes are usually derived from porcine, bovine, or de-cellularised
human tissues, and are recognised as promoting a higher level of wound-free and
scar-free healing

220,221.

As discussed previously, collagen type I has a significant

structural and stabilising role in soft and mineralised tissues

222.

Collagen is also a

key component of cell-matrix communication and has been shown to promote the
attachment and proliferation of human osteoblasts and periodontal ligament
fibroblasts

223,224.

Furthermore, collagen can be degraded due to the activity of

enzymes such as metalloproteinases (MMPs)

225,

and therefore can be remodelled

and resorbed by the body, preventing the need for a second surgical procedure for
removal 216,226.
While well-regulated and safe, little information is available regarding the
behaviour and mechanics of collagen membranes during implantation and wound
recovery

221.

Additionally, the adhesive interaction between cells and collagen

membranes at the nanoscale is not fully understood; only that materials are generally
biocompatible 27,227.
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1.3 Medicine at the Nanoscale

The use of medicine at the nanoscale seeks to combine two large crossdisciplinary fields; uniting physicists and physicians in an attempt to harness recent
developments in science and translate these to clinical practice as safely and
efficiently as possible. This section of the introduction will focus on the use of
nanotechnology in diagnostic medicine, and an overview of the use of nanomedicine
as clinical treatments.
1.3.1 Nanotechnology in Diagnostics

Irrespective of their type, physiological diseases always have one or more
bases in the nanoscale

228.

If these bases can be identified, then the behaviour and

progression of a disease might, too, be identified

229,230.

The use of blood tests in

diagnosis is an excellent example of this; changes in hormone levels in routine tests
can give an early sign of sex hormone-dependent cancers

231.

However,

understanding the underlying mechanisms of pathophysiology was initially limited
without effective instrumentation.
The importance of diagnosis on in vitro (or ex vivo) samples has been well
established. While blood tests are on one end of this spectrum, the other end seeks
to diagnose diseases through cell cultures and biopsies 232,233.
Single cells are a prime target for in vitro diagnosis

234.

Large numbers of

primary cells can be taken from diseased tissue without the risk of donor site
morbidity, due to the density of cells present 235. Another benefit to single cell analysis
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is that it limits any dilution of effects that could be lost in a tissue 236,237. Biochemical
identification methods often require large amounts of tissues, which act in a system.
It can be difficult or impossible to separate each effect for identification

237.

In two

examples, nanoparticle labelling techniques have been used to identify the
endocytosis of a range of cancer cells, or the intercellular activity of prostate cancer
cells 235,238.
Biochips and microarrays have also been successfully used. Through the use
of miniaturisation of test sites, the rapid identification of pathological features can be
achieved 239–241. Due to ease of access, this has seen particular success in dentistry
with the analysis of saliva. Over 700 specific species of bacteria that cause oral
infections can be identified within seconds using mRNA analysis

240,242,243.

Similar

systems are also used to test the resistance of bacteria to specific antibiotics,
decreasing treatment time and helping to prevent further antibiotic resistance 244–246.
Cancer detection, early signs of periodontitis and the progress of cardiovascular
disease can also be obtained through the use of biochips with saliva samples 247–250.
1.3.2 AFM as an Experimental Tool

In the results sections of this thesis, AFM will be explored as a diagnostic
technique. Its current use in medical diagnosis is limited although it is widely used as
a laboratory tool.
The first use of nanoscale imaging was established in 1982, through the use of
scanning tunnelling microscopy, and later AFM 251. Since then, developments in TEM
and SEM have allowed for a variety of methods to image nanoscale features
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alongside the co-localisation of other techniques such as light microscopy

143,252–254.

Though it remains a frequently used tool in materials science, manufacturing and
physics, AFM has proven its use in analysing samples in diverse environments that
would be applicable in diagnostic medicine.
The structure of DNA can be resolved in a liquid environment using AFM 255,256.
Studies have already shown the potential benefits of imaging and sizing DNA
molecules using established techniques

257.

Protein folding and unfolding events

have been observed using AFM, and monitoring of the behaviour of amyloids and
atherosclerotic plaques indicate possible future clinical uses

251,258–263.

Individual

cells have also been probed. Ranges of mechanical measurements on living cervical,
breast and bladder cells, for example, have been published

95,264–266.

Similar studies

have also been performed on bacteria and fungi 267,268. Interactions between various
cells and surfaces, as well as each other, have been reported

95,269–271.

When used on soft structural materials like collagen, fibronectin or keratin
structures, AFM has been used in liquid and dry conditions

269,272–276.

When looking

at mechanical or other quantitative data, this could make inter-comparisons difficult,
as differences between experimental setups and models give drastically varied
results

264,277,278.

For example, the Young’s modulus of collagen has been reported

between 1-5 GPa using AFM in dry conditions, but this decreases to 1-5 MPa when
measured in liquid

93,279,280.

D-banding, a crucial physical identifier of collagen, is

often not seen in liquid environments, as the uptake of interstitial water causes fibril
swelling which hides the banding 65,70,279. Keratin and models of fibronectin have also
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been shown to exhibit mechanical and topographical differences in a range of
physiological and non-physiological conditions 5,281–283.
1.3.3 AFM Uses in Medicine

AFM can also be used on models and complex ex-vivo samples. Data on the
topography, stiffness, adhesion and surface energy are often reported. A selection
of recent applications of AFM across several medical specialities are presented here.
1.3.3.1 Neurology
There was limited information about the morphology of peripheral nerves in a
liquid environment before imaging with AFM was performed

284.

Similarly, AFM has

been used in comparisons between myelinated and demyelinated fibres. A loss of
myelin protection around nerves is a symptom of multiple sclerosis

285.

AFM was

shown to be crucial in the comparative mapping of the elastic modulus between
myelinated and non-myelinated fibres, as well as producing morphological and
topographical images 286.
AFM has also been used in conjunction with fluorescent imaging to observe the
changes of primary cell lines in complex 3D culture, mimics progression of the
disease while also acting as an interrogative model for nerve repair

287.

Another

model sought to use electrospun silk nanofibers doped with melanin to serve as a
conduit for guided central nervous system repair. Here, AFM was used to confirm the
doping and attachment of the cells 288.

46

1.3.3.2 Ophthalmology
Type VIII collagen is essential in the basement membrane of the cornea, known
as Descemet’s membrane

7,289.

Being thin, lacking in rigidity, and difficult to remove

from the surrounding cell layers, the mechanics of Descemet’s membrane was poorly
understood as it was likely overestimated by the use of tensile stretching

290.

AFM

was used to image the surface of the membrane in liquid; the presented image was
poor in quality compared to other tissues, but the features were identifiable 291. More
successfully, adhesion measurements showed a previously unreported surface
heterogeneity and minimal adhesion. The Young’s modulus of the type VIII collagen
in ‘semi-dry’ conditions was reported in the region of 0.23 to 2.6 kPa

291.

Taking a

different approach, another collagenous ocular membrane, the Bowman’s membrane
of the anterior corneal surface was imaged using AFM. It was previously established
that changes to the surface of Bowman’s membrane were linked to rapid and
irreversible sight loss, but the diagnosis was slow and imprecise

292.

Fractal image

analysis of AFM images taken from post-mortem corneas confirmed the average
roughness of the membrane, which was linked to case histories helping to
understand the development of the condition 293.
1.3.3.3 Cardiology and Haematology
Erythrocytes (red blood cells) are essential in the transport of oxygen
throughout the body. Erythrocytes are abnormal in that they do not have a cell
nucleus or other organelles to maximise space for haemoglobin

294.

In order to

transport oxygen more effectively, erythrocytes must be able to pass through narrow
vessels which are less than half of their size, making deformation of erythrocytes a
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key characteristic
erythrocyte

294.

295.

This deformation is dependent on the cell membrane of

In one study AFM was used to indent across the surface of

erythrocytes, to determine local changes in stiffness, along with any hydrationdependent effects. Consideration was given to AFM probe geometry, any conditions
such as smoking which the donor may have had, and the use of glutaraldehyde as a
fixative in the experimental setup

296.

The Hertzian model was also used, and it was

recognised that the data presented would only have been relevant to this setup.
However, a value of Young’s modulus of 7.57 kPa was recorded, with local
deformations up to 200 nm, despite the use of fixative 296.
In another study, flow in blood vessels was modelled using AFM in an unusual
experimental setup. The loose connective tissue of blood vessels, the adventitia, is
similar to the loose connective tissue found in the papillary dermis 32,297. It is a tissue
layer rich in collagen and elastin

32,297.

A key difference, however, is in the fluid

transport throughout the layered porous tissue 298. The flow behaviour of these fluids
is often non-Newtonian, and difficult to model effectively in vivo 299. Having modelled
the flow behaviour of fluid throughout the adventitia of a vena cava, one study used
an AFM in intermittent contact mode as a replacement for cardiac rhythm in a flow
chamber model, as well as colocation with TEM to confirm the fluid flow rate and
channel pore size 298.
Other uses, such as molecular recognition on binding sites, the behaviour of
vascular endothelial cells and cardiomyocytes as models for hypertrophy have all
been investigated 300–303.
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1.3.3.4 Dentistry
The use of AFM in dentistry is limited, and often appears incidental to the
subject of analysis without much-dedicated research 241.
The adhesion of bacteria to implant surfaces is a prominent feature of crossdisciplinary research, with a particular interest in the behaviour of implants in dentistry
and orthopaedics

209,304.

Titanium is often used in dental implants and remains safe

and effective, yet susceptible to bacterial infection

304.

In one article, measurements

on the maximum adhesion and bond length were recorded using AFM. This approach
used an AFM probe with a spherical bead to attach to the individual bacterium and
probe surfaces, similar to previously published research as an accepted but specific
and specialised application 305,306. This approach allows the bacterium to function as
the probe, allowing for effective interrogation of the surface-bacterium interactions
307.

An increase in adhesion of the bacteria to the surface as a function of time was

predicted and found 305. Counterintuitively, an increase in the adhesion of the bacteria
was also observed with the use of an antimicrobial agent; this killed the infection but
increased the risk of secondary colonisation without further effective care

305.

Another adhesion study used AFM to monitor the colonisation of bacteria onto
an enamel surface. Highly mineralised, enamel is susceptible to acidic secretions
from oral bacteria that can lead to dental caries 308–310. However, this surface is often
etched through the presence of dietary acids as well as bacteria, and it has been well
established that a rough surface can increase bacterial attachment 311–313. The study
found significant differences between the adhesion forces of different bacteria onto
enamel; also it confirmed a time-dependent variable as bacterial would be more
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strong adhered onto the surface with increasing time

314.

Following that, a different

study trailed the use of a self-assembled protective protein to prevent dental erosion.
AFM images of the enamel were taken, and the mean roughness analysed to suggest
a moderate protective effect 315.
1.3.3.5 Summary
It is clear that AFM has been successfully translated from a materials science
and physics technique into the biomedical field. Most of the applications of AFM are
currently focused on in vitro models of tissue behaviour, with primary cells appearing
to be the most generally used human samples 316. There is an apparent disinclination
to use human tissue as animal substitutes are often presented. This could be
because of a lack of collaborations between scientists and clinicians, and the
complexity of ethical approval required by countries and journals for publication could
cause reluctance

317–319.

The use of human cell lines is still commonly accepted,

although there is established recognition of the advantages of primary cells wherever
possible.
There is however a need to establish consistent protocols when using AFM.
Disparate results in similar tissues are the inevitable result of using different
experimental procedures, and these differences in setups can make comparisons
between published data meaningless. The use of glutaraldehyde as mentioned in
one paper in section 1.3.3.3, for example, means that trying to use their data to
compare the stiffnesses of erythrocytes to another publication is impossible 296.
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Other considerations include the lack of harmonisation of the modelling of AFM
force data. This will be discussed in more detail in Section 1.4.5, but there are notable
differences between the Hertzian and DMT models, and appropriate reasons to use
each, yet papers claim that each is the correct one to analyse the same sample 264,322.
Fortunately, new methods of standardisation have been proposed and accepted by
some groups of researchers, but these have also struggled to gain rapid and
widespread acceptance 323.
AFM is a powerful technique in analysing samples around the nanoscale;
however, it has been shown that it cannot work in isolation. Through a combination
of complementary methods, AFM could be used more effectively. AFM paired with
SEM, TEM, light, confocal and fluorescent microscopy are all commonly used
27,268,272,324,325.

There are also widespread applications of the AFM as reported in this

introduction. These range from the conventional (imaging and force-displacement),
some more advanced operating methods (simultaneous force and imaging per pixel),
innovative alterations of the AFM setup (bacterial adhesion) to the bizarre
(intermittent contact as a replacement for the cardiac rhythm)

268,298,326,327.

1.3.4 AFM-Based Developments on Collagen

The core aims and objectives of this thesis centre around the use of AFM on
mammalian, and eventually human, collagen. An overview of the use of AFM on
human collagen is presented here, as are some recent publications on the broader
topic collagen focusing on novel developments. Currently, publications focusing on
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collagen come from a variety of medical fields, but predominantly within the fields of
rheumatology and dermatology.
1.3.4.1 Skin
In dermatology, ethnicities are often presented as split into broad Fitzpatrick
types, with type I the lightest (very pale, always burns, never tans) to type VI the
darkest (highly pigmented, never burns)

328.

This system is used to determine the

exact treatment needed, as variations between races are often reported

329,330.

One

study investigated the importance of the stratum corneum in dermatitis, with a
particular focus on comparisons between Fitzpatrick types II and VI. The change in
natural moisturising factor between type II and type VI dermatitis was compared
against matched controls. In all cases, dermatitis patients had a lower natural
moisturising factor, with type VI having a higher moisturising factor than type II in all
cases 331. AFM was used to compare surface roughness and detect the presence of
nanoparticles, indicative of the natural moisturising factor 331,332.
One study looked at the effects of tattooing on the skin, in particular, the buildup of nanoparticles. In this study, sections of skin were taken from a single donor and
examined using AFM imaging. The nanoparticles were readily visible within the fibril
structure and appeared to cause a localised loss of fibril alignment 333. In areas of the
dermis where the nanoparticles were highly agglomerated, the collagen fibril
structure could not be fully identified. The work also confirmed the cytotoxicity of the
nanoparticles, which are also known to be carcinogenic

333,334.

An extension of that

investigation highlighted that the nanoparticles could become embedded into the fibril
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structure, in comparison to mineralised collagen where the particles remain on the
surface 137,335,336
1.3.4.2 Ageing
The effects of ageing of the skin are well-reported, but there has been a recent
focus on these effects at the nanoscale using AFM. One study looked at the impact
of diabetic crosslinking of skin and the links to the appearance of early ageing. The
Young’s modulus of the skin was increased in diabetes, as was the disorder observed
in the collagen fibrils. These fibrils were described as appearing to be fragmented
and disorganised and linked to an increase in matrix metalloproteinase activity in the
dermis, and lysyl oxidase crosslinking

337.

Members of the same group excised skin

from the buttocks of donors, treating it with retinol for one week. The use of this
vitamin was reported to have anti-ageing effects by stimulating dermal fibroblasts into
increasing ECM deposition. After AFM measurements were taken, the average
surface roughness was found to decrease in the treated samples, with an increase
in directional orientation being observed

338.

However, mechanical measurements

were not taken, possibly because one week is insufficient to observe a turnover in
collagen, and an impact in crosslinking to be detected.
The effect of photoaging on skin has also been investigated using different
techniques. One approach repeated the previous studies by looking at changes to
fibril order and Young’s modulus 339. Another study looked to examine the efficacy of
sunscreens using AFM to determine average D-band length, extracting quantitative
data from images

340,341.

Models of photoaging generated by the use of

polychromatic light have also been presented. In these studies, the effects of low53

level red lasers on the ECM were studied. Collagen gels were made, and irradiated
using the laser before being imaged using AFM. In gels where fibrils were found not
to have repeatable D-banding, repeated short irradiations led to an increase in the
percentage of D-banding present but a decrease in fibril width

342.

In gels where the

fibril structure appeared to be regular, irradiation led to a moderate reduction in fibril
width and a small increase in fibril height, altering the aspect ratio

342.

This also led

to an increase in Young’s modulus by almost 25% after repeated irradiations

342,343.

While taking different approaches, the studies in these sections all report similar
results; when crosslinking is increased, a significant increase in Young’s modulus
and a decrease in fibril orientation is seen.
1.3.4.3 Tendons
Tendons are highly aligned tissues and comprised predominantly of collagen
types I and III

79,344,345.

When damaged, they have poor regenerative abilities, and

surgical outcomes can be low 346,347. In one model, an increase in exercise was seen
to lead to an increase in fibril diameter of the tendons, as well as an increase in
Young’s modulus but still within healthy ranges

348.

These two changes have been

suggested as markers of tendon health and were believed to have a shielding effect
from future tendon ruptures

123,349,350.

Other studies have shown that the

physiological differences in the requirements of tendons led to different
nanostructures, detectable with AFM. Tendons have two primary functions: energy
storing and positional. The energy storing tendons act as springs, recovering stored
energy with high efficiency, while the positional tendons move limbs into repeated
patterns without positional change

92,94,351.

The energy storing tendons have been
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shown to have high strain stiffening effects while maintaining molecular and fibril
alignment, therefore increasing their energy storage efficiency

352.

Collagen fibrils

were strained until failure, using an AFM setup similar to a bowstring. Predictably,
the positional tendons failed at lower stress and strain values than the energy storing
tendons

352.

The morphological changes between the two tendon types were more

pronounced, however, with the failure of the positional tendon showing repeated
kinks in the core collagen structure

352.

These kinks in the tendons appeared similar

to collagen fibril unwinding, with the outer layers of the fibrils losing D-banding and
appearing denatured 64,352,353.
Another paper on tendon failure investigated the collagen kinking phenomenon
at a higher hierarchical level. In this case, multiphoton imaging was analysed using
Fourier transform to identify disorder in the orientation and structure of the tendon
354.

Once this was mapped, AFM mechanical mapping was used to compare the

changes in ultrastructural mechanical behaviour in the kink and non-kink regions.
Localised tissue did not show a difference in mechanical response despite
topographical changes and reported denaturation of the collagen

354.

This finding

contrasted heavily with what has been previously established in collagen degradation
behaviour with a change in mechanical properties 355,356. However, it is possible that
the collagen was not fully degraded into gelatine. Additionally, the mechanical
measurements did not appear to be linked to any imaging taken at the same scale;
force-indentation curves would have been made without locational correlation.
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1.4 Methodology – Practical Considerations in AFM Use

As well as investigating collagen, this thesis shows the development of a
protocol. From the initial concept, as will be seen in Chapter 3 to a refined
methodology in part B of Chapter 5, the use of every technique changes from chapter
to chapter. For that reason, a separate materials and methods section will not be
presented in this thesis. Instead, each iteration of the protocol will be listed in the
materials and methods section of each chapter, along with commentary throughout
the results and discussion sections.
The primary techniques that will be presented in this thesis are SEM, AFM and
light microscopy (LM). This thesis will not present novel applications of SEM or LM,
and protocols for their usage are well recognised and understood. However, the
introduction has so far highlighted a wide disparity in AFM use. Differences in setups
have been noted to change often from one experiment to another, making interexperimental comparisons difficult.
In this section, explanations and justifications for the decisions about AFM will
be presented, along with comparisons between different experiential conditions and
the uses of more advanced mechanical modes. Additionally, there will be an overview
and discussion about the use of mechanical models used in AFM research.
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1.4.1 Fundamentals of AFM
1.4.1.1 Principle Components
The AFM belongs to the family of scanning probe microscopes and allows for
the analysis and characterisation of surface properties such as topography,
mechanics, thermal response, electrical capacity, and magnetic interactions

357.

Irrespective of its designated use, all AFMs have a similar method of operation. A
cantilever has a sharp tip on its front and has a laser focused on its back. The laser
is emitted by the AFM, passes through several mirrors and lenses, bounces off the
cantilever, and is directed onto a photodiode. The cantilever is moved into proximity
to the sample, which is scanned. Broadly, there are two separate methods of
scanning; either the sample remains stationary and is scanned by a moving
cantilever, or the sample moves underneath a stationary cantilever. All the AFMs in
this thesis use the tip-scanning method. Figure 1-8 shows a highly simplified diagram
of the principal interactions of the AFM. The laser reflection from the cantilever onto
the photodiode is indicated, and the movement of the cantilever with the resultant
laser movement is easy to infer.

57

Figure 1-8 Simplified representation of an AFM

271

As the samples are scanned in a raster scan pattern, attractive and repulsive
forces, as well as physical interactions can cause a deflection of the cantilever. The
deflection of the cantilever causes a sympathetic movement in the laser, which is
then measured by a photodiode. This feedback is monitored by the AFM and is used
to induce a movement in the scanner to keep the tip in contact with the surface. The
topography or height image itself is generated by a sensor attached to the
piezoceramic, as a function of the movement of the cantilever. The contrast in the
data arises from the tip-sample separation and the material differences between both
the tip and sample. Much of the contrast is obtained from very short range Born
repulsions, occurring as a result of the overlaps of the electron orbitals between the
tip and sample.
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The movements of the AFM scanner, the cantilever and the sample are all
potentially governed by a controller. Piezoelectric ceramics are used to control the
fine movement of the AFM, which is the X Y Z movement of the cantilever as it scans
the samples. Feedback from the piezo scanner aims to maintain a constant distance
or height from the sample, preventing excessive drift.
1.4.1.2 Cantilever Properties
Regardless of the type of data collection mode used, the probe properties are
paramount to a successful experiment. Tips used in this thesis were made from
silicon or silicon nitride and were mounted on a reflective aluminium coated
cantilever. The main reported features of a cantilever are its spring constant and
resonance frequency. Both of these properties are a result of the manufacturing
materials and dimensionality of the cantilevers.
At the correct spring constant for a sample, cantilevers are stiff enough to
reliably track the surface of a sample without damaging or shredding it during a scan.
Vibrations in the environment are less easily transferred to a cantilever with a higher
resonance frequency. There are no set guidelines to pair cantilevers with samples;
the choice of spring constant and resonance frequency depends on the sample, the
scanning environment, experimental requirements, AFM type, and often user
preferences.
The geometry of the cantilever and tip should also be considered. Two common
cantilever geometries are rectangular and triangular. Predominantly in this thesis
triangular cantilevers will be used for imaging, while stiffer rectangular cantilevers will
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be used for mechanics. The principle tip properties are the angle of the tip and its
shape; these are needed for mechanics modelling.
Most cantilevers are equipped with sharp tips (effectively a small tip angle),
although the ‘sharpness’ will change with use. Cantilevers can also be functionalised
for experimental use. Gold-thiol coating is commonly used to investigate the chemical
properties of a sample. Cantilevers are sputter coated with gold before being
exposed to thiols in a solvent solution and dried. Silane coatings are also used,
depending on the functional groups required. The cantilever is made hydrophilic in
strong acids, rapidly dehydrated before being exposed to silane in organic solvents.
Both methods of coatings can be further modified with chemical groups as
appropriate

281.

Chemically mediated cantilevers are generally susceptible to

damage and must be used carefully.
Other cantilever modifications involve the attachment of colloidal probes. These
probes are often smooth spheres made of glass, silica or polystyrene with a defined
radius. A tip-less cantilever is dipped in adhesive and brought into contact with a
sphere, and the adhesive sets. This is used in Chapter 3 in this thesis. These spheres
can be further modified using the chemical processes above.
1.4.2 Contact vs Intermittent Contact Modes
The two main methods of scanning a sample are by contact mode and
intermittent contact (“tapping”) mode. Additionally, there are other modes such as
non-contact mode.
Contact mode is the most basic mode, and the tip is kept in constant contact
with the sample utilising a continuous feedback signal. Cantilevers that are chosen
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for contact mode often have low spring constants as this mode is susceptible to noise
due to a static feedback signal. Stiffer cantilevers are more prone to cause damage
to the samples in contact mode as the tip is dragged along the sample surface. Force
interactions between the sample and cantilever are strong in this mode as the
cantilever is in constant contact.
In intermittent contact mode, the interactive forces between the sample and the
cantilever are minimised. The resonance frequency of the cantilever is measured.
The drive frequency applied to the cantilever is close to the response frequency. The
cantilever is rapidly raised and lowered or vibrated in a scanning pattern across the
sample. As the tip approaches the sample surface, Van der Waals and dipole-dipole
interactions occur, altering the movement of the cantilever. The AFM controller
measures this movement. The amplitude and frequency of the driving signal are kept
constant, resulting in stable movement of the cantilever. As the tip is not in continuous
contact with the sample, lateral force interactions are mostly negated, so the sample
is not “dragged” by the cantilever. Whilst slower than contact mode, intermittent
contact mode greatly reduces the amount of sample-tip interaction that is needed.
1.4.3 Imaging
1.4.3.1 Setup
Imaging requires the least initial setup of AFM modes. In either contact or
interment contact mode, the movement of the laser on the photodiode is recorded
and interpreted as a topographic (height) image. Principle settings needed for
imaging mode are the setpoint (applied force), feedback gains, scan size and scan
rate. In imaging mode, the cantilever is often uncalibrated, so the setpoint is applied
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in terms of volts. Feedback is controlled through the integral and proportional gains,
depending on the mode. These settings work to track the movement of the cantilever
accurately, keeping it close to the sample. When optimised, they reduce the amount
of noise in the image. If the gains are too low, the AFM controller will not have time
to register the fine movement of the cantilever across the sample so only the most
significant features will be recorded. If the gains are too high, the controller will
overcompensate, and add high-frequency noise, visible in the image and on the
oscilloscope. Figure 1-9 shows the oscilloscope trace and retrace which indicate that
the gains have been well optimised.

Figure 1-9 Optimised gains for imaging from Bruker Nanoscope

Generally, the imaging is run with as little setpoint as possible (to avoid
sample damage and tip wear), with a high scan rate (to speed up the process) and
with as high gains as possible (to ensure maximum data collection with minimum
noise).
62

1.4.4 Mechanical Analysis
1.4.4.1 Calibration
The setup of an AFM differs in mechanical measurements from imaging in one
crucial strep; the requirement of cantilever calibration. In this step, the spring constant
is calculated, having only been manufactured to an approximate value. This is
required because mechanical measurements using AFM are dependent on the force
applied to the sample from the tip. As movements of the cantilever are governed by
a piezoelectric ceramic, which is liable to change over time, calibration is needed to
determine the resultant force of an applied voltage

358.

There are several approaches to cantilever calibration. The most fundamental
is to calculate the spring constant mathematically by geometry. This is extremely
difficult and unreliable due to the uncertainty in thickness and exact dimensionality of
the cantilevers and is generally reserved for theoretical discussion and modelling 359.
A challenging but more widely used approach is to bring the cantilever in contact with
a pre-calibrated reference lever. The deflection of the cantilever can be measured for
any given movement of the piezo connected to the reference cantilever

360.

This tip-

to-tip method is highly reliable but time-consuming and potentially challenging to
execute 359.
The final method is a reliable, straightforward and modern approach, and is
generally considered to be user-friendly as it is used in most built-in AFM calibration
methods 323,361. The first step is to calibrate the sensitivity of the photodiode. Initially,
a tip is used to attempt to indent a surface such as a microscope slide or sapphire
glass. These surfaces are far harder than the tip, and therefore cause the cantilever
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to deflect by a large amount, rather than the surface to be indented. The gradient of
the approach force curve is calculated, which is also known as the deflection
sensitivity (unit V/nm). Once photodiode is calibrated, the cantilever is withdrawn
from the surface. The cantilever is then thermally actuated in order for it to oscillate
at its natural resonance frequency. This method does not require the exact
dimensions and physical properties of the cantilever to be known. The
amplitude/frequency response of the cantilever is then fitted with a Lorentzian fit in
order to calculate the value of the natural resonant frequency, which is in turn used
to calculate the spring-constant of the cantilever 277,359,362. This final method of spring
constant calibration is the one that will be employed in the work of this thesis. Once
calibrated by any method, the tip and cantilever are ready for use.
1.4.4.2 Experimental Setup
Indentation is the most used mechanical technique presented in this thesis. It
is used primarily to determine the Young’s elastic modulus of a sample. The Young’s
modulus is the relationship between stress and strain in a material in the linear
elasticity regime of a uniaxial deformation. Having calibrated the cantilever
previously, and making sure that samples are always mounted on a hard substrate,
the resultant interactions of the sample can be measured.
The primary settings for experiments in indentation mode are the relative
setpoint and the cantilever movement speeds. The relative setpoint is the force
applied for indentation. This differs from the setpoint used in imaging mode, in that
here the relative setpoint uses the cantilever calibration to ensure that the force
applied remains constant. For a standard experiment, the setpoint should remain
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constant, so a constant force is applied to the sample. The cantilever movement
speeds control the speeds at which the cantilever and tip will: approach the surface,
remain on the surface, withdraw from the surface and pause before the next
measurement. For indentation in air, as the majority of the experiments in this thesis
will be, no pausing is needed either on the sample surface or between
measurements. The approach and withdraw speed should be identical and kept
constant throughout the experiments.
The cantilever goes through a set movement to generate a force curve, as
shown in Figure 1-10. A: the cantilever is ‘infinitely’ far from the surface, but is
approaching the surface. B: the tip is in contact with the sample surface. The sharp
drop in defection is the snap of the tip to the surface, the interactions of the two water
layers surrounding the tip and the sample, as well as any chemical interactions. C:
maximum force is applied at the apex of the curve. D: the tip begins to withdraw from
the surface. The gradient of this line is used to determine the Young’s modulus. E:
as the tip is about to withdraw from the surface, adhesion occurs. The adhesion can
be measured as the integration of the area under the flat baseline. F: the adhesion
has been overcome, and the cantilever is infinitely far away from the surface again.
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Figure 1-10 Movement of the cantilever during indentation

When analysing a homogenous layer such as a polymer film, indentation can
be performed with a grid system to collect measurements, without the need to identify
the surface

326,363.

However, when analysing a sample with distinct or important

surface features, imaging is required before mechanical analysis can take place. This
imaging is often carried out at a low resolution and fast line rate to get an overview
of the surface. Once this image has been obtained, either exact locations can be
selected for indentation, or a grid applied to a specific area of the image to take
measurements.
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Figure 1-11 AFM setup for indentation on JPK Nanowizard 1

Figure 1-11 shows an indentation experiment in progress, as performed in this
thesis. On the left-hand side is spectroscopy control. This indicates that the relative
setpoint, Z-piezo length and movement, as well as the cantilever movements and
delays. In the middle, the sample of collagen fibrils is coloured orange showing the
ultrascale location. Numbered yellow dots indicate the sites to be probed, and these
have been selected manually. On the right-hand side, at the top, the last force curve
taken is displayed, and at the bottom, the live light microscopy image shows the
sample area being scanned at the microscale.
Once the data has been collected, it can be batched processed and fitted
according to several models.
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1.4.5 Data Analysis & Modelling
When a sample is indented with a set loading force for a specified duration, the
surface of the sample will be deformed by a given amount. This is the fundamental
stress-strain relationship and can be used to determine the stiffness of a sample.
However, with the application of mechanical modelling, the Young’s elastic modulus
can be calculated. While the exact mathematical approaches are outside the interest
of this thesis, an overview and justification for the use of specific models are
presented.
1.4.5.1 Hertzian Model
In biological AFM use, the Hertzian model for spherical indentation has often
been applied. This model is simple and is expressed as a relationship between force
and indentation. However, this model assumes that there will not be any adhesive
interaction between the AFM probe and the surface. Additionally, it assumes that the
sample is infinitely thick and that the only indention that will occur is on the surface
sample. In biological AFM use, neither of these assumptions can be taken for granted
322.

Indeed, the opposite is often true, with the surfaces of mammalian and bacterial

cells being compliant, even in air, and this extends further to tissues and collagen
59,271,286,294.

It is safe to assume, therefore, that a degree of deformation of the surface

of any biological material could be occurring.
For a spherical probe, and assuming no adhesive interactions between the
probe and the sample, the force-indentation relationship is modelled according to
Hertz in Equation 1-1:
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1 3

𝐹𝑛 = (𝐾𝑅)2 𝛿 2
Equation 1-1 The Hertzian Model

Where: Fn the normal load, δ the indentation depth, R the radius of the indenter,
and K the normalised elastic modulus. The factor K (Equation 1-2) is itself derived
from an equation and contains the Poisson’s ratio of the material ν, and the Young’s
modulus ε:

𝐾=

4𝜖
3
(
)
1 − 𝜈2

Equation 1-2 The factor K in the Hertzian model.

While imprecise, the Poisson’s ratio is typically assumed to be 0.5 for biological
samples, making the factor K effectively equal to the Young’s modulus when two
spheres are interacting without adhesion

264,364–366.

1.4.5.2 JKR Model
Further developments to the Hertzian model seek to calculate the missing
adhesion. There have been two major approaches to this problem. The first is the
Johnson-Kendall-Roberts (JKR) model. This is used for soft materials with high
surface energy and for probes with a large contact radius. In this approach, the
adhesive interactions between the probe and sample are considered to be the
dominant reaction of the sample

267,322,364.

At contact, the probe is considered to be

deeply embedded into the highly compliant sample. The JKR model could, therefore,
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be reliably used in experiments using spherical probes and cells of similar sizes in a
liquid environment. However, it is important to note that while functionalised beads
on cantilevers tend to have a large radius relative to the size of the cell, the actual
area that is indented by the bead will be far smaller than the total radius.
The equations for the JKR model are as follows:

𝛼𝐽𝐾𝑅 2
4 𝛼𝐽𝐾𝑅 𝐹𝑎𝑑
𝛿=
− √
𝑅
3
𝑅𝐾
Equation 1-3 The JKR model

𝛼𝐽𝐾𝑅

2
𝑅
= ( ) (√𝐹𝑎𝑑 + √𝐹𝑛 + 𝐹𝑎𝑑 )3
𝐾

Equation 1-4 The factor αJKR for the JKR model

𝐹𝑎𝑑 =

3𝜋
𝛾𝑅
2

Equation 1-5 The factor F ad for the JKR model

For Equation 1-3, the same notations as given in Equation 1-1 apply, with αJKR
in Equation 1-4 the radius of the contact zone of the tip, and γ in Equation 1-5 the
adhesion energy.
1.4.5.3 DMT Model
The other main approach to adhesion is the Derjaguin-Muller-Toporov (DMT)
model. Conversely, this applies for samples with low surface energy and probes with
a relatively small radius. In this model, adhesion is factored as an elastic response
of the samples by the indentation of the probe, not the dominant factor 364.
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The equations for the DMT model are:
2
3

𝐹𝑛 + 𝐹𝑎𝑑
𝛿 = (
1 )
𝐾𝑅2

Equation 1-6 The DMT model

𝐹𝑎𝑑 = 2𝜋𝛾𝑅
Equation 1-7 The factor F ad for the DMT model

As in the JKR model, in Equation 1-7 the factor γ is the adhesion energy. The
solution to Equation 1-6 can re-enter the rearranged Hertzian model (Equation 1-1)
to calculate Young’s modulus.
1.4.5.4 Hertzian Summary

Figure 1-12 Comparison between mechanics models

367

Figure 1-12 shows the comparison between the models. As has been
discussed, the Hertzian model assumes no adhesion, while the JKR factors in a large
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amount of adhesion with rapid detaching. The DMT model can be considered an
extension of the Hertzian, by factoring in the detachment force below the baseline,
but without accounting for adhesion. Consideration must also be given between the
DMT and JKR models, with the transition point between the models being reported
as notably small, and will depend more on experimental interest whether adhesion
or indentation is given preference 368.
1.4.5.5 Sneddon Model
The Hertzian, DMT and JKR models all assume spherical probe. Most ‘sharp’
tips sold currently have a conical indenter, and that the geometry of the tip itself is
triangular or square-based pyramids

369.

This assumption is factored into another

model, the Sneddon model, which is shown in Equation 1-8 in its generic form
364.

𝐹𝑛 =

3
2𝜋

𝐾𝛿 2 tan 𝜃
Equation 1-8 The Sneddon model

Crucial to the Sneddon model is the incorporation of the tip angle θ which can
be calculated during calibration, or a default value can be used from the
manufacturers 366. The Sneddon model recognises the importance of adhesion to the
movement of the cantilever but calculates its effects proportional to the surface area
of contact. It has also been further updated to account for a moderate amount of
adhesion (such as in the DMT model) or a substantial contribution of behaviour from
adhesion (such as JKR). The model is also enhanced by assuming that the indenter
is small (such as JKR) yet still a cone or other indenter shape

369.

The tips used in
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this thesis for indentation are pyramidal, so the modified Sneddon model is found in
Equation 1-9 369:

𝐹𝑛 =

3𝐾 tan 𝜃
3
𝜋2

𝛿 2 − 𝐹𝑎𝑑

Equation 1-9 The Sneddon model for pyramidal tips

𝐹𝑎𝑑 =

32𝛾 tan 𝜃
𝛿
𝜋 3 cos 𝜃

Equation 1-10 The factor F ad from the modified Sneddon model

An assumption made in the Sneddon model is that the behaviour of the
acquired force curves is linear. This is invariably incorrect, and the Oliver-Pharr
model seeks to account for the variation in tip geometry and sample interaction in
every force curve by way of a correction factor

370,371.

This approach, however, is

laborious, and while generally recognised as providing a positive impact on the
validity of data, has yet to be widely adopted by AFM manufacturers

372,373.

The

complexity of the correction factor needed and the varied range of uses that AFM
has currently has made an automatic calculation of the model difficult. Conversely,
Bruker, the owner of the JPK and Nanoscope AFM brands, includes Hertz/DMT and
Sneddon models, with easy modification to JKR if required. Asylum Research’s
Cypher AFM uses Hertz/Sneddon, JKR and DMT model, with Oliver-Pharr advertised
as an additional model for nano-indenter devices only.
One individual model is not innately superior to another; each has its correct
application for a specific experimental setup

323,359.

In this thesis, the indentation of

collagen with sharp tips will be performed, along with some adhesion measurements
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using spheres. The indentation will take place in air, on collagen, and in standard lab
conditions. In these conditions, the indentation of collagen is expected to be around
4-8 nm deep, and some adhesion is assumed

59,93,374,375.

Furthermore, large data

sets will be collected and compared, suggesting that bulk data analysis is crucial.
Therefore, the Sneddon model will be used in this thesis, although research from the
thesis has been published using the Oliver-Pharr model. The Sneddon model has
three main advantages: it accounts for tip geometries at very small indentation
depths, allows for the Young’s modulus to be calculated from the full gradient of the
force curve, and is widely accessible and validated.

74

2 Aims and Objectives of the Thesis
2.1 Research Question

Can a novel AFM-based analysis be developed to characterise collagen in
health and disease in connective tissues?

2.2 Thesis Objectives

Each of the developments in the major results chapters helps to advance an
answer to the research question, which will be tested at the end of the thesis
1. Initially, test nanoscale and mesoscale imaging and mechanics on
commercially available collagen membranes with a multimodal approach
2. Evaluate the effect of a genetic disorder on mouse tendon hierarchy
3. Develop enhanced analysis suitable for use in characterising human
skin, combining imaging and mechanics.
4. Evaluate a streamlined analysis series on a fibrotic skin disorder, moving
towards a quantifiably descriptive approach.
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3 Multimodal Characterisation of Collagen
Scaffolds: Towards a Clinical
Application *
3.1 Introduction

The use of collagen as a clinical tool to promote wound healing is becoming
increasingly common, notably in oral surgery and dermatology

219–221,376.

Collagen

membranes have been shown to increase the recovery of tissues, and are
recognised (and marketed) as allowing for a higher level of wound-free and scar-free
healing than other, more simplified approaches 220,221. While well-regulated and safe,
little information is known about the behaviour and mechanisms of the collagen
membrane during implantation and wound recovery

221.

Additionally, the response

and behaviour of cells on membranes is not known; only that the materials are
generally biocompatible 27,227. In this part of the thesis, preliminary investigations into
the collagen membrane were performed, laying the groundwork for a more detailed
suite of tests to analyse collagen behaviour.
The work in this chapter in Part B has been published as “Degradation pattern
of a porcine collagen membrane in an in vivo model of guided bone regeneration”220.

* Membrane analysis formed part of a work in collaboration with Marco Mehr (Geistlich Pharma)
who sponsored an extended version of this chapter. Cells were grown by Nazanin Owji (UCL) In-vivo
work was performed alongside Dr Elena Calciolari (QMUL) and Prof Nikolaos Donos (QMUL).
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Additionally, a paper comprising some of the data in Part A has been prepared for
submission.

3.2 Aim
This investigation aimed to characterise commercially available collagen
surgical membranes using multimodal qualitative and quantitative approaches, and
apply that to an animal model.

3.3 Objectives
Part A
1. Characterise the morphology of the membranes with a particular focus on the
presence of porosity, collagen fibres and D-banding.
2. Evaluate the mechanical behaviour of the identified collagen fibres seen in dry
and liquid environments.
3. Quantify the fibroblast-membrane interactions to identify the immediate cell
response on implantation.
4. Measure the degradation process of the membranes in vitro when exposed to
collagenase.
Part B
5. Apply knowledge learnt in Part A to characterise the morphology of ex-vivo
membranes
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3.4 Materials and Methods
3.4.1 Materials

All samples were obtained from Geistlich Pharma, Zurich, as either a part of a
paid consultancy, or through commercial purchases. Two types of collagen
membranes were obtained. The first was Bio-Guide (BG), a porcine-derived
membrane and has been reported as the market leader in North America and Europe
for oral tissue regeneration

377.

Previous studies have identified BG as having a

bilayer structure, promoting wound healing while resorbing over time

219,378.

The

second membrane was Mucograft (MG), a porcine-derived collagen/keratin
composite membrane designed for soft tissue regeneration. Previous studies have
identified MG as reducing the number of clinical visits for the patients, as well as
reducing post-operative pain and increasing wound healing 379. Additionally, the bone
substitute Bio-Oss (BO) and collagen sponge Fibro-Gide (FG) were analysed solely
for collagen morphology using SEM. BO is a bovine-derived tissue indicated for
repairing bone loss, while FG is used as a spacing and cell recovery sponge.
Sample preparation focused on keeping the membranes intact wherever
possible and minimising the amount of preparation needed to perform the
experiments.
3.4.2 Methodology
3.4.2.1 Mesoscale Imaging
For the soft membrane materials, a square approximately 2 cm2 was cut and
prepared. Mineralised sponges were cut where possible. For granular materials,
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approximately 2g of the sample was used. All soft sheet materials were fixed for 10
minutes in 3% glutaraldehyde (Agar Scientific, Essex) in 0.1M sodium cacodylate
solution. These samples were then dehydrated using an ethanol series over 20
minutes. All samples were mounted using carbon adhesive tabs to aluminium stubs
(Agar Scientific, UK), and coated in Au/Pd. Imaging was performed using a Philips
XL30 FEG-SEM (FEI, Eindhoven), with an accelerating voltage of 5 kV. Low, medium
and high magnifications were chosen as appropriate for each sample. Images were
taken in random locations (minimum of 3 per sample) or to display notable features.
3.4.2.2 Nanoscale Imaging
All previously cut or weighed materials were mounted on to clean glass slides
using adhesive tape. For imaging, two AFMs were used depending on the
requirements of the individual sample. A Nanowizard 4 (JPK, Berlin) AFM operated
in contact mode in air was used to image most samples, equipped with MSNL
(Bruker, Santa Barbara) cantilevers with k = 0.03-0.6 N/m. Figure 3-1 A shows the
MSNL cantilevers and B the tips used predominantly for imaging. For samples that
were not suitable for contact mode imaging, a Dimension Icon (Bruker, Santa
Barbara) AFM in tapping mode in air was used, equipped with NSC-35 cantilevers
(MikroMasch, Tallinn) k = 5.4-16 N/m. In liquid, the Nanowizard was used, as
described previously. Drops of deionised water were applied to the surface until the
materials were fully hydrated. These materials were left to stabilise for 10 minutes
before measurements were taken. With all instruments and imaging modes, the
setpoint, gains and scanning speed were optimised for each sample. Images were
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taken in random locations across the sample, processed using proprietary JPK
software, and representative images presented.

Figure 3-1 LM of AFM cantilevers. A & B) MSNL cantilevers with a magnification of the tip. C
& D) NPO cantilevers modified with a silica bead. A, C 20x magnification, B, D, 100x magnification.

3.4.2.3 Nanoindentation
For mechanical measurements (indentation) the Nanowizard 4 was used. In
air, calibrated RFESPA (Bruker, Santa Barbara) cantilevers, k= 3 N/m, were
employed to take 500 force-displacement measurements on the sample with an
applied relative setpoint of 300 nN. For mechanical measurements (adhesion) in
liquid, NP-O (Bruker, Santa Barbara) cantilevers, k= 0.175 N/m, were modified with
10 µm diameter silica beads. Drops of deionised water were applied to the surface
until the materials were fully hydrated. These materials were left to stabilise for 10
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minutes before measurements were taken at a relative setpoint of 0.5 nN. No more
than 50 measurements were made in any one 10 µm2 location. The forcedisplacement curves were processed using proprietary JPK software and fitted
according to the Sneddon model. This data was graphed, statistically analysed and
presenting using OriginPro (Origin Corp, Massachusetts).
3.4.2.4 Fibroblast-Membrane Mechanical Response
For single-cell force spectroscopy, tip-less cantilevers were functionalised with
a 50 µm diameter polystyrene bead, similar to Figure 3-1 C, with an ideal placement
seen in image D. These beads were then functionalised with poly-L-lysine to promote
the selective binding of MG-63 cells, using an already established methodology by
the research group for bacterial investigations as shown in Figure 3-2.

Figure 3-2 AFM cantilever functionalisation, adapted from

271

Previously trypsinised cells were placed in buffer solution and placed under
the AFM. The coated bead was slowly brought into contact with a cell, and left in
contact for 2 minutes. After withdrawing the bead, an inverted optical microscope
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was used to confirm the bead functionalisation through cell attachment. Cellfunctionalised cantilevers were replaced every 45 minutes to ensure that the cell was
kept alive. Adhesion measurements were carried out in PBS by applying a zerocontact force (0.5 nN) with a piezo Z-length of 7.5 µm between the cell and the
sample. A similar protocol to this has been published 271,305.
3.4.2.5 Digestion Study
All materials were imaged using a VivoSight OCT scanner (Michelson
Diagnostics, Kent) directly on the surface; no sample preparation was needed. This
OCT has an optical resolution of less than 7.5 µm laterally and less than 5 µm axially.
The image stack was made of 500 B-scans (cross-sectional image) separated by a
distance of 10 μm between each frame. Additionally, a smoothed curved enface
image was recalculated from the B-scan stack to obtain a top view across the surface
of the sample. All final acquired images were 6 mm2 in the area and approximately
1.84 mm depth. The images were then exported from OCT software as 16-bit TIFF
images and imported into ImageJ (NIH, USA). The A-scan (line profile) of each Bscan was extracted, and the gradients and shapes of the lines recorded.
3.4.2.6 Ex-Vivo Animal Model*
Eighteen 10‐month‐old Wistar rats were used, in accordance with the EU Directive
for animal experiments and the ARRIVE guidelines for animal research

380.

After 2

weeks of acclimatisation, the experimental guided bone regeneration surgery was

*

The animals in this subsection were reared by Dr Kostomitsopoulos (Laboratory Animal
Facilities, Biomedical Research Foundation, Athens)
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performed using an established research procedure 381. A standardised 5‐mm diameter
critical size defect was created on each parietal bone by the use of a trephine burr. The
collagen membrane BG was trimmed and adapted to the intracranial part of the defects,
and then the bone substitute BO was loosely compacted into the defect and eventually
covered by the second layer of BG. The flap was sutured in layers using Vicryl 5
(Ethicon, Cincinnati). Six rats were randomly sacrificed at 7, 14- and 30-days post-defect
creation. One defect section was randomly chosen for decalcified histology. Samples
were embedded in paraffin wax for histological sectioning, and stained using picro sirus
(PS) red for collagen. When imaged using a polarised light microscope, the use of PS
would show the presence and alignment of collagen

382,383.

Samples were de-waxed in

paraffin before preparation for SEM and AFM as above.
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3.5 Part A – Collagen Membranes
3.5.1 Mesoscale Imaging

All of the products tested are marketed as having “microscopic” features which
are crucial to their function. As collagen is a highly hierarchical material, a technique
such as SEM would allow for mesoscale imaging of a range of features across varying
length scales from millimetres to several microns. As a technique, SEM is a wellestablished and the fast image acquisition time allows the user to move between large
areas, and varying magnifications so is well suited to this task. However, the
standardised sample preparation protocol for SEM limits the type of data that can be
obtained as samples must be wetted before imaging. Despite this small limitation, which
must be considered during the analysis and succession of the results, SEM is the only
suitaible technique that will allow for the rapid acquisition of images across length
scales. The use of SEM is intended to answer Objective 1 “characterise the morphology
of the membranes with a particular focus on the presence of porosity, collagen fibres
and D-banding”. The images that are presented here are representative of the sample
taken at varying magnifications
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3.5.1.1 BG Mesoscale Imaging

Figure 3-3 Representative SEM images of collagen membrane BG showing typical surface
features
A 100x, B 250x, C 500x, D10,000x magnification

Figure 3-3 shows the images taken of BG at different magnifications. The low
magnification image A shows a homogenous ridged surface with only small
imperfections in the ridges. Some imperfections, seen in B, are visible in the surface,
where fibres can be seen. When magnified in C, the collagen network is apparent. The
disordered alignment of collagen is not typical for skin. However, the formation of
bundles with other smaller bundles interconnecting is seen in native skin tissue. At the
highest magnification D, it can be seen that porosity is present. These pores were not
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seen at other magnifications, and are small enough to prevent cell movement through
them. At 10000x magnification, the collagen does not display D-banding but does show
evidence of structural glassification, an early sign of denaturation of collagen into
gelatine.
3.5.1.2 MG Mesoscale Imaging

Figure 3-4 Representative SEM images of collagen membrane MG showing typical surface
features
A 100x, B 350x, C 500x, D5000x magnification

Figure 3-4 shows the images taken of MG at different magnifications, with image
A showing the lowest magnification. Initially, MG and BG appear to be very similar with
both samples having a homogenous ridged surface. The imperfections in BG that
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showed bundled fibres (Figure 1-1B) however are not present in MG when seen in
image A. At medium magnification in images B and C the surface collagen shows large
sheet structures without visible fibres. The highest magnification in image D shows
bundles of fibres where individual fibres cannot be identified. Smaller fibrils link the
larger bundles and form a thin spindle network. No banding is seen, and the only fibrils
identifiable are in the spindle network.
3.5.1.3 BO

Figure 3-5 Representative SEM images of bone substitute BO showing typical surface features
A 35x, B 1500x, C 2000x, D 12,000x magnification
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Figure 3-5 shows images of the bone substitute BO. Image A shows clearly that
the dimensions of the mineralised material are heterogeneous. A variation in surface
roughness can also be seen with some individual granules having both rough and
smooth surfaces. This is consistent with a manufacturing process that would both
fracture and grind bones into smaller granules. Some holes in the mineral structure can
be observed which appear to penetrate the material fully. Images B and C both show
exposed mineral crystals, the two-tone colours have been shown previously to indicate
acid etching and then the resultant remineralisation from mineral leaching. The rough
surface in C also suggests acid etching, which is not seen in the smoother B image. At
the highest magnification, image D collagen fibres can be easily identified. They are
aligned, bundled and have a strong preferential orientation, and are decorated with
particles resembling hydroxyapatite. While collagen is clearly present and can be readily
identified, the rough nature of the sample prohibited further investigation.
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3.5.1.4 FG

Figure 3-6 Representative SEM images of soft tissue substitute FG showing typical surface
features
A 35x, B 500x, C 1000x, D 3500x magnification

Figure 3-6 shows all magnifications of FG. Highly porous and sponge-like, image
A shows the high degree of pores, which extend throughout the depth of the material.
Collagen sheets form a series of chambers which resemble a honeycomb structure.
Most of the sheets are parallel to the imaging direction, so the surface area imaged is
minimised, and the pore size maximised. The sheets themselves can be seen in B and
C, and smooth glassy structures, probably altered by the SEM preparation process.
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Some smaller fibrils can be seen around the edges of the sheets, and the sheets appear
to overlap and are rounded. When looking at the sheets at the highest magnification in
image D, a very fine fibril network can be seen in the sub-surface region. Clearly heavily
processed and artificially altered, this material bears little resemblance to native tissues.
3.5.1.5 Mesoscale Discussion
Being a porcine-derived material, both BG and MG have similarities to native skin
tissues. Both samples could be imaged without difficulty and showed some clear
markers of collagen at every length scale. At low magnification (Figure 3-3 A, Figure 3-4
A), due to wetting from sample preparation, few features are visible, and a homogenous
surface is seen. At medium magnification (Figure 3-3 B-C, Figure 3-4 B-C), the fibres of
BG can be clearly seen, and this contrasts with the sheet-like structure of MG. Some
fibres are preserved at high magnification in BG and MG (Figure 3-3 D, Figure 3-4 D),
but glassification in BG and loss of banding in MG suggest that the collagen is not intact.
Passivation and sterilisation are essential for manufacturing collagen membranes
from an animal source

384–386.

The first concern of passivation and/or sterilisation

technique is that it must destroy or deactivate any reasonable pathogen or
contamination, to prevent cross-species infection387–389. The exact preparation for the
method of the membranes is not publicly available. However, several mechanisms could
be used by the manufacturers. One such mechanism could be alkaline passivation with
thermal shock; the exposure of collagen to a calcium hydroxide slurry before heating to
a temperature to damage any remaining pathogens

390.

This is likely to cause some

damage to the collagen, even when steps are taken to protect it from losing structural
integrity

390,391.

If heating for an extended period, gelatinisation can occur. This would
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be identified by the loss of D-banding and a shiny or glassy appearance of the
collagen356,392. Acid treatment also causes gelatinisation and then further degradation
of the protein. Methods such as autoclaving would give similar gelatinisation, as both
heat and water exposure causes gelatine formation

278.

Irradiation, either with gamma

rays or UV are likely to be too expensive and unstable, damaging collagen cross-links
and potentially creating free-radicals 343,389,393,394
From the evidence of the mesoscale imaging, it appears that thermal treatment
has been used to passivate the membranes, alongside an alkaline bath. Both materials
show clear evidence of collagen damage, through a lack of D-banding and clear fibril
structures. However, it must be noted that imaging solely using SEM does not allow for
a complete picture of the damage caused.
The spongey and highly porous nature of FG and the rough mineralised surface
of BO confirmed that there was a significant amount of alterations from the native tissue
occurring during manufacturing. As the focus of this section was to perform a multimodal
characterisation of collagen, it was decided that the problematic surface behaviour of
FG and BO meant that those two samples should not be analysed further. Therefore,
the future sections will be focused on the two collagen membrane BG and MG, which
have so far been shown to have the most native-like appearance.
The use of SEM was very effective in showing the porosity of the membranes.
However, the D-banding and fibril structure could not be successfully resolved, so
Objective 1 was not fully met in this section.
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3.5.2 Nanoscale Imaging and Mechanics

In section 3.5.1 membranes BG and MG were imaged, and their mesoscale
features were identified. Crucially, while there was definite evidence of collagen being
present under SEM, there was evidence of disruption and damage to the collagen at
the smallest length scales. Areas that appeared to be gelatinised were seen, as were
fibrils. It was also not known how the sterilisation and passivation process had
potentially damaged the collagen, as not all damage could be identified visually. Further
investigations into the properties of the membranes were needed, and this would fully
complete Objective 1: “characterise the morphology of the membranes with a particular
focus on the presence of porosity, collagen fibres and D-banding.”
In order to image the samples at the smaller length scales and to quantify any
potential damage caused by the manufacturing processes of the membranes, AFM was
used. As a technique, AFM is very well suited to imaging features in the nanometer and
small micrometre range in length and width. Regarding height, most AFMs are optimised
to work in the range of hundreds of nanometers and at a maximum can image features
that are in the single digit micrometre range. The Young’s modulus of the samples, a
value of the stiffness can also be measured using AFM. This would allow for the
identification of both quantitative and qualitative assessment methods using a single
instrument in two different modes, and finalise Objective 1 while comprehensively
answering Objective 2: “evaluate the mechanical behaviour of the identified collagen
fibres seen in dry and liquid environments”.
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3.5.2.1 BG

Figure 3-7 AFM surface images of BG in different locations

Figure 3-7 shows the surface of BG as seen by AFM in different areas. Images
A and B both show a homogenous surface, similar to what was shown under SEM. The
smooth surface was suggested as being a side effect of the SEM preparation (Figure
3-3 A). For SEM preparation, the surface must be wetted, chemically fixed and
dehydrated using ethanol. As the AFM sample preparation did not wet the sample, the
presence of a smooth surface layer using SEM and AFM can be confirmed. Image C
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shows similar smooth areas, but there are some definite locations where some subsurface features are visible, as are some very small nodules or particles. These are
likely a part of a loose surface layer. Image D shows a higher resolution image where
collagen fibrils with D-banding is visible. These fibrils were aligned in register. An
amount of the homogenous surface layer can still be seen on the edge of the image.

Figure 3-8 AFM mechanics for Young’s modulus of BG in air

Figure 3-8 shows Young’s modulus of BG in air as calculated from force-distance
curves. The graph shows a normal distribution, centred on 24.97 ± 0.2 MPa. The range
of values was small, typical of the behaviour of BG. This could be caused by the
homogeneity seen under SEM and AFM (Figure 3-3 & Figure 3-7) which appeared to
be a coating, and the presence of readily seen fibrils.
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Figure 3-9 AFM mechanics for Young’s modulus of BG in liquid

Figure 3-9 shows Young’s modulus of BG in liquid. This had a bimodal
distribution of 5.78 ± 0.0 as a very narrow peak and a much broader peak of 6.62 ± 0.2
kPa. This could suggest that the swelling of the surface fibrils in water is slightly uneven,
splitting the original normal distribution into a bimodal distribution. The difference
between the distributions is narrow but present.
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3.5.2.2 MG

Figure 3-10 AFM surface images of MG in different locations. Blue arrows show sub-surface
fibrils

Figure 3-10 shows AFM images of MG. Images A and B show similar features,
with small particles or nodules on the surface of the sample. Similar nodules as a
surface layer were seen in BG (Figure 3-7 C), but MG shows a much higher proportion
of coverage, beneath which it was very difficult to determine conclusively any features.
Image C, at higher resolution, shows areas which appear to have fibril imprints, but the
fibrils can only be faintly seen in one or two areas (blue arrows). 3D-topography data
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showed that these are below the plane of the image, with a thin surface covering the
fibrils. Image D is at a higher resolution than the other images and shows degraded and
swollen fibrils. No D-banding was seen on these fibrils, and they are not healthy or intact
in appearance.

Figure 3-11 AFM mechanics for Young’s modulus of MG in air

Figure 3-11 shows Young’s modulus of MG in air. This had a discreet bimodal
distribution, with peaks seen at 47.2 ±0.2 and 273.1 ±3.1 MPa. This gave a wide
distribution within the 95% confidence interval. The low value of 47.2 MPa is likely to be
the small nodules seen on the surface using AFM (Figure 3-10 A & B). There is a broken
scale until the bimodal distribution of stiffness. The high values of Young’s modulus on
this membrane are consistent with the visual appearance of the material as sold, which
consists of a hard-outer shell with a softer sponge material inside.

97

Figure 3-12 AFM mechanics for Young’s modulus of MG in liquid

Figure 3-12 shows Young’s modulus of MG in liquid. Here, a normal distribution
of 5.99 ±0.1 kPa can be observed, with a large tail towards 30 kPa. Small clusters,
around 12-14 kPa and 26-28 kPa, were seen but were not statistically different. The
median value matches the medians seen in BG (Figure 3-9), but without the bimodal
distribution of BG.
3.5.2.3 Nanomechanics Discussion
In air, both membranes have significantly lower Young’s modulus than found in
the literature for mammalian fibrillar collagen in a dry state. For dry collagen under AFM,
values for collagen are distributed within the region of 0.5-20 GPa

123,374,395.

In a dry

environment, the influence of water and the ability of molecules to retain water is
paramount, achieved by chemical crosslinking

59,123.

This crosslinking supports the

higher-order structures of collagen and can be both enzymatic and non-enzymatic
398.

396–

Evidence obtained using mesoscale SEM imaging (section 3.5.1) suggested that

thermal denaturing could be a factor in the passivation of the membranes. With the data
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collected in this section, it is reasonable to assume that thermal denaturing is occurring,
alongside an alkaline bath. If heating is involved in the manufacturing process, then the
crucial crosslinking of collagen is likely to be destroyed or severely damaged. Previous
studies have linked the lack of crosslinking to a decrease in mechanical properties of
collagen, which could explain why the values seen here are several orders of magnitude
lower than expected

59,396.

Additionally, the manufacturing processes may damage the

collagen itself. Damage to the collagen, especially heat and acid attack, can cause
gelatinisation

356,392,399.

This would cause a loss of D-banding and Young’s modulus in

the sample 2,400–402.
3.5.2.4 Section Summary
AFM imaging was used to confirm the presence of collagen, and to confirm that
there were several markers of intact, healthy collagen present. There were also areas
that were obviously damaged and showed signs of degradation. These degraded areas
were also found be mechanically weaker than native collagen, further confirming their
degradation and providing more clues to the manufacturing process of the membranes.
Objectives 1 and 2 were fully answered. The mechanical behaviour of the collagen has
been profiled, as has three key elements of its morphology. The behaviours and
morphology of the two membranes have been compared to each other.
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3.5.3 Fibroblast-Membrane Mechanical Response

Previously AFM (section 3.5.2) and SEM (section 3.5.1) confirmed the presence
of intact collagen at the surface of the membrane. However, Young’s modulus
mechanical values of the membranes were much lower in both air and liquid than would
be expected for intact healthy collagen. Additionally, imaging has confirmed that while
there are areas of intact and ordered collagen, there are also many areas where there
are signs of collagen degradation, up to gelatinisation.
When these membranes are used clinically, it is often at a trauma site. While it is
unlikely that the wound would have been exposed to large changes in temperature or
pH, it is likely that the wound site would not be perfectly intact and healthy. Clearly, the
membranes must be usable in areas of trauma, but it was not known how cells would
respond to the areas of disrupted and disordered collagen. While collagen may be a
structural protein that is not sensitive to small changes in structure, unlike enzymes, it
cannot be guaranteed that cells in the body will respond normally to the degraded
collagen

1,197.

Objective 3 “quantify the fibroblast-membrane interactions to identify the

immediate cell response on implantation” is examined here, to see if there is a change
in cell behaviour for the membrane materials over time.
Here, MG-osteosarcoma cells with a fibroblast-like morphology were mounted
alive on a functionalised probe and brought to rest on the membrane surface in PBS at
3 different contact times; 1, 2 and 5 seconds. This advanced use of the AFM as a singlecell spectroscope allow for the recording of the adhesion interactions between the cell
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and the membrane as a function of contact time. Two sets of measurements were
recorded simultaneously, adhesion force and adhesion energy.
3.5.3.1 BG

Figure 3-13 (A) Adhesion force and (B) energy of BG when probed with MG -63 cells.

Figure 3-13 shows the adhesion force and energy for BG at all time points. Graph
A shows the measured adhesion force. The initial force was 218 ±4.9 pN at 1 s, which
changed over time to 2 s. A dwelling time of 2 s gave a distribution of 184 ±0.3 pN, a
lower median than the median of 1 s. At 5 s dwelling time there was a distribution of 118
±0.3 pN which was significantly diffident from the 1 s value, but not the 2 s value. The
behaviour of the cells at 2 s and 5s suggests that these interactions are vital in adhering
the cells to the membrane, but that these interactions require more than just transient
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contact, several seconds is needed for the anchoring process. The interactions
measured at 2 s appear to be a transition period between two different groups of
adhesion molecules, with the combination allowing for attachment which did not change
over time at 5 s. The adhesion force is a measurement of the individual protein binding
events occurring as the cell binds to the surface. Change in surface properties will affect
how the cell bind to the surface.
Graph B shows the measured adhesion energy. The initial energy had a bimodal
distribution at 1 s of 22.63 ±1.48 aJ and 71.2 ±14.41 aJ. This bimodal distribution did
not change at 2 s: 21.74 ±1.46 aJ and 68.92 ±16.08 aJ, nor at 5 s: 27.93 ±1.41 aJ and
72.45 ± 15.84. The adhesion energy is a measurement of the total energy needed to
detach the cell from the membrane. This energy measurement includes the contribution
from both the non-specific cell surface membrane to collagen membrane interactions
as well as the specific, such as integrins through focal adhesions. While there was a
change seen regarding force needed to detach the cell, the overall amount of energy
for the entire interaction remained constant. This could suggest that the number of
molecular detachment events changed over time; with a change in force needed to
detach them, but a larger number of events to balance this out.
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3.5.3.2 MG

Figure 3-14 (A) Adhesion force and (B) energy of MG when probed with MG-63 cells.

Figure 3-14 shows the adhesion force and energy for MG at all time points.
Graph A shows the measured adhesion force. The initial force was found to be
heterogeneously distributed, and a median could not be calculated. 2 s was calculated
at 114 ±5.4 pN before rising at 5 s to a bimodal distribution centred on 126 ±5.9 and 284
±4.9 pN. 5 s was the only 5 s cell response measurement that could be fitted to a
bimodal distribution. The increase between 2 s and 5 s was significantly different when
2 s was compared against the high median of 5s. The 5 s high median was the same
as the 5 s high median for BG (Figure 3-13). The change in adhesion force over time is
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similar to BG. The pattern of behaviour over time was to decrease and then re-increase
the adhesion force. This pattern of behaviour for the adhesion force suggests that the
short and (relative) long timescale interactions are significant to catch and anchor cells
on to the membrane, with the initial interaction being stronger than the latter interaction.
Graph B shows the measured adhesion energy. The initial energy was 21.99
±0.5 aJ which did not change at 2 s (22.88 ±2.12 aJ) or 5 s (24.22 ±0.85 aJ). There was
no significant difference seen despite the large changes in adhesion force. The median
values for the adhesion energy were not significantly different from the lower medians
found in BG (Figure 3-13) suggesting a similar cellular mechanism for adhesion.
3.5.3.3 Section Summary

Figure 3-15 Box plot summaries of (A) adhesion force and (B) adhesion energy

Figure 3-15 is an overview of the adhesion force (A) and energy (B). The
unimodal medians (box) and 95% confidence intervals (range of data shown) do not
show the significance or detail of the individual time points.
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Single cell force spectroscopy was successfully used to investigate the behaviour
of the membranes with interacting with fibroblasts. The force and adhesion values were
not found to be dependent on dwelling time for each membrane. Adhesion force is the
amount of force needed to break the specific individual interactions as modelled using
the worm-like chain model

403.

This was likely to be a time-dependent variable. The

adhesion energy was calculated through the integrated area under the force-distance
curve 313. This measurement was likely to be dominated by the non-specific interactions
between any two bodies in an environment.
For BG, the adhesion force increased after 1 s, but did not change between 2 s
and 5 s. The adhesion energy did not increase over time and was bimodal. The opposite
was seen for MG, where the adhesion force increased with time without a change in
adhesion energy which was unimodal. There is little information published about the
behaviour of cells on collagen membranes. While this study did not give information on
whether the fibroblasts recognised the membranes as being made of intact collagen,
the data does show that fibroblasts responded to the membranes and adhered to them,
and additionally showed a difference in response to the two membranes.
Objective 3, “quantify the fibroblast-membrane interactions to identify the
immediate cell response on implantation” has therefore been successfully completed.
However, the mechanism of the interactions between the cells and the membranes have
not yet been determined. One approach would be to stain the cells with alamarBlue to
confirm cell viability, and an AFM approach has been previously used to analyse the
structure of focal adhesions

404.

Other approaches have used a live cell imaging

technique to observe the cells while placed under tension, or through the use of protein
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expression assays

405–407.

However, none of these approaches would have been

appropriate for this investigation. Firstly, the membranes and AFM probes are opaque,
ruling out the use of light microscopy. Secondly, the short contact times that were used
in this experiment would not be conducive to the focal adhesion investigations as
described in literature. While some longer contact times have been used previously, this
was not successful here, chiefly due to the inherent drift of the AFM cantilever in a liquid
environment and the short lifetime of the cells.
3.5.4 Collagen Degradation Study (OCT)

Previous sections have investigated the appearance and mechanical behaviour
of the membranes after manufacture, and the response of fibroblasts to the membranes.
The membranes have been found to be recognised, at some level by the cells of the
body. However, the membranes are not designed to remain in situ forever. They must
be degraded and resorbed into the body in a controlled manner, to allow for the growth
of healthy tissue. One of the ways that the membranes are resorbed is using
collagenases to enzymatically cleave them. As collagenases only recognise specific
cleavage sites on collagen, it was not known whether enzymatic digestion would still
occur, nor was the rate of digestion known

408–410.

Therefore, Objective 4 “measure the

degradation process of the membranes in vitro when exposed to collagenase” was
needed. Firstly, collagenase degradation needed to be confirmed, and if and once it
was confirmed, measured and recorded.
In order to investigate this, OCT was used in semi-real-time to image the
membranes with collagenase added. En-face images (top view) were used to observe
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the surface changes while the B-scans images were used to look at the change in crosssectional morphology of the membranes. Additionally, line profiles of the B-scans were
plotted to measure the change in optical density (calculated as a gradient coefficient) of
the membranes as a function of the digestion time points. The full dataset of the top,
middle and bottom scans are presented in Appendix A.
3.5.4.1 Bio-Gide (BG)

Figure 3-16 Left: B-scan images during degradation of BG, 0-80 minutes. Right: B-scans of the
Density is measured by the red line, porosity on the green box and surface behaviour in blue
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Figure 3-16 shows the analysis of the B-scans during degradation. Image A
shows 0 minutes when the collagenase was added. Here, large pores were seen on the
frayed surface, with loose material readily visible. The membrane had a medium density
(0.17), with a large swelling observed in response to the uptake of liquid. Image B shows
BG after 20 minutes of collagenase exposure. No change was seen from 0 minutes,
except a slight bowing in the membrane. Image C shows the membrane 40 minutes
after collagenase exposure. The porosity became smaller and was seen throughout the
membrane, without any change in the density or surface behaviour. Image D shows BG
after 60 minutes of collagenase exposure. The top of the membrane was porous and
frayed, with a highly dense bottom layer measured as 0.74. Image E shows 80 minutes
after collagenase exposure, with only the residual non-specific undigested membrane
remaining.
The top layer (towards the top of the image) of the membrane is smoother and
more compact than the bottom layer (bottom layer). OCT is a coherent light based
technique which works on the difference in optical properties and refractive indices
between materials 392,411. The lower surface appears darker due to the decrease in the
amount of light which can be reflected from the membrane, decreasing the apparent
resolution 412,413. This makes the lower surface appear featureless, despite having more
roughness than the top surface 219,384,401.
Regarding the digestion process, immediately after the collagenase buffer is
added, an amount of surface movement is seen. The top surface layers are digested,
the number and depth of the pores increases and the surface becomes increasing
frayed414. The surface area of the collagen then increases, causing an increase in the
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enzymatic rate of digestion356,415. When the exposed sections of the membrane are
digested, only the compact layers are left, which are in turn exposed and degraded. This
then bows significantly, increase the density of the bottom-most layer. As the structural
support of the membrane is lost, the bowing increases. Eventually only parts of the
membrane which are non-reactive to collagenase remain. Without any support, this
residue material lacks structural integrity and is dispersed throughout the buffer solution.
This pattern of degradation matches the private in-house studies performed by
Geistlich, as well as clinical studies into BG resorption.
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3.5.4.2 Mucograft (MG)

Figure 3-17 B-scan images during degradation of MG, 0-100 minutes. Density in red, porosity in
green, surface in blue and surface compliance in purple

Figure 3-17 shows the analysis of the B-scans during degradation. Image A
shows 0 minutes when collagenase was added. The surface was smooth, with porosity
found through the membrane, which was found to be medium density (0.27). Image B
shows 20 minutes, where the surface remained smooth with small porosity, but the
density decreased to 0.13. Image C shows 40 minutes where the surface became frayed
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with loose material seen on the surface. Small and large pores were seen throughout
the surface which lost density again to 0.07. Image D shows the membrane after 60
minutes of collagenase degradation. The fraying of the surface increased again with
only small porosity throughout the membrane. The density increased substantially to a
medium value (0.3), returning to a similar value at T0. This was caused by the loss of
large pores, with many smaller pores present. Image E shows 80 minutes after
exposure, with the surface in compliance with the buffer solution. Some small porosity
remained, causing a slight drop in density (0.2), but still giving a medium value. Image
F shows 100 minutes after collagenase exposure, where only non-specific undigested
membrane material remained.
In terms of rates of degradation, there are few published studies which have
investigated the degradation of these membranes. From personal communication of
unpublished internal data, Geistlich confirmed that timings reported here matched their
findings. One publication sought to use bacteria found in the mouth to degrade a sample
of BG. This suggested a degradation time in physiological conditions of under 4 hours
for a complete cessation of enzymatic activity 415. This is in keeping with the values from
Figure 3-16, which stopped at two hours with the ending point being measured as the
lack of visibility of the membrane under the OCT. At the other end of the scale, another
publication investigated the presence of bony defects, confirming membrane
degradation, after surgery to be found within 2-4 weeks

378.

This study was not

concerning, however, as the measurement point was the visibility of the healing bone
underneath the surgical site, prophylactic antibiotics were prescribed for 10 days, after
which chlorhexidine mouthwash was used for 14 days. Chlorhexidine has been found
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to kill bacteria, but also increase the adhesion of bacteria onto a surface, potentially
shielding the membrane from degradation

305.

Therefore it can be concluded that the

data obtained here matches what would be expected, and what is found clinically when
the same conditions are met.
As a membrane, the collagenase digestion of MG was similar to BG in that
exposed frayed collagen was digested first. However, the digestion route that each
membrane took was different. BG is a composite of a majority of collagen and a smaller
percentage of keratin, which swells initially on contact with liquid

416.

The collagenase

added will only degrade the collagen component, leading to an increase in porosity
379,416.

The amount of visible porosity was linked to the fraying of the surface and

increased over time. The initial amount of porosity is high and is essential in vivo for cell
communication

114,417.

Eventually, however, it could be that the surface tension of the

liquid (predominantly water) allowed for an increase in density once the majority of the
collagen had been digested. The density of the membrane immediately decreased after
T0 but increased over time to return to a similar level at T100. The residual material,
likely to be predominantly keratin, could still be seen at T80 and T100. This material still
gave some mechanical support to the membrane, keeping it intact until the complete
disintegration before 120 minutes.
3.5.4.3 Section Summary
OCT has been successfully used to confirm that collagenases are still able to
digest the membranes, and the rate at which the subsequent digestion occurred was
recorded. OCT allowed for three separate answers to the challenge posed by Objective
4. Firstly, degradation was confirmed to be taking place. Secondly, the termination point
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could be measured in twenty-minute intervals. Thirdly, the morphological pattern by
which the degradation occurred could be visualised. Although the application of OCT in
this protocol was not the most effective method of calculating the degradation rate, the
visualisation of the degradation allowed for additional data to be collected.
Initially, BG exhibited large porosity which increased over time along with an
increase in density. Digestion was complete by 80 minutes. MG exhibited small porosity
throughout the thickness of the membrane and a variable density over time. Digestion
took 100 minutes to complete. The pathway for digestion for each membrane differed,
but both were successfully digested within 100 minutes.
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3.6 Part B Ex-Vivo Animal Model

Throughout this chapter in Part A, it has been shown that the membranes BG
and MG are collagen-based and have behaviours like collagen materials that have been
partially digested. The final investigation into the BG membrane was to use it an in vivo
experiment, where the membranes were implanted into bone defects in rats. After
periods of healing, the defects were extracted and biopsied as ex-vivo. Investigations
were performed using LM, SEM and AFM. By using the same techniques as used in
Part A of this chapter, information was sought on the behaviour of the membranes as
they would be used clinically. This was the purpose of Objective 5: “apply knowledge
learnt in Part A to characterise the morphology of ex-vivo membranes”. Particular focus
was placed on the morphology of the membranes as they degraded, and data on the
interactions between the host and the membrane as this had been shown to be crucial
in Part A. Due to external sample preparation, nanomechanical data using AFM could
not be collected from these samples, so reliable measurements could not be obtained,
and that data is not presented here.
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3.6.1.1 Day 7 Ex-Vivo

Figure 3-18 Light and dark field LM of the clavicular defect after 7 days of healing. A, B) red area
C, D) yellow area. 10x magnification.

Figure 3-18 shows the LM images of the membrane after 7 days of healing.
Image A shows an area of the membrane close to the defect. The extensive coverage
of red shows a high amount of collagen as stained by PS. Image B shows the polarised
(dark field) corresponding image from A. The polarisation confirms that the majority of
the collagen appears to be aligned and in register. Image C shows another location on
the membrane far from the site of surgery but close to an exposed area. Image D is the
corresponding polarised image from C. Green, yellow and red areas are present
throughout the image, and the highlighted area has a broad coverage of green and
yellow within the membrane.
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Figure 3-19 SEM images of the membrane after 7 days of healing. A) red area, B) yellow area.
2000x magnification

Figure 3-19 shows the SEM images of the membrane after 7 days of healing.
Images were taken from the areas highlighted in the LM images (Figure 3-18). Image A
is from the red area. This shows thick bundled fibres with strong directional orientation.
Twisting of the bundles is seen, indicative of healthy collagen. Additionally, there are
gaps and pores between the fibre bundles with a smaller fibre network connecting the
larger bundles. Some collagen sheets are also present. Image B is from the yellow area.
This shows an extensive covering of collagen sheets, without bundling. The sheets are
smooth, without many fibres visible and appear to be compacted. Towards the bottom
of the image, infiltration by white blood cells shows an immune response from the animal
model.
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Figure 3-20 AFM of the membrane after 7 days of healing A) red area, B) yellow area

Figure 3-20 shows the AFM images of the membrane after 7 days of healing
taken in intermittent contact mode. Images were taken from the areas highlighted in the
LM images (Figure 3-18). Image A is from the red area. Small bundles of fibres are
visible which have a strong directional orientation. There are also small loose fibres
present. However, D-banding cannot be identified in this image. Some gaps and pores
are also seen. Image B is from the yellow area. There are some fibre-like features seen,
but these are indistinct. Some areas are smooth and featureless. There is a
considerable amount of unidentifiable material present, which does not resemble
collagen.
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3.6.1.2 Day 14 Ex-Vivo

Figure 3-21 Light and dark field LM of the clavicular defect after 14 days of healing. A, B) red
area C, D) yellow area. 10x magnification.

Figure 3-21 shows the LM images of the membrane after 14 days of healing.
Image A shows a region of various density tissues, some heavily stained red by
picrosirus red stain, confirming the presence of collagen. Porosity in the tissue appears
to be regular. Image B shows the polarised (dark filed) image corresponding to A. Some
small areas shown up as red for collagen, with musculature at the top of the image seen
as green. The highlighted area is solidly red, suggesting ordered collagen in that region.
Image C shows a dense region of collagen and muscle tissue, close to the edge of the
membrane. A dense collagen sheet can be seen at the bottom-left of the image. Image
D shows the polarised image corresponding to C. A mixture of green and yellow areas
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can be seen in the highlighted area, suggesting a combination of disordered collagen
and non-collagenous material such as muscle tissue.

Figure 3-22 SEM images of the membrane after 14 days of healing. A) red area, B & C) yellow
area. 2000x magnification

Figure 3-22 shows the SEM images of the membrane after 14 days of healing.
Images were taken from the areas highlighted in the LM images (Figure 3-21). Image A
is from the red area. Collagen can be seen through the image and is broadly well aligned
and dense. The dense smoothed sheets of collagen means that individual fibres cannot
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be observed. There are some gaps and swirls within the sheets, consistent with healthy
collagen. Image B is from the yellow area. Immediately there is a substantial difference
compared to image A, with long thin strands of collagen fibres present. There are large
gaps between the fibre bundles, with a meshwork of smaller fibrils linking the larger
bundles. There is some directional order amongst the larger bundles, interspersed with
the smooth amorphous material. Image C shows another location in the yellow area.
Here there are few collagen fibres present in bundles, but an extensive covering of
smaller fibrils form a meshwork structure. There are noticeable gaps between the
bundles and fibres, show the low density of the sample. Large numbers of white blood
cells cover the sample, showing an immune response by the host.
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Figure 3-23 AFM of the membrane after 14 days of healing A & B) red area, C & D) yellow area

Figure 3-23 shows the AFM images of the membrane after 14 days of healing.
Images were taken from the areas highlighted in the LM images (Figure 3-21). Image A
is from a red area and shows bundles of collagen fibres well aligned but without
identifiable D-banding. Some fibres appear to be degraded, as they are smooth, but
fibres seen below the plane of the image are intact. Poor histology technique could
cause surface damage to the fibres. Image B is also from the red area but shows
different collagen behaviour than in image A. Here there are larger bundles of fibres,
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with strong directional orientation. Fibres are seen in the gaps between the bundles,
and D-banding is readily identifiable. This confirms that the collagen is intact, with
porosity not being observed. Image C is from a yellow area and shows large smooth
regions, suggesting collagen degradation. Between the smooth areas, some fibrils can
be seen which have some directional orientation. However, the fibres appear to be
swollen in areas which indicates collagen damage. Image D is also from the yellow area
and shows some fibrils present. These fibrils do not appear to be healthy, with a number
of them swollen and degraded. Additionally, there are two broad areas of degraded
collagen in the image, consistent with image C. The swelling in the fibres has likely
disrupted any D-banding that would have been seen.
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3.6.1.3 Day 30 Ex-Vivo

Figure 3-24 Light and dark field LM of the clavicular defect after 30 days of healing. A, B) red area
C, D) yellow area. 10x magnification.

Figure 3-24 shows the LM images of the membrane after 30 days of healing.
Image A shows a region on the border of the intact tissue and the wound healing site.
The interface can be seen and appears to be a dense area. The tissues are heavily
stained red suggesting a large amount of collagen is present. Image B shows the
polarised image corresponding to image A. The highlighted area is confirmed to be rich
in collagen as it is dark red, likely due to the density of the tissue. The surrounding areas
also have collagen present, with the musculature of the wound appearing as bright
green. Image C shows a region where the membrane and wound site have fused.
Collagen-rich areas can be seen, with some of the degraded membrane still visible at
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the top of the image. Image D shows the polarised image corresponding to C. The
highlighted area is on the border of the red, yellow and green sections of the tissue. The
multi-coloured areas seen in the image along with the apparent density of the areas are
indications of the advanced wound healing that has likely occurred.

Figure 3-25 SEM images of the membrane after 30 days of healing. A & B) red areas, C & D)
yellow areas. 2000x magnification.

Figure 3-25 shows the SEM images of the membrane after 30 days of healing.
Images were taken from the areas highlighted in the LM images (Figure 3-24). Image A
is from the red area and shows thick bundling of collagen fibres with strong directional
orientation. Amongst the thick bundles other smaller fibres can be seen, connecting the
bundles. Other areas appeared flat and smooth, suggesting collagen degradation.
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Image B was taken from another location in the red area. There are many smaller fibres,
alongside sheets of collagen. There is minimal directional orientation. The smooth and
glassy appearance of the fibres consistent with gelatinisation. Image C was taken from
the yellow area. Here there are smooth glassy sheets, without visible bundling. There
are also numerous smaller fibres connecting the sheets, which are highly porous. The
glass surface underneath can be seen, showing the high levels of collagen digestion
which had occurred. Image D shows more intact collagen, with bundling and fibre
orientation seen. There is an abundant infiltration of red blood cells, showing that
angiogenesis has occurred around the site of injury.

Figure 3-26 AFM of the membrane after 30 days of healing in the red area

Figure 3-26 shows the AFM images of the membrane after 30 days of healing.
Images were taken from the areas highlighted in the LM images (Figure 3-24). Image A
is from the red area, which clearly shows intact collagen fibrils. These fibrils form a
collagen sheet with some D-banding present. The D-banding appears to be regular, and
line profile analysis confirmed the average D-banding length to be 69.2 nm. There is,
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however, evidence of collagen degradation with flattened and sheared collagen fibrils
towards the top of the image. Image B is from the yellow area. Some fibrils can be seen,
but contrasting with image A, there is no D-banding present. The fibrils that are present
do not look intact and appear to be degraded. There are holes on the surface,
suggesting porosity.
This experiment showed the degradation over time of Bio-Gide when implanted
into a rabbit model. From the early work in this chapter, a baseline has been established
for the appearance of the membrane under SEM (Figure 3-3) and AFM (Figure 3-7).
Regrettably, due to external preparation involving paraffin infiltration and fixation of the
samples mechanics measurements using AFM could not be taken.
At 7 days under polarised LM, a large area shows as red, suggesting collagen
aligned and in register according to the PS staining (Figure 3-18). This corresponds to
a robust initial separation between collagen in register and disrupted non-collagenous
regions. The interface between the induced injury and the muscle can be observed. At
the other end of the injury, there is a considerable variety of colour, containing red,
yellow and green regions. This variation in collagen under LM was seen again clearly
under SEM (Figure 3-19), immediately showing the difference between the two areas.
The red area showed thick bundled collagen following directional alignment, while the
yellow area had collagen showing signs of degradation. This degradation was further
visually confirmed using AFM (Figure 3-20). Collagen bundling was seen in the red area,
with only evidence of initial degradation seen in the yellow area. Within the initial 7 days
post-surgery, there is a clear demarcation between the various regions as seen under
PS staining.
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After 14 days under LM, the demarcation of the areas is lost with the mixing of
the colour regions observed (Figure 3-21), indicating a heterogeneous collagen
distribution. This is confirmed by SEM (Figure 3-22) when an infiltration of leukocyte and
erythrocyte was observed. This immune response was only seen in the host tissue and
not in the membrane area (yellow and red colours respectively). There is an initial
inflammatory response at the site of the injury, during which time little wound healing
occurs

418.

An excess of cytokines can hinder tissue regeneration

419,420.

As a wound

healing device, BG has been used to limit the initial molecular response of the host that
may impede healing 421–423. At 14 days the presence of red and white blood cells suggest
that vasculogenesis has occurred424. Throughout the membrane and wound there is
evidence of at least some level of collagen digestion. This suggests that wound healing
is occurring, mediated by fibroblasts 425,426. After 30 days the SEM showed the presence
of erythrocytes but few leukocytes (Figure 3-25), suggesting that the immune response
is complete220. This also fits with the clinical observations of using BG for wound healing
and guided bone regeneration 379,415,416,427. AFM showed two patterns of collagen; either
with fibrils seen in bundles or with glassy structures indicative of collagen degradation.
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3.6.1.4 Section Summary
This study was the culmination of the knowledge obtained in Part A, to satisfy
Objective 5. Investigating the properties of the BG membrane during in vitro experiments
allowed for a benchmark set of data to be collected. However, it was not known whether
the same markers of disorder would be detected during an ex-vivo study when
conditions cannot be so easily controlled. This study showed that markers such as the
potential loss of D-banding and fibril register were, in fact, still significant indicators of
collagen disorder during membrane degradation. As the timepoints increased in the
study, the collagen lost register and appeared to become glassy, with fibrils losing
cohesion. All of these are indicators of disorder and point to the host digesting the
membrane. It was also seen that increasing cell infiltration occurred as the time points
increased, with significant numbers of leukocytes and erythrocytes seen by Day 30.
A key lesson was also learnt about sample preparation. The samples had been
embedded in paraffin for histology by an external collaborator, and de-waxed using
xylene. This was apparently insufficient for AFM measurements. While some collagen
could be seen, the D-banding could not be resolved as is normal in collagen AFM
imaging. All of the samples were prepared in the same manner, so can be compared to
each other, but it is impossible to make firm conclusions as to the degradation of the
membrane. The force curves that were taken for mechanical measurements did not
correspond to any reasonable behaviour of collagen or its derivatives (data not shown).
In future, only cryosectioning of samples that does not require paraffin would be used.
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3.7 Chapter Summary

Throughout this chapter, LM, SEM, AFM and OCT have been used to measure the
degradation behaviour of collagen medical devices, and the relationship between the
membranes and the host. This was performed with both quantitative and qualitative data
collection wherever possible. In Part A, the use of multimodal techniques has led to the
comparison of morphological and mechanical markers of collagen, both in order and
disorder. Taking this knowledge further into Part B, ex-vivo experiments showed that
the morphological markers were still valid.
Outside of experimental results, the data collected in this chapter led to grants,
publications and conference presentations.
All of the established objectives were met. In summary:
Part A
•

Mesoscale imaging using SEM confirmed the morphology expected for each of
the tested membranes but could not identify all the features of collagen. Imaging
using AFM also confirmed the presence of highly disordered and degraded
collagen. This gave information which suggested potential manufacturing
methods of the membranes.

•

Nanoindentation using AFM of the membranes in air and liquid with tips and
beads was performed. The Young’s modulus range of values were not
comparable to human tissue and were significantly lower in both tested materials
in air (25 – 280 MPa), and in liquid (3 – 15 kPa).
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•

MG-63 cells respond differently to each material at various time points.
Significant differences between the behaviours of both materials were found. The
adhesion energy for BG was much higher than that of MG, while the adhesion
force was similar, suggesting different adhesion pathways for cells on each
material.

•

The digestion of two of the membranes using collagenase has been visually
confirmed using OCT. The rate of digestion is comparable to published data and
allows for a simultaneous visual and quantitative digestion assay.
Part B

•

An animal model was used to investigate the behaviour of the membrane as it
is resorbed by the body, in conjunction with histological analysis. Clear
evidence of collagen digestion was seen throughout the timepoints, reinforcing
clinical data. The use of histological staining was invaluable in informing the
locations for AFM imaging, but paraffin will not be used in future studies.
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4 Collagen Disease Model in Mice

4.1 Introduction
Connective tissue diseases are a group of invasive conditions, generally
characterised by systemic and quality of life symptoms. While some of these diseases
such as scleroderma or Sjögren’s syndrome are developed during a patient’s lifetime,
the majority such as osteogenesis imperfecta (OI), Ehlers-Danlos syndrome or Alport
syndrome can be inherited

12–14,49,100,158,192,428.

These diseases are complex, multi-

factorial and systemic, which limits the possibility of creating in vitro lab models 429. The
use of animal models from the families of Muridae to Canidae have successfully
modelled several of these diseases such as Alport syndrome or OI 429–432. More recently,
arthrogryposis renal dysfunction cholestasis (ARC) syndrome has been successfully
modelled in juvenile mice 402.

In the previous chapter, Chapter 3 it was seen that collagen membranes could be
characterised using multimodal techniques (LM, AFM and SEM). Markers of ordered
collagen such as fibrils aligned in register and the presence of D-banding were
identified. Similarly identified were markers of disorder such as a loss of register or the
presence of gelatinised areas. Through the use of nanoindentation, a range of Young’s
moduli in air and liquid were measured and compared.
Expanding on that work, the aim of this thesis chapter was to apply the same
characterisation techniques to mice skin, tendons and bones. A multimodal approach
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using imaging and mechanical measurements that was successfully implemented on
collagen membranes was replicated on to ex-vivo mouse samples.
The work in this chapter has been published, and two futther studies looking at
control tendons and bones are found in Appendicies C & D 402.

4.2 Aim
This investigation aimed to identify markers of health, disease and disorder in
collagen from ex-vivo mouse tissues with a particular focus on ARC syndrome.

4.3 Objectives
1. Compare mesoscale images of ARC syndrome tendons with WT to identify signs
of disorder.
2. Identify further morphological disorder at the nanoscale and compare to known
effects of collagen formation.
3. Confirm that identified disorder causes a change to mechanical structure of the
collagen, and confirm if this is a strengthen or weakening effect.

4.4 Materials and Methods
4.4.1 Materials
ARC syndrome mice were reared by the group of Prof Paul Giessen (UCL LMCB
& GOSH). 2 types of knockout (KO), vacuolar protein sorting-associated protein 33B
(VPS33B) and VPS33B interacting protein, apical-basolateral polarity regular (VIPAR)
were created using chimeric mice. The mice were bred with conditional VPS33B or
VIPAR (KO), and combined with a tamoxifen-inducible Cre recombinase expression.
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The KO exon was induced was induced by intraperitoneal injections of 100 mg/ kg per
day tamoxifen for five consecutive days on 6–8-week-old mice.
Wild-type (WT) mice used were either VIPAR KO mice not induced with
tamoxifen or VPS33B KO mice without Cre recombinase that had been treated with
tamoxifen. This is due to complexity in rearing and breeding the recombinant KO mice.
In all WT mice, the KO gene was either not present or not activated. All analyses were
performed 5–6 weeks post-induction, adding some potential variability because of
different mouse age and induction length. All mice were therefore 11-14 weeks old. All
procedures were undertaken with Home Office approval (licence number PPL 70/7470)
in accordance with the legal requirements of the Animals (Scientific Procedures) Act
1986. Tendons and skin were extracted from sacrificed mice, at least 5 mice per KO
status. Skin samples were snap-frozen in methyl butane (iso-pentane) cooled with liquid
nitrogen. These were later embedded in optimal controlled temperature (OCT) media at
the Blizard Institute (Queen Mary, University of London) for histological sectioning, into
10 µm sections. Samples were mounted on to glass slides and stored at 4°C until use.
4.4.2 Methodology
4.4.2.1 Mesoscale Imaging
Type I collagen fibrils were dissected from mice tail tendon, and stored in PBS
buffer at 4°C before further preparation. Extracts from the tendon (~5mm long) were
sectioned with a scalpel and washed for 5 minutes in deionised water and left to dry
before fixation for 24 hours 3% glutaraldehyde in 0.1M sodium cacodylate solution. The
samples were then dehydrated using an ethanol series over 20 minutes, before critical
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point drying with hexamethyldisilazane. Samples were mounted using carbon adhesive
tabs to aluminium stubs (Agar Scientific, UK), and coated in Au/Pd. Imaging was
performed using a Philips XL30 FEG-SEM (FEI, Eindhoven), with an accelerating
voltage of 5 kV. Low, medium and high magnifications were chosen as appropriate for
each sample. Images were taken in random locations (minimum of 3 per sample) or to
display notable features.
4.4.2.2 Nanoscale Imaging
Extracts from the tendon (~5mm long) were sectioned with a scalpel and washed
for 5 minutes in deionised (DI) water. These were placed on a glass microscopy slide,
and separated with a hypodermic needle before being allowed to dry and physiosorb to
the surface.
A Nanowizard 1 AFM operated in contact mode in air was used to image most
samples, equipped with MSNL cantilevers with k = 0.03-0.6 N/m. The setpoint, gains
and scanning speed were optimised for each sample. Images were taken in random
locations across the sample, processed using proprietary JPK software, and
representative images presented.
4.4.2.3 Nanoscale Indentation
For mechanical indentation measurements the Nanowizard 1 AFM was used.
Calibrated RFESPA (Bruker, Santa Barbara) cantilevers, k= 3 N/m, were employed to
take 300 force-displacement measurements on the sample with an applied relative
setpoint of 300 nN. The force-displacement curves were processed using proprietary
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JPK software and fitted according to the Sneddon model to obtain the Young’s modulus.
This data was graphed, statistically analysed and presented using OriginPro.

4.5 Results and Discussion
4.5.1 Mesoscale Imaging

In Chapter 3, mesoscale imaging identified key features of disorder in collagen,
such as the loss of fibre and fibril alignment. Here, mesoscale imaging was used again
to attempt to identify these and other morphological markers of disorder that could arise
from improper post-translational modification of the collagen as a result of ARC
syndrome. This would fulfil the requirements of Objective 1: “Compare mesoscale
images of ARC syndrome tendons with WT to identify signs of disorder.”
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4.5.1.1 WT

Figure 4-1 SEM of WT mouse tendon showing fascicle alignment. A 650x, B 1000x, C 5000x, D
20000x magnification

Figure 4-1 show SEM images of WT tendons. Image A shows crimping in the
tendon, suggestive of a relaxed tendon. Fascicles are visible, and these have a strong
preferential alignment, and run up-to-down in the image. Areas at the junction of the
crimps have created gaps in the tendon structure, where smaller fibre bundles can be
observed. Some smaller bundles are coming out of the surface around the gaps. Image
B shows a highly aligned and regular tendon. There is an almost perfect alignment of
the fascicles running along the main core of the tendon. Some shrinkage, likely artefacts
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of the SEM preparation process, is visible between the fascicles which could result in
the formation of gaps. These gaps also have strong alignment between the fascicles.
Image C is a magnification of an area in image A. Here the alignment of the fibres is
replicated in the higher magnification image. Several fibres are unwinding into smaller
fibrils, and a number of the smallest fibrils have lost their directional alignment. Image
D is a higher magnification of an area of image B. In the foreground, highly aligned
collagen fibrils can be seen, easily identified by the D-banding present. The fibrils all in
register, with several kinks present in the structures towards the end and bottom of the
image. In the background of the image, some fibres can be identified as tightly bundled
together but are nevertheless out of alignment with the fibrils seen in the foreground.
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4.5.1.2 VIPAR

Figure 4-2 SEM of VIPAR mouse tendon showing some fascicle alignment. A 1000x, B 1500x, C
5000x, D 10000x magnification

Figure 4-2 shows SEM images of VIPAR tendons. Image A shows a relaxed
tendon, with crimping visible in the centre of the image. The majority of the fascicles are
well aligned and follow the register of the core tendon. The fascicles are densely packed,
with some small gaps visible. There is a notable meshwork of smaller fibres that cover
the outside of the tendon. These are connected, follow the direction of the tendon, but
also cross it laterally. Image B is more magnified and shows alternately dense and loose
bundles of fibres. When they are at their densest, these bundles appear to act as a
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conglomeration, and the individual fibrils cannot be distinguished. The meshwork of
smaller fibrils is also present. Image C shows a magnified view of the fibrils. Here the
register of fibrils is seen again, but there are much larger gaps between the bundles.
These gaps show a low density of the fibrils, leading to a less packed tendon structure.
D-banding can be faintly seen on some fibrils. Image D shows a magnification of the
crimped areas. Although there is both bundling and alignment of the fibrils, they are not
in register. The dense crimping has created a loose network of fibrils which do not
bundle as tightly as seen in other images. The smaller meshwork of fibrils is seen, which
appears to have formed from the unwinding of larger fibrils.
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4.5.1.3 VPS33B Tendon

Figure 4-3 SEM of VPS33B mouse tendon showing disordered fascicles. A 1000x, B 5000x, C
20000x, D 20000x magnification

Figure 4-3 shows SEM of VPS33B tendons. Image A shows a highly disordered
tendon structure. While there is a general top-to-bottom majority alignment of the tendon
core, there is a highly disorganised meshwork of smaller fibrils that do not have
alignment. There are also fascicles that have extensive evidence of crimping and
shrinkage. Other fascicles are misshapen and appear to be curling back on themselves.
Image B shows well-aligned fibrils in register. These fibrils are not tightly packed, so
there are large gaps between the bundles of fibrils. Some smaller fibrils are seen to run
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perpendicular to the main alignment. There appears to be some localised swelling in
some fibrils. D-banding, though faint, can be seen. Image C shows highly aligned fibrils
in a densely packed arrangement, as would be expected in healthy tendons. Few gaps
are visible in the foreground. There is evidence of bundling and twisting of the fibrils at
one side of the image, where there is also less alignment. Image D shows fibrils in
varying states of disorder. There are aligned fibrils in closely packed bundles, indicative
of healthy collagen. Other fibrils have smooth glassy features, indicating that
degradation from collagen to gelatine has occurred.
4.5.1.4 Mesoscale Imaging Discussion
The WT samples acted as controls for this study. The WT mice had the same
genetic defect as either the VIPAR or VPS33B mice, but this defect was not activated
as tamoxifen was not injected. The images show the tendons in two different healthy
states. The first (Figure 4-1 A) shows visible crimping in the tendon, causing a change
to the pattern of the collagen fascicles. This crimping is a well-known phenomenon in
tendon behaviour and does not indicate disorder

92,344,433,434.

The fascicles’ directional

orientation is notable, and this is a recognisably healthy tendon. The other state is that
of the tendon still under tension (Figure 4-1 B). This produces remarkably well-aligned
fascicles, with an exceptionally clear register resulting in directional alignment. This
alignment is recognised as being the preferred behaviour of the tendon in vivo, and
would be the healthy and natural state of the tendon under strain

433,435–437.

After

magnification, the two states are seen again, with one showing crimped but aligned
fibrils (Figure 4-1 C), the other showing fibrils all in register (Figure 4-1 D). This gave a
baseline to which appearance of the VIPAR and VPS33B KO mice could be compared.
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Clinically, the phenotype that arises from a VIPAR disorder is considered less
serious than the VPS33B disorder, though may still be fatal

438,439.

Additionally, the

enzymatic role that the vipar protein has in cell transport is complementary to VPS33B
and its homologs 402. Thus, it was not unexpected that the SEM for the VIPAR showed
indications of both disorder and order in the tendon. Similar to the WT sample, crimping
was found (Figure 4-2 A & C), without significant alterations to the register of the fibrils
(Figure 4-2 B & D). What was unique to the two KO samples was the meshwork of
smaller fibrils, which was present in VIPAR, but more so in the VPS33B sample. This
could have occurred as the intermolecular crosslinks formed by lysyl oxidase were not
present due to the defect 16,46,438,439.
VPS33B is the more serious of the two genetic defects investigated, and
invariably causes mortality

98,202,440.

This disorder was most evident in the low

magnification image (Figure 4-3 A). This was a fully disordered structure, with only some
localised behaviour appearing to be consistent with tendons433. As a structural protein,
collagen depends on its strong directional alignment, often referred to as register
53,114,220.

When this register is altered, causing a subsequent change in topography, this

often results in a change in the physical behaviour of the collagen; a recurring theme in
this thesis 395,436. This is important for all structural behaviours of fibrillar collagen, but it
is especially important in highly aligned tissues such as tendons or ligaments

441,442.

A

loss of alignment and order as seen under the SEM would doubtless cause a loss of
function in the host animal. The large gaps been the fibre bundles seen in VPS33B
could be evidence of a lack of interfibrillar crosslinking.
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However, the disorder was not seen throughout the entire data set, with both high
magnification images (Figure 4-3 C & D) suggesting that in some areas that the
alignment remains. Evidence of gelatinisation, the final stage in collagen degradation
was seen

356.

In this case, SEM had allowed for an investigation of the microscale

effects of the knockouts, and how these affect changes to the middle-level hierarchy of
collagen. The level of disorder stretches across several hierarchical domains.
It was not unexpected that a significant percentage of the tendon would be
unaffected. The induction of the KO did not occur until at least week 6, while the mice
were still juveniles but crucially still growing. Until the induction of the KO, the mice did
not have any abnormalities and would have been the same as the WT mice. The KO
would not have taken effect until the final six weeks of development of the mice.
Therefore, it is understandable that the outer layers of the tendon appear to be highly
disordered, while deeper layers are regular in appearance like the WT. KO in utero had
been previously attempted, which invariably lead to spontaneous termination.

By

comparing the WT to the two KO samples, a potentially pathological presence of smaller
tendons has been found, which is likely the result of incorrect post-translational
modification.
4.5.1.5 Mesoscale Imaging Summary
The primary objective of this section was to discover if markers of health and
disease could be visually identified using mesoscale imaging in mouse tendons. Initial
promising results from the collagen membranes study in Chapter 3 suggested that it
would be possible to use SEM for this analysis. Baseline markers were found in the WT
tendon when it was both relaxed and under tension. VIPAR tendons showed some
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evidence of disease with fascicle gaps and a meshwork of disordered fibrils. VPS33B
tendons showed increased levels of disorder. Both KO tendons had some areas that
were healthy.
4.5.2 Nanoscale Imaging
Mesoscale imaging with SEM in section 4.5.1 confirmed that evidence of disorder
was seen in the KO tendons, following Objective 1. There was some evidence of
gelatinisation, and not all tendons had identifiable D-banding. As ARC syndrome is a
disorder that would affect collagen at the nanoscale due to incorrection fibrillogenesis,
Objective 2, “identify further morphological disorder at the nanoscale and compare to
known effects of collagen formation”, was investigated using AFM. AFM was used to
confirm whether any of the markers seen under SEM could be duplicated at the
nanoscale, and if further evidence of collagen disorder could be identified, especially
evidence that could be linked to incorrect fibrillogenesis.
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4.5.2.1 WT

Figure 4-4 AFM of WT mouse tendon showing aligned fibrils in sheets

Figure 4-4 shows AFM images of the WT tendon. Image A shows a large area
with clear evidence of bundling of fibrils. Twisting is seen as well, and there is a
considerable amount of topography present; fibrils are seen underneath the central
plane of the image and crossing over each other. D-banding cannot be seen in this
image. Image B shows fibrils in register, showing a high degree of directional
orientation. Almost all of the fibres are following a single direction, with some small
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swelling seen at the junction of two fibrils. Small dots visible on the surface are likely
imaging artefacts and are not linked to the collagen structure. D-banding is readily
visible. Image C shows several layers of tendons interacting. There are at least three
distinct planes, all following their directional alignment. Some fibrils which are lying on
the main bulk of collagen, are not aligned. Towards the edges of the image, there is
some evidence of gelatinisation with a loss of D-banding. Otherwise, the D-banding is
visible. Image D shows collagen in strict register being highly aligned. D-banding is
visible, but the complex 3-D nature of tendon fascicles can again be seen towards the
lower right corner of the image. Collagen fibrils are seen below the plane of the image,
which appears to be larger than the main group of fibrils in register.
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4.5.2.2 VIPAR

Figure 4-5 AFM of VIPAR mouse tendon on the glass surface

Figure 4-5 shows the AFM images of the VIPAR tendon. Image A shows aligned
collagen fibrils in distinct groups. The glass surface is visible as a background. Some
sections of the fibrils appear to be swollen with a loss of fibril integrity suggestive of
disorder. Image B is similar to image A and shows more tendon fibrils on a glass surface.
Immediately visible in the centre of the image is a large mass of fibrils without register
or orientation. D-banding is only present in some fibrils. Swelling is evident in many of
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the fibrils, with some areas heavily distorted. Image C is taken at a lower length scale
and focuses on a mass of fibrils. Some of these fibrils are in register with each other,
but there is no overall directional orientation. Other fibrils appear to be in a state of
severe disorder without any discernible shape to their structures. Even in aligned fibrils,
there are areas where the fibrils have lost D-banding, giving evidence of local
gelatinisation. Most notably D-banding is visible, but this banding is not regular. Areas
of the D-band appear to be swollen, creating an uneven line profile in the affected the
fibrils. Image D shows an increased focus on the central area of image C. This allows
for a closer investigation of the swollen D-band areas. The swelling appears to have an
alignment preference, being found mostly on the ‘bottom’ of the fibrils as they have been
imaged. Additionally, only some areas of the fibrils appear to have been affected by the
swelling. Individual fibrils have areas with swollen D-banding at one location, but then
appear to be healthy and intact along different regions of the same fibril. For some of
the fibrils visible in this image, there does not appear to be any D-bands with visible
swelling.
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4.5.2.3 VPS33B

Figure 4-6 AFM of VPS33B mouse tendon on the glass surface

Figure 4-6 shows AFM images of the VPS33B tendon. Image A shows a large
mass of highly disordered fibrils. There is no directional orientation, and there is a lack
of any semblance of alignment and register throughout the image. D-banding is only
identifiable in a small number of fibrils, which is likely to indicate level of disorder in the
tendon. Image B shows highly aligned and ordered fibrils. D-banding is identifiable.
However, the majority of the fibrils have swollen areas on the D-band, without any
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apparent preference for the location of the swollen area. There are several thicker fibrils
which covered the main body of aligned fibrils. Image C is similar and contains wellaligned fibrils which are mostly in register. There is D-banding present, but some
swelling is also seen. Image D shows swollen fibrils with some directional alignment.
The swelling of the fibrils means that identifying the edges of each individual fibril is not
always possible. There is D-banding present, but again this is swollen and suggestive
of disordered collagen fibrils.

Figure 4-7 shows the D-band line profile analysis. Arrows indicate profile distortion. Scale bar
500 nm

Figure 4-7 shows the line profile analysis comparison between WT, VIPAR and
VPS33B. The swelling in the D-banding seen in VIPAR and VPS33B was analysed
using line profile analysis. Analysing the topography of the D-banding with reference to
the measured height allows the fibrillar swelling to be quantitatively analysed. WT shows
a smooth profile with repeated peaks and troughs on the height axis. The D-band repeat
for the WT sample was calculated as being 65.2 ± 1.1 nm, which compares favourably
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to the literature reported value of 67nm. VIPAR KO profiles showed some irregularity,
with jagged peaks seen highlighted. VPS33B shows the most irregularity, with
considerable variations in height, as well as jagged line profiles showing the extent of
the fibril distortion. The average major peak to peak distance, being the average D-band
length, does not change significantly in the WT, VIPAR or VPS33B samples. However
while the repeated raised areas of the fibrils are indicative of disordered collagen, the
degree of the swelling of the fibril in the knockout samples could be more significant.
The Z-axis range, showing the height difference in the sample, indicates consistent
swelling for VPS33B of at least three times that of the WT (30-36µm versus 100-120µm).
Fast Fourier transform (FFT) analysis of the collagen confirmed that when the swollen
areas were discounted, the average D-band length was 66.8 ± 1.3 nm for all tendons,
without a significant difference between any of the samples.
4.5.2.4 Nanoscale Imaging Discussion
The challenge of Objective 2 was to “identify further morphological disorder at
the nanoscale and compare to known effects of collagen formation”. This was first
answered by comparing the AFM and SEM images.
For the WT tendons, the AFM (Figure 4-4) images are similar to the images seen
during mesoscale imaging with SEM (Figure 4-1). The fibrils are mostly well aligned,
and in register with each other. It is clear that ordered and well-aligned fibrils are
expected in healthy tendons, without much variation in width

71,74,433,443,444.

VIPAR

tendons vary greatly, (Figure 4-5) with some locations showing aligned and wellorientated fibrils, with some differences in size visible. Although tendons are expected
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to be regular size for optimum use, a change in diameter is not necessarily linked to
poor tendon health 445,446.
The second challenge of Objective 2 was to identify morphological disorder at
the nanoscale. It was, therefore, more important to note that D-banding swelling was
observed. This D-band swelling has not been repeatedly reported in the literature, the
closest images to the ones presented here are low-quality and do not allow for a direct
comparison of the features. Other reports focus on the effects of water content on the
collagen fibrils, with an increase in bound water linked to a decrease in transverse
Young’s modulus

279,280,447.

In VPS33B the D-banding swelling was severe and was

seen in fibrils irrespective of their alignment or register. Further tests using line profile
analysis confirmed that the swelling causes a tripling in the height of the D-band without
altering the width of the band. Under AFM for the nanoscale imaging, only the WT
tendons showed a preferential alignment of fibrils throughout the images taken, but Dbanding was visible in all samples tested.
The D-banding swelling is a clear maker of disorder, but this suggests that the
disorder appears and perhaps increases in severity over time. When the KO mice were
first created, attempts to activate the VIPAR/VPS33B mutation in utero were useful and
caused the spontaneous termination of the foetus. This is not due to the induction of the
mutation, but due to the lethal effects of the mutation itself. The induction of the KO
occurs after eight weeks, allowing for a healthy centre of the tendon to develop, free of
disorder. As the protein alteration occurs, the collagen is malformed. This abnormal
collagen is then added to the core of the tendon, as the juvenile mice continue to mature.
The mice continue to ambulate in a reasonable and healthy way while causing the
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diseased effect to increase. These defects in collagen crosslinking are observed across
the range of hierarchal structures. If these defects were seen through the entirety of the
collagen, then the ability of the tendon to act normally is likely to be compromised.
Due to the effects of VIPAR and VPS33B, it is suggested that this swelling is a
result of a disruption of the quaternary structure of the collagen as the lysyl oxidase is
not fully secreted, it would be unable to form aldehyde bonds in the lysine. These crosslinks are known to pull the collagen into a head-to-tail arrangement during fibrillogenesis
1,16.

If this process was incomplete, this could cause conformational changes in the triple

helix structure of collagen. One area of vulnerability to conformational changes is glycine
in collagen. As its R-group consists only of a hydrogen atom, its small size allows for
the tight winding of the triple helix 1,13,19,448. It has been established that if a larger amino
acid were to take the place of glycine, this could cause the swelling observed in the
VIPAR and VPS33B KO. A similar pathway of glycine substitution causing a fatal
disease has been reported for dwarfism and osteogenesis imperfecta

43,134.

It is also

possible that the abnormal bundling seen under SEM is a result of this quaternary
structure malformation. This could be the result of amino acids forming abnormal van
der Waals interactions which then allows for crosslinking in an unusual manner.
4.5.2.5 Nanoscale Imaging Summary
Nanoscale imaging using AFM was successfully used to identify markers of
disorder in the tendons. Incorrect collagen alignment in the tendon, first identified in the
ultrascale using SEM, was confirmed using AFM. Biological variability could be seen
between the samples, particularly within the WT tendons. An additional marker of
disorder, not thought to have been identified previously, was seen in both KO tendons.
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The pathological swelling of the D-band is theorised to be because of an incorrection
amino acid packing.
4.5.3 Nanoscale Indentation

In the previous two sections, it was noted that disorder in a tissue such as a
tendon could cause significant locomotive issues for the mice in this experiment, but
that these issues were not reported. It has also been established in Chapter 3 that
differences in mechanical behaviour can be detected at the nanoscale using AFM.
Visually, the differences between the WT and VIPAR and VPS33B samples are
significant, so a further investigation to see if these differences are mechanical as well,
was warranted. The conclusion of the previous section suggested that there was
abnormal bundling of collagen, and the swelling of the D-band was suggested to be
caused by the incorrect placement of amino acids.
This leads to two possible outcomes that are tested by Objective 3: “confirm that
identified disorder causes a change to mechanical structure of the collagen, and confirm
if this is a strengthen or weakening effect”. The swelling of the D-bands was possibly
causing a weakening of the collagen. Similarly, the change in tendon structure under
SEM was suggested to be linked to locomotive issues in the behaviour of the mice due
to weakened tendons. The AFM can be used to test these theories though indentation.
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4.5.3.1 WT

Figure 4-8 Young’s modulus of WT tendon showing some bimodal distribution

Figure 4-8 shows the Young’s modulus of the WT tendon. The indentation gave
a bimodal distribution, with lower peak of 1.37 ± 0.85 GPa and a higher peak of 10.73 ±
0.85 GPa. The fit of the graph on this sample was poor, suggesting limited bimodal
distribution
4.5.3.2 VIPAR

Figure 4-9 Young’s modulus of VIPAR tendon showing bimodal distribution

Figure 4-9 shows the Young’s modulus of the VIPAR tendon. The indentation
gave a variation of bimodal distribution, with a sharp peak at 9.18±0.37 GPa and a
smaller more diffuse peak of 11.07±0.93 GPa.
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4.5.3.3 VPS33B

Figure 4-10 Young’s modulus of VPS33B tendon showing strong bimodal distribution

Figure 4-10 shows the Young’s modulus of the VPS33B tendon. Two distinct
peaks are visible, with bimodal distribution evident. The lower peak is centred on
1.34±1.2 GPa with the higher peak calculated as 7.01±0.2 GPa. The distribution on this
graph was very sharp, suggesting a very narrow variation of measurements.
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4.5.3.4 Overall Mechanics

Figure 4-11 Young’s modulus of all tendon samples showing comparisons

Figure 4-11 shows the comparison between the indentation of the WT, VIPAR
and VPS33B tendons Although it was not clear from the graph, a statistically significant
decrease in in Young’s modulus was confirmed between WT and VIPAR. Additionally,
a significant decrease in Young’s modulus was also found between both WT and VIPAR
when compared to VPS33B. WT and VPS33B had significant differences in Young’s
modulus in both the higher and lower peaks, with p < 0.05, Kruskall-Walis. A difference
in Young’s modulus WT and VIPAR was noted between the lower peaks, with both
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VIPAR values in the 9-11 GPa, compared to the 1.37 GPa and 10.73 GPa range of the
WT sample, p < 0.05, Kruskall-Walis.
4.5.3.5 Nanoscale Indentation Discussion
The task of Objective 3 in this section was to identify if there were mechanical
differences between the tendons. Firstly, measurements were taken from each sample.
For the WT tendon (Figure 4-8), bimodal distribution was observed, similar to the pattern
seen in the control mouse in Appendix C tendon previously tested. However, the
medians for both peaks were considerably lower in the WT tendon.
The VIPAR knockout (Figure 4-9) gave a very weak bimodal distribution. The
VPS33B tendon (Figure 4-10) had clear bimodal distribution. The lower median was the
same in both the VPS33B and WT samples, but the upper median of VPS33B was
significantly lower than all of the other medians recorded.
The behaviour of tendons has already been reported as being an ordered
structure

15,344,449.

This directional orientation allows for the anisotropic stiffness of the

tendons that are crucial to its biological function

335,450,451.

Disruptions to this alignment

have already been shown to cause a morphological change in the collagen, especially
in the VPS33B tendon (Figure 4-6). The swollen D-bands in those images are likely to
have caused the decrease in Young’s modulus of the tendons. The theoretical incorrect
arrangement of the amino acids which caused the swelling are likely to leave voids
instead of a tightly packed fibril structure. These weakened areas, along with incorrectly
crosslinked fibrils, may explain why the higher median for VPS33B is so low. Fibrils that
were not affected by the knockout, or not affected significantly, were not weakened. This
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kept the lower median of Young’s modulus the same for both the WT and VPS33B
samples. While the bimodal distribution of Young’s modulus is expected in tendon
collagen, the significant decrease in Young’s modulus must be pathological 59,443,445,452.
A decrease in Young’s modulus of the tendon has been clinically reported as causing
failure, rupture, and often requires surgical intervention

442,453–455

.

4.5.3.6 Nanoscale Indentation Summary
Indentation using AFM was successfully used to characterise a mechanical
property of the tendons. Variation was seen between all of the samples, and none of
the samples matched the Young’s modulus of the control taken previously. Bimodal
distribution was seen, and significant decreases in Young’s modulus for the KO samples
was measured. The decrease in values is consistent with the changes in morphology
previously shown.
4.5.4 Chapter Summary

Throughout this chapter, SEM, AFM and a range of mechanical measurements
were performed on tendons and bones as a model of ARC syndrome. This was a
novel combination of the techniques and allows for multimodal analysis of the effects
of the knockouts at different hierarchies. This work was showcased by different
presenters at various conferences and has been published. In summary:
•

The markers of collagen disorder first identified in Chapter 3.5 were
reconfirmed and validated in tendons. AFM and SEM both yielded results in
showing ordered tissues.
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•

Markers of collagen health were identified in the control samples. A bimodal
distribution of Young’s modulus (3, 14.5 GPa) and well-aligned collagen fibrils
were seen.

•

The evaluation of ARC syndrome models using SEM confirmed disordered fibril
structure as a marker of VIPAR KO, which was even more disordered in
VPS33B. AFM additionally showed the presence of D-band swelling in both
KOs. A decrease in Young’s modulus was measured in the KOs. A decrease in
macroscale mechanical properties was measured in bones for both KO when
collagen was the dominant factor (Appendix D).

•

Genetic alterations to the mice resulted in severely altered collagen, which
showed an increasing level of disordered and a decrease in measured
mechanical properties. Therefore, these genetic alterations gave both a
morphological and a mechanical effect to the fibrilised collagen.

https://www.youtube.com/watch?FN5z7PEQ 19.1
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5 Developing Quantitative Nanohistology in
Skin & Case Studies of Scleroderma 3
5.1 Introduction

The use of biopsies to diagnose skin conditions is extensive

110,137.

A punch

biopsy, where a 2-6 mm2 full thickness of skin is removed, is commonplace and allows
for full histological analysis to be performed 456,457. This is considered to be as minimally
invasive as possible, leaving behind a small scar that can rapidly heal

458,459.

Many

conditions, ranging from quality of life disorders such as uncombable hair syndrome to
widespread malignancies such as melanoma benefit from an invasive removal of tissue
for further analysis 422,460–462. One condition that can benefit from rigorous analysis after
a biopsy is taken is systemic scleroderma (SSc). SSc is an is a multi-systemic fibrotic
collagen disorder of indeterminate aetiology. However, a change in the posttranslational crosslinking of lysyl oxidase is noted as a possible cause

184,189,192,463.

Patients often report an initial onset of skin fibrosis, but fibrosis of the viscera,
widespread vasculopathy and a spectrum of other features can arise 101,179,184. SSc is a
disorder that affects women primarily, although age and ethnicity as demographic
details are also important factors in understanding collagen behaviour

127,280,401,464,465.

3 The work in this chapter formed part of a collaboration with Dr Herve Pagion (L’Oréal) who
sponsored R&D related to this work, with some data collection and analysis performed with Anna Maeva
(UCL).
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A number of case studies of skin biopsies were analysed refining the quantitative
nanohistology (QNH) protocol and introducing a novel image quantification process.
The QNH protocol was then applied to two SSc patients with demographically matched
controls.
The work in this chapter and in Appendix E in has been published as “Role of the
prolyl 3-hydroxylase LEPREL1 in fibrosis”

466

and subsequent work been accepted

pending final corrections as “Role of the prolyl 3-hydroxylase LEPREL1 in scleroderma
and in experimental skin fibrosis”. The work in Part B has been published as
“Quantitative

nanohistological

investigation

of

scleroderma: an

microscopy-based approach to disease characterisation”

395.

atomic force

Additionally, a further

paper is being prepared for submission.

5.2 Aim
This chapter aimed to bring together the advances made in Chapter 4 by seeking
to develop the QNH protocol for clinical samples, and to test the protocol on SSc,
allowing for the use of AFM as an adjunct diagnostic tool.

5.3 Objectives
Part A:
1. Measure the Young’s modulus and topography of case studies of healthy skin
donors.
2. Enumerate topographical images using an image quantification system.
3. Refine the QNH protocol by introducing histological and mesoscale imaging
where appropriate.
Part B:
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4. Test the QNH protocol on case studies of SSc to allow for direct comparisons.
These objectives will be met in two parts. Initially, in part A, healthy skin samples will be
examined to develop the QNH protocol. Once refined, QNH will be applied to case
studies of SSc to test its effectiveness.

5.4 Materials and Methods
5.4.1 Materials
5.4.1.1 Human Skin Case Studies
All samples for the comparative SSc studies were obtained under ethical approval
(Research Ethics Committee Cambridge, 06/6398) and patient consent was obtained
following local guidelines by the team of Dr Richard Stratton, consultant rheumatologist,
Royal Free Hospital and UCL . Volunteer patients had a 4 mm punch biopsy taken from
the upper forearm in a non-load-bearing area, including the sclerotic lesion where
appropriate for this study. All SSc patients were diagnosed in clinic as being at a severe
stage of the disease, ensuring that any samples taken would have sclerotic lesions.
Similarly, the biopsies for case studies of healthy skin were obtained under
consent by a collaborator and processed using the same histological protocol as
described above.
5.4.2 Methodology
5.4.2.1 Histological Staining
After skin samples were obtained as above, biopsies were snap-frozen in methyl
butane and liquid nitrogen. Samples were histologically cut into 10 µm sections at a
clinical laboratory (Blizard Institute – Queen Mary University London). The sections
were subsequently stained with picrosirius red (PS) for collagen alignment after being
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dried through physisorption onto a glass slide. The prepared sections were then stored
at 4°C under Human Tissue Act guidelines until required for experiments.
5.4.2.2 Histological Imaging
A Leica (Wetzlar, Germany) light microscope (LM) with 4x, 10x and 20x
magnification lenses was used for LM imaging. The LM was additionally equipped with
two crossed-light polarisers (90°), to allow for polarisation (darkfield) LM. At least three
images were taken in each location for each sample, with at least three biopsies per
patient analysed. Images were captured using an 8-megapixel digital camera (EOS
Rebel 100, Canon). Where applicable hundreds of individual LM images were combined
using Autostitch into a single overview image as described

467.

5.4.2.3 Mesoscale Imaging
Previously sectioned samples were fixed for 24 hours using 3% glutaraldehyde in
0.1M sodium cacodylate solution. The samples were then dehydrated using an ethanol
series over 20 minutes, before critical point drying with hexamethyldisilazane. Samples
were mounted using carbon adhesive tabs to aluminium stubs (Agar Scientific, UK), and
coated in Au/Pd. Imaging was performed using a Philips XL30 FEG-SEM (FEI,
Eindhoven), with an accelerating voltage of 5 kV. Low, medium and high magnifications
were chosen as appropriate for each sample. Images were taken in random locations
(minimum of 3 per sample) or to display notable features.
5.4.2.4 Nanoscale Imaging
Samples were not fixed or treated after histology. Both a Nanowizard 1 and
Nanowizard 4 AFM operated in contact mode in air were used to image most samples,
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equipped with MSNL cantilevers with k = 0.03-0.6 N/m. The setpoint, gains and
scanning speed were optimised for each sample. Images were taken in random
locations across the sample, processed using proprietary JPK software, and
representative images presented.
5.4.2.5 Nanoscale Mechanics
For mechanical measurements (indentation) both AFMs were used. Two types
of calibrated cantilevers were used. For some experiments, RFESPA (Bruker, Santa
Barbara) cantilevers, k= 3 N/m, were employed, with more recent experiments using
NSC-35 (Mikromasch, Tallinn) cantilevers, k = 5.4 – 8.9 N/m. In each case, a minimum
of 500 force-displacement measurements were taken on the collagen with an applied
relative setpoint of 300 nN.. The force-displacement curves were processed using
proprietary JPK software and fitted according to the Sneddon model. This data was
graphed,

statistically

analysed

and

presentedusing

OriginPro

(Origin

Corp,

Massachusetts).
5.4.2.6 Image Quantification
As the QNH protocol was developed, AFM images were analysed to determine
the dominant features using a colour coding system according to the following criteria:
•

Type 0 – invalid pixels due to contamination, glass surface visible, cross-section
artefacts on fibrils, preparation artefacts, imaging artefacts.

•

Type 1 – holes or gaps between fibrils that are intact, excluding gaps between
collagen sheets.

•

Type 2 – non-collagenous material, loss of fibril integrity with loss of D-banding.
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•

Type 3 – intact fibrils with D-banding periodicity but not aligned.

•

Type 4 – intact fibrils with D-banding periodicity and fibril alignment.
Each image was split into 100 1 µm2 pixels, and the dominant feature type was

recorded and graphed to give an overview of the principal features of that area, to give
exactly 100 features per image. A minimum of 6 images per sample were analysed
using this method, to give 600 markers per sample. Currently, all images were analysed
by one individual, after consultation with other experienced individuals. Additionally,
each set of images were viewed en masse to give a qualitative overview of the features.
The results of the image quantification were graphed on OriginPro (OriginCorp,
Massachusetts) as box plots and bar charts as appropriate.
These feature markers were chosen to indicate certain behaviours indicate of
typical and atypical collagen. Type 0 indicates an invalid pixel, from which useful data
cannot be extracted. This is required as the image analysis protocol requires one feature
per pixel, so type 0 allows for this standardisation without biasing the results. Type 1
indicates an abnormal hole, gap or splitting between recognised collagen fibrils. These
holes are considered to be a precursor to further disorder but show that collagen is still
present in the pixel. Type 2 is non-collagenous material, which could be either collagen
that has degraded into gelatine or one of the many other components of skin that could
be present. As polarised light histology is introduced in Part B of this chapter, it was
considered unlikely that there would be too much non-collagen present in the areas
selected for imaging, so any type 2 is more likely to be degraded collagen. Type 3 is
disordered collagen, which still shows D-banding. This is collagen that is out of
alignment with its neighbouring fibrils and does not seem to follow a discreet register or
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alignment. Type 4 collagen is well aligned and ordered, and is the generally accepted
state of healthy human skin collagen. This would be the expected state of collagen in
an otherwise healthy individual. The meaning of these damage markers and their
significance in understanding collagen behaviour will be considered in the discussion
sections. An example of two different images, the damage markers and the graphing is
shown below:

Figure 5-1 Image quantification examples

Figure 5-1 shows two example images that have been analysed using the image
quantification protocol. Each separate pixel had its dominant feature noted, according
to the colour scheme as described above. This colour scheme is presented here for
ease of explanation. They will not appear in the main results section, as the colours will
be used differently to describe light microscopy images as a part of the overall protocol
development. Repetition of colour levels could cause undue confusion.
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Figure 5-2 Image quantification graphs

Figure 5-2 shows the collated data obtained using the image quantification
protocol. By normalising the image quantification data and presenting it as percentages,
this allows for the easy scalability of the protocol.
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5.5 Blind AFM Imaging and Mechanics

Having previously evaluated a mouse model for SSc in Appendix E, the first
challenge of this chapter was to establish a baseline for the behaviour of human skin in
healthy donors. By working towards the development of a conclusive protocol for
collagen characterisation, the aim was to establish morphological and mechanical
indicators of health which could later be applied to disease. Here, four donors are
presented, and after development, the image analysis protocol was initially trialled, for
Objective 1 of this chapter: “measure the Young’s modulus and topography of case
studies of healthy skin donors.”
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5.5.1 Patient 1

Figure 5-3 Morphology of four locations of Patient 1

Figure 5-3 shows the AFM imaging of Patient 1. Image A shows a large mass of
amorphous material, which covers bundles of fibres. Several distinct bundles are
crossing each other, showing layers and directional alignment. D-banding is visible on
the fibrils. Image B also shows a large amount of non-collagenous material. Collagen
fibrils are present in the lower half of the image, with ends of fibrils exposed suggesting
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that the histological sectioning has bisected a bundle of fibres. When the lengths of
fibrils are visible, D-banding is present. Image C shows a range of morphologies, with
bundles of fibrils crossing each other, indicating that sheets of collagen have been cut
during preparation. Some fibrils are intact while others have been cut. The majority of
the collagen imaged appears to be intact and well-aligned, and the glass slide is visible
in the background. Image D shows a higher magnification image of collagen fibrils. Dbanding is present on all fibrils, which is regular. It is important to note heterogeneity of
alignment and organisation in the fibrils, even over the range of a 5 um2 image. The
fibrils move from being aligned and in orientation at the top of the image to being
disordered at the bottom of the image.
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Figure 5-4 Young’s modulus of four locations of Patient 1

Figure 5-4 shows the Young’s moduli of four locations of Patient 1 corresponding
to the locations seen in Figure 5-3, with 3 of the graphs showing bimodal distribution.
Graph A shows a bimodal distribution with a large range median of 4.84±0.24 GPa and
a narrow median of 14.42±0.22 GPa. Graph B also has a bimodal distribution; two
narrow medians of 4.08±0.15 GPa and 9.67±0.36 GPa. Graph C has a single
distribution of 4.31±0.141 GPa but with a very wide range of data, similar to all of the
other graphs shown in this figure. Graph D does not show any median distributions but
contains a large range of values. All of the graphs with medians have a consistent low
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median around 4 GPa, which were not significantly different from each other. Graphs A
and C were both statistically different from each other and the other graphs, KruskalWallis, p < 0.05.
5.5.2 Patient 2

Figure 5-5 Morphology of four locations of Patient 2

Figure 5-5 shows the morphology of Patient 2. Image A shows small bundles of
fibrils with amorphous material present between the fibrils. There is alignment inside
173

fibril bundles but not between the bundles. Some of the fibrils have D-banding visible,
but the close packing of some fibrils means that, if it is present on the other fibrils, it
cannot be observed. Image B shows a large number of fibrils. These fibrils appear to
be smaller than the other fibrils in image A, and have a distinctive wavy alignment to
them, appearing in sheets. D-banding cannot be seen as, if it is present at all, it is either
too small to be seen or the fibrils are too tightly packed to show it clearly. Image C shows
sheets of collagen that have been cross-sectioned during sample preparation, showing
the ends of the individual fibrils. There is an overall directional alignment, despite
sectioning through the sheets and bundles. D-banding is present on all of the fibrils.
Image D is a higher magnification image of collagen fibrils. While there are some fibrils
in alignment towards the centre, the rest of the image shows amorphous material. Dbanding is present, but it is irregular; appearing to be very faint. The fibrils embedded in
the amorphous material also show D-banding despite lacking any register or alignment.
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Figure 5-6 Young’s modulus of four locations of Patient 2

Figure 5-6 shows the shows the Young’s moduli of four locations of Patient 2
corresponding to the locations seen in Figure 5-5. Graph A has a bimodal distribution
with a lower narrow median of 3.45±0.16 GPa and a very wide upper median of
9.83±1.15 GPa. Graph B shows a bimodal distribution, with a wide median of 6.09±0.28
GPa and a narrow higher median of 13.37±0.25 GPa. Graph C has a long tail single
wide median of 4.15±0.48 GPa. Graph D also shows a single wide median of 4.61±0.37
GPa with a long tail of data going to 20 GPa. Graphs C and D were extremely similar in
their appearance, and their median averages, which were significantly different from
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both graphs A and B. Graphs A and B were significantly different from each other and
every other graph of Patient 2, Kruskal-Wallis, p < 0.05.
5.5.2.1 Section Discussion
Patients 1 and 2 both presented interesting case studies and, more importantly,
allowed for the improvement of the QNH protocol. The appearance of Patient 1 (Figure
5-3) show the wide-ranging differences that were possible within in a single sample. In
the four images presented there are: fibrils in and out of alignment, fibrils that have been
cross-sectioned, non-collagenous material, a visible glass slide and imaging artefacts.
In particular, Figure 5-3D show the changes in alignment that can occur over the space
of one micron; fibrils change from being highly aligned to disordered to being aligned
again. Patient 2 (Figure 5-5) also showed changes in alignment and collagen behaviour
both in each individual image and between the image sets, causing intra-sample
variation. Similar changes within a small location have been previously reported, with
no particular solution presented

26,468.

While all of these images were described, it was

obvious that a method of characterising the samples more fully and completely was
needed. This has been described previously in the literature, with the intra-sample
variation being noted as a significant barrier to image analysis

115,457,461,469.

One

potential method of enhancing the image analysis is to use large data sets and neural
networks to analyse repeating patterns present in the imaging data 470. This would allow
for both inter-sample and intra-sample variability to be considered during data analysis.
The mechanical measurements also identified the similarities and differences
between the two case studies in Patient 1 (Figure 5-4) and Patient 2 (Figure 5-6). In
each of the eight graphs, a low median value of around 4 GPa was calculated. However,
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there was no apparent pattern within each sample regarding distribution. Both bimodal
and single distributions were observed, with the upper modulus value varying from 9.5
GPa to 13.7 GPa. As described in Chapter 4.5, this value for collagen is consistent with
data found in both this thesis, and reported in literature 277,280,374.
Additionally, a bimodal distribution around 5 GPa and 12 GPa has been suggested
as being the average behaviour for collagen in skin

343,471,472.

Differences between the

two major dermal layers, the papillary and the reticular dermis, should also be
considered when noting disparate mechanical measurements and changes in
morphology

107,108,473.

Crucially, Objective 1 has been met as “measure the Young’s

modulus and topography of case studies of healthy skin donors” was successfully
performed.

5.6 LM-Guided QNH Protocol

In the above section, AFM was used to investigate two healthy donors. However,
large intra-sample variation presented an immediate problem. While some salient
features of the image were highlighted, it appeared that every image has a large amount
of variation. Two potential improvements were trialled for the final two healthy case
studies, Patients 3 and 4. Light microscopy (LM), which was used effectively in Chapter
3.6 to locate areas of interest, is used here to ensure that measurements are always
taken in similar regions of the dermis. Additionally, the dominant features of the
individual images, and especially markers of potential damage to the collagen were
recorded according to the image quantification protocol as described in Section 5.4.
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These experiments sought to answer the challenge of this chapter’s Objective 2:
“enumerate topographical images using an image quantification system”.
5.6.1 Patient 3
5.6.1.1 Histology

Figure 5-7 LM of the section of Pt 3, 20x magnification

Figure 5-7 shows a composite LM image of Patient 3, with the areas for
investigation marked below the dotted line. The stratum corneum and epidermis are
visible towards the top of the image. Below them are the papillary dermis and reticular
dermis, which are collagen-rich areas. Further measurements with AFM were taken in
the reticular dermis region.
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5.6.1.2 Histology Guided Imaging

Figure 5-8 Morphology of four locations of Patient 3

Figure 5-8 shows the morphology of Patient 3, taken from the reticular dermis
region of the sample, as seen in Figure 5-7. Image A shows several intersecting
collagen sheets. Large bundles of fibrils can be seen, but D-banding is not visible. While
the fibrils are mostly in alignment, many have come out of the bundles and lost register.
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The ends of some cross-sectioned fibrils and the glass slide are also present. Image B
also shows the intersections of several collagen sheets. Here the fibrils show a large
range of behaviours, but all of the bundles are well aligned. Some fibrils are lacking
alignment but D-banding can be easily seen in all fibrils. Image C shows a large amount
of amorphous material, where neither D-banding or fibrils can be seen on the surface.
In some locations, especially towards the edges of the image, fibrils are seen, which
appear to be well-aligned. Image D shows several bundles intersecting, with fibrils
present. The fibrils and bundles are both well aligned. D-banding is seen, although some
amorphous material is also present.
5.6.1.3 Image Analysis

Figure 5-9 Image quantification damage markers of Patient 3

Figure 5-9 shows the image quantification for Patient 3. The four images in Figure
5-8 were analysed in addition to two others not shown. The most frequent feature
present was type 4, aligned fibrils. This was found to be significantly more numerous
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than any of the other types tested. Despite not being easily observed when the entire
image was viewed, there are large contributions from type 3, unaligned fibrils as well as
a considerable amount of type 2, non-collagenous materials.
5.6.1.4 Histology-Guided Nanomechanics

Figure 5-10 Young’s modulus of four locations of Patient 3

Figure 5-10 shows the Young’s modulus for four locations seen in Figure 5-8.
Graph A shows a bimodal distribution with wide medians of 3.42±0.62 GPa and
13.10±0.65 GPa. Graph B shows a bimodal distribution with a narrow lower median of
3.07±0.22 and a narrow upper median of 13.79±0.46 GPa. Graph C shows a bimodal
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distribution with a wide lower median of 3.94±0.67 GPa and a wide upper median of
12.7±0.73 GPa. Graph D shows a bimodal distribution with a wide lower media of
4.11±0.62 GPa and a wide upper median of 12.62±0.73 GPa. None of the graphs were
significantly different to each other, Kruskal-Wallis, p > 0.05.

5.6.2 Patient 4
5.6.2.1 Histology

Figure 5-11 LM of the section of Pt 4, 20x magnification

Figure 5-11 shows a composite LM image of Patient 4, with the areas of
investigation marked below the dotted line. The stratum corneum and epidermis are
visible towards the top of the image. Below them are the papillary dermis and reticular
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dermis, which are collagen-rich areas. Further measurements with AFM were taken in
the reticular dermis region. This sample is highly porous, with large gaps visible between
the tissue. Additionally, the sample appears to be lightly stained; likely a side-effect of
the high porosity.
5.6.2.2 Histology Guided Imaging

Figure 5-12 Morphology of four locations of Patient 4
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Figure 5-12 shows the morphology of Patient 4. Image A shows several bundles
of collagen with varying appearances. Some fibrils are visible with D-banding evident;
other fibrils are densely packed and form a thick sheet with some holes. There is minimal
discernible orientation throughout the image. Some bundles do not show clear fibrils,
and there is amorphous material present towards the top of the image. Image B shows
a large number of fibrils which are visible. The fibrils are well aligned and show a high
degree of directional orientation. Image C shows fibrils that are curved, and have a
directional orientation as they pack into tight sheets. Some holes in the sheets can be
seen as can D-banding. Image D shows a large number of fibrils without directional
orientation but strong D-banding. Some amorphous material is present, as is the glass
slide in the background. The ends of some fibrils are visible as a result of the crosssection.
5.6.2.3 Image Analysis

Figure 5-13 Image quantification damage markers of Patient 4
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Figure 5-13 shows the image quantification for Patient 4. The four images in
Figure 5-12 were analysed in addition to two others not shown. The most frequent
feature present was type 4, aligned fibrils. Type 3, unaligned fibrils, was less prevalent
but not significantly different from the amount of type 4 present. Both type 4 and type 3
markers were significantly more numerous than type 2, non-collagenous, which was
only found in 12% of the pixels. Comparable numbers of type 1, holes, and type 0,
invalid pixels, were also seen.
5.6.2.4 Histology-Guided Nanomechanics

Figure 5-14 Young’s modulus of four locations of Patient 4
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Figure 5-14 shows the Young’s modulus for four locations of Patient 4 seen in
Figure 5-12. All graphs presented here show a bimodal distribution of Young’s moduli.
Graph A shows a low median of 3.76±0.4 GPa and an upper median of 12.24±0.56
GPa. Graph B shows a wide lower median of 4.69±0.57 GPa and a wide upper median
of 13.19±0.62 GPa. Graph C shows a low median of 4.71±0.36 GPa and a high median
of 12.31±0.25 GPa. Graph D shows a low median of 4.16±0.4 GPa and a high median
of 10.89±0.59 GPa. No statistical differences were seen between any of the four graphs,
Kruskal-Wallis, p > 0.05.
5.6.2.5 Section Discussion
This section differs from the work in Section 5.5 as it included the use of light
microscopy and image quantification. Patients 3 and 4, which were investigated here,
were shown to be more consistent regarding the features observed in the AFM images
than Patients 1 and 2 (Figure 5-4 & Figure 5-6). The location chosen during LM for AFM
imaging is the reticular dermis. The reticular dermis is the lower dermal layer and is
comprised of dense irregular connective tissue, predominantly collagen

32.

This is

contrasted with the upper dermal layer, the papillary dermis, which has a loose collagen
meshwork

32.

Focusing on the reticular dermis for AFM analysis provides two

advantages. Firstly, there is an obvious advantage to keeping the sampling site
consistent across all samples, reducing experimental error and variability. Secondly,
since the reticular dermis has a larger amount of ordered collagen present, there is a
greater chance of finding consistent collagen in every scan which can be expected to
be ordered and healthy. All experiments for Patients 3 and 4, along with the work in part
B of this chapter, used LM to guide AFM data collection. The work in this section went
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some way to answering Objective 3 “add to the QNH protocol by introducing histological
and mesoscale imaging.”
The dominant features of Patient 3 (Figure 5-8) appeared to be intersecting sheets
when observed solely as images without quantification. A large amount of noncollagenous material, probably gelatine, was present. Patient 4 (Figure 5-12) however,
showed large numbers of bundles with both aligned and unaligned fibrils present. While
this is the analysis for the image as it is presented, this approach of just looking at a
group of single images as a whole allows for variation in interpretation. There is a risk
of confirmation bias, and an inherent preference to focus on the major feature initially
observed

474–476.

While imaging remains a key feature of this thesis, the use of image

quantification allowed for the removal of some subjectivity in addition to allowing for
statistical comparisons where appropriate. The image analysis of Patient 3 (Figure 5-9)
showed that while the dominant features in the individual pixel were aligned fibrils, there
was a minimal appreciable difference in number between gelatine and disorganised
fibrils. The novel development of this system answered the requirement for Objective 2:
“enumerate topographical images using an image quantification system”.
The damage marker types broadly follow the implication of the severity of the
feature noted. Type 1, holes, between the fibrils, could be considered precursors to
disorder as it suggests an unwinding of the collagen bundles, but it is not always linked
directly to collagen damage

477.

The presence of large amounts of type 2 non-

collagenous material, likely gelatine shows the greatest level of disorder in a sample.
When collagen has degraded into gelatine, significant changes to its mechanical
properties are noted, with the turnover of collagen under normal physiological conditions
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regularly occurring 356,399,478–480. Type 3, disorganised collagen fibrils, are not aligned to
each other in register. As a biomaterial, collagen derives its mechanical properties from
its isotropic nature, and often form sheets and bundles in hierarchy

9,12,280.

Disordered

collagen disrupts that structure, often leading to a loss of ideal tissue properties
12,59,74,158.

Some levels of disorder are to be expected even in healthy individuals due to

the turnover of collagen in vivo. Type 4, aligned collagen, is the preferred state of
collagen regarding orientation and alignment. Here the fibrils, whether in a sheet or
bundle, are well-aligned to their neighbours. This allows for the large range of
interfibrillar crosslinking to occur, leading to an increase in stability of the larger
hierarchical tissue 27,57,434. Type 0, invalid pixels, is not an actual data point so appears
white on the graphs; no particular patterns are expected to be seen between different
samples as this is dependent on the AFM user’s choice of imaging location. However,
it can be supposed that by using light microscopy for Patients 3 and 4 to help inform the
site choice for AFM imaging, fewer artefacts were observed than in Patients 1 and 2.
It has been well established that disorder in collagen alignment is suggestive of a
weakened and possibly pathological collagen structure

410,452,481.

This was also

observed in the ARC syndrome model mice in Chapter 3. This did not translate to a
decrease in Young’s modulus (Figure 5-10) for Patient 3. The nanoindentation protocol
used throughout this thesis requires the identification of collagen fibrils through obvious
morphological features such as the presence of D-banding. This ensures that only
collagen is tested for Young’s modulus where applicable; the quantity of collagen in a
tested area has no bearing on the mechanical measurements. The nanoindentation
tests individual collagen fibrils; the interaction of the collagen as an ultrascale feature is
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not examined. The Young’s modulus of both Patient 3 and Patient 4 (Figure 5-14) were
mostly consistent with each other. Again, a lower modulus of 3-4 GPa with an upper
value of 10-14 GPa was seen. Unlike in Patients 1 and 2, each graph had a bimodal
distribution of values. It was already discussed that not being consistent in analysing
the reticular or papillary dermis could lead to intrasample variation.
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5.7 Part B - SSc Case Studies

Part A of this chapter established a baseline range of behaviour of skin from
healthy donors as case studies, as well as developed the QNH protocol. In this section,
a direct comparison will be drawn between other healthy donors to matched patients
with diagnosed SSc. Following on from the findings in the previous sections, the use of
mesoscale imaging using SEM will be included initially. Light microscopy, used to effect
previously, will be greatly enhanced through the use of picrosirius red (PS) staining
following its use in Chapter 3.6. Image quantification using dominant feature markers
was initially trailed in part A for Patients 3 and 4. This will be more widely used,
comparing between patients and between groups of samples with added delineation
between different areas seen under LM. The work in part B, and especially in Patients
NK and NR will seek to expand on the requirements for Objective 3 “add to the QNH
protocol by introducing histological and mesoscale imaging.” Additionally, part B will
answer Objectives 4, “Test the QNH protocol on case studies of SSc” and Objective 5
“evaluate the performance of AFM and the QNH protocol for adjunct diagnostics.”
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5.7.1 Patient NK (healthy)
5.7.1.1 Histological Polarised LM

Figure 5-15 LM of reticular dermis of NK (healthy), 20x magnification

Figure 5-15 shows the composite LM of the reticular dermis of patient NK in
preparation for AFM analysis. The sample has been stained with PS and is imaged
using polarised (dark field) light microscopy. The image shows a section of healthy skin
that can be considered to be dense in aligned collagen due to the almost total coverage
of red regions in the image, with some yellow regions. Green regions were only seen
on higher magnification images (not shown). The skin appears to be porous, with gaps
between the tissue mostly regular in size. The background is readily identifiable.
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5.7.1.2 Mesoscale Imaging

Figure 5-16 SEM of NK. A) 1000x, B) 8000x, C) 15000x, D) 20000x magnification

Figure 5-16 shows the mesoscale imaging of NK using SEM. Image A shows a
low-resolution scan. Thick bundles of tissue have formed swirling patterns, consistent
with older skin. Cracks between the swirls are likely caused by desiccation in sample
preparation. Image B shows several bundles. These are interconnected, possibly by
collagen fibres. Faint outlines of bundle structure can be seen throughout the image.
Image C shows a higher resolution image on collagen from bundles. The collagen is
mostly aligned and in register, and D-banding can be seen. Image D is a higher
magnification of collagen. Small kinks in the collagen are seen, likely caused by
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dehydration during sample preparation. Some salt crystals remain on the surface, but
otherwise the collagen is aligned.
5.7.1.3 Polarised LM Guided Imaging Analysis

Figure 5-17 AFM of NK. LM identified areas: A) red, B) yellow, C) red/yellow, D) red

Figure 5-17 show nanoscale AFM imaging on NK from locations identified in
Figure 5-15 under polarised light microscopy. Image A shows a green region, where
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little collagen is seen. Instead, the surface is covered with amorphous material with
some small areas that could be collagen, although conclusive identification is
impossible. An area at the top of the image was too adhesive for successful imaging,
suggesting gelatine. Image B shows a yellow region. Here, fibrils can be identified, some
in bundles. The fibrils are present within a large mass of amorphous material, which
appears to dominate areas of the image. Image C shows a boundary region, red/yellow,
between the two areas. More fibrils can be seen in comparison with the yellow region,
although large areas of gelatine are still present. Image D shows a red region. Collagen
fibrils are present throughout the image. They are highly aligned and have a strong
directional orientation.
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Figure 5-18 Image quantification damage markers of NK, G) green, Y) yellow, RY) red/yellow, R)
red areas

Figure 5-18 shows the image analysis of NK per identified area. As per the
methodology, the representative image shown in Figure 5-17 was added to at least five
other AFM images before analysis. Graph G shows an extreme preference for noncollagenous material, statistically greater than all other markers. However, some
collagen was still present. Graph Y also shows a preference for non-collagenous
material which was still significantly higher than other markers. Graph RY shows a
balanced distribution of types 2-4, with none of them being present more than another.
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Graph R shows a high preference for type 4, aligned collagen. Overall, the percentage
of type 2 decreases throughout the graphs, in proportion to a rise in type 4. Type 1
remains constant with type 3 found mostly in yellow regions.
5.7.1.4 Polarised LM Guided Nanomechanics

Figure 5-19 Young’s modulus of NK

Figure 5-19 shows the Young’s modulus of NK per region. Graph G shows a
median of 3.95±0.31 GPa. Graph Y shows a bimodal distribution with a low median of
2.93±0.55 GPa and a very wide upper median of 10±6.45 GPa. Graph RY shows a low
median of 3.49±0.91 GPa and also has a very wide upper median of 13.16±4.65 GPa.
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Graph R shows bimodal distribution with a narrow lower median of 2.61±0.3 GPa and a
wider upper median of 11.36±0.73 GPa. A trend towards bimodal distribution towards
red regions can be observed, with the smallest standard deviations seen in the lower
medians and the red upper median. Significantly differences were not seen between the
red yellow and red regions.
5.7.2 Patient NR (SSc)
5.7.2.1 Histological Polarised LM

Figure 5-20 LM of reticular dermis of NR (SSc), 20x magnification

Figure 5-20 shows the composite LM of the reticular dermis of patient NR in
preparation for AFM analysis and an inset image. There are large amounts of both red
and yellow stained tissue. Under higher magnification (inset) green, yellow and red
stained tissue. The sample appears to be highly porous, with large irregular gaps
between the tissue. The bottom of the section has folded across the top, obscuring the
stratum corneum.
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5.7.2.2 Mesoscale Imaging

Figure 5-21 SEM of NR. A) 1000x, B) 8000x, C) 15000x, D) 20000x magnification

Figure 5-21 shows the mesoscale imaging of NR using SEM. Image A shows a
low-resolution image. Large holes are present across the surface of the tissue, and the
background is clearly visible. Some smaller holes are also present, with the fibre
bundles identifiable. Images B and C show fibrils and bundles of fibres without any
alignment. There are many gaps between the induvial fibrils and some amorphous
material present. Some large cracks may be due to desiccation. Image D shows a high
magnification image. Highly disorganised fibrils with D-banding are visible on the glass
slide background. Some salt crystals are visible from preparation.
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5.7.2.3 Polarised LM Guided Imaging Analysis

Figure 5-22 AFM of NR. LM identified areas: A) green, B) yellow, C) red/yellow, D) red

Figure 5-22 show nanoscale AFM imaging on NR from locations identified in
Figure 5-20 under polarised light microscopy. Image A shows a green region where only
gelatine and other amorphous material appears to be present. Image B shows a yellow
region. Some fibrils are visible in bundles, which appear to be ordered. The cross199

sectioned ends of fibrils are also present, but there is a large amount of gelatine present.
Image C shows the red/yellow region. Here, bundles of fibrils are indistinct but have
some directional orientation. D-banding is not visible, and gelatine is present. Image D
shows the red region. Collagen fibrils are seen but without D-banding. The fibrils are
highly disorganised without orientation.

Figure 5-23 Image quantification damage markers of NR
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Figure 5-23 shows the image analysis of NR per identified area. Graphs G and Y
are dominated by type 2 non-collagenous material. Graph RY shows a preference for
type 2 which was statistically higher than the other marker types, however, type 3
disorganised collagen as also present in large amounts. Graph R has mostly type 3
collagen, which was statistically higher than other makers present, although type 2 was
still present. Overall, the percentage of type 2 decreases throughout the graphs, in
proportion to a rise in type 3. RY and R swapped their amounts for types 2 and 3. Type
4 aligned collagen and type 1 holes were rarely seen in the images; the values remained
consistent throughout the image analysis.
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5.7.2.4 Polarised LM Guided Nanomechanics

Figure 5-24 Young’s modulus of NR, G) green, Y) yellow, RY) red/yellow, R) red areas

Figure 5-24 shows the Young’s modulus of NR regions. Graph G shows a median
of 4.04±0.46 GPa. Graph Y shows a median of 4.85±0.53 GPa. Graph RY shows a
bimodal distribution with a wide lower median of 6.09±0.28 GPa and an upper median
15.59±0.89 GPa. Graph R has a bimodal distribution median of 10.44±0.78 GPa
17.15±0.28 GPa. The Young’s moduli values for the yellow and green regions were
significantly lower than the values for the red yellow and red regions.
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5.7.3 Data Collection Discussion
The discussion concerning the comparative findings of these patients will be
dealt with below in section 5.7.9. However, some conclusions could easily be drawn
from the metanalysis between the data sets after reviewing the data collecting protocol.
Mesoscale imaging using SEM provided an overview of the surface of the sections.
However, the preparation for SEM caused the irregular appearance of desiccation
cracks which could have biased any conclusions that were drawn, and SEM preparation
irrevocably damages the samples. Additionally, the higher magnification SEM images
gave similar findings to the AFM imaging. As the AFM was required in the QNH protocol
for nanoindentation, it was decided to forgo the use of SEM for the remainder of the
case study patients.
Secondly, the differences between the four regions identified by PS for AFM were
examined. The healthy sample NK had very little green and only some yellow regions
that could be readily identified. Meanwhile, there was an abundance of yellow and green
areas in NR. In order to improve consistency, future conclusions would be based
primarily on the measurements made in the red region. As the three primary colours for
PS are reported in the literature, data would still be reordered and reported for the green
and yellow regions however

382,482–484.

It was also decided that the use of a red/yellow

boundary region was inconsistent, so was excluded. By eliminating extraneous data and
focusing on a smaller set of data collection markers, it was possible to go some way to
answering Objective 5 “evaluate the performance of AFM and the QNH protocol for
adjunct diagnostics.” From the data collected in part B so far, QNH could not currently
act as an adjunct diagnostic tool. However, by streamlining the process and removing
mesoscale SEM imaging, the QNH protocol became more refined and targeted towards
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a scalable clinical use. It was not possible to make conclusions on the effects of SSc as
a disease from the single comparative case study. Two further sets of patients were
comparatively analysed with the modified protocol as discussed.
5.7.4 Patient LG (healthy)

Figure 5-25 Image quantification damage markers of LG

Figure 5-25 shows the image analysis of LG per identified area from LM with PS
staining. Graph G shows an immediate dominance of type 2, non-collagenous material
which is significantly higher than all other types. Some type 3 disordered collagen and
a marginal amount of type 4 ordered collagen are also present. Graph Y shows an
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overall trend of balance between the three major image analysis types, without any type
being significantly more present than another. Graph R shows a preference for ordered
collagen, which was significantly higher than all other types. Non-collagenous material
was still present even in the red region. Additionally, disordered collagen was present
significantly more than types 1 and 2.

Figure 5-26 Young’s modulus of LG

Figure 5-26 shows the Young’s modulus of LG regions. Graph G shows a unimodal
distribution with a long tail of 2.29±0.12 GPa. Graph Y shows a bimodal distribution
with a low peak of 3.74±0.09 GPa and 12.32±0.12 GPa Graph R also shows a
bimodal distribution with a lower median 4.22±0.09 GPa and an upper median of
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10.52±0.11 GPa. The median Young’s modulus of the green region was significantly
lower than that of the yellow or red regions. No significant difference was reported
between the yellow and red regions.
5.7.5 Patient MA (SSc)

Figure 5-27 Image quantification damage markers of MA

Figure 5-27 shows the image analysis of MA per identified area from LM with PS
staining. Graph G shows an immediate dominance of type 2, non-collagenous material
which is significantly higher than all other types. There was still a large presence of other
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types of feature present. Graph Y continues to show a preference for the yellow region
to show non-collagenous material, however, type 3 disordered collagen was present in
over a third of all tested pixels. Graph R shows that disordered collagen was found most
often, with still a large amount of non-collagenous material. Throughout all three regions,
there was a low amount of type 4 ordered collagen present.

Figure 5-28 Young’s modulus of MA

Figure 5-28 shows the Young’s modulus of MA regions. Graph G shows a
unimodal distribution of 2.12±0.3 GPa with a long tail. Several data points can be seen
between 9 – 12 GPa. Graph Y has a bimodal distribution with a low median of 1.8±0.43
GPa and a narrow upper median of 13.14±0.13 GPa. Graph R has a trimodal distribution
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with a wide lower median of 4.07±0.34 a narrow median of 11.74±0.54 and a narrow
upper median of 17.6±0.18 GPa. Significant differences were seen between the red and
yellow regions. Additionally, there was a significant difference in Young’s modulus
between the green region and both the red and yellow regions.
5.7.6 Patient FM (Healthy)

Figure 5-29 Image quantification damage markers of FM

Figure 5-29 shows the image analysis of FM per identified area from LM with PS
staining. Graph G shows the highest percentage of non-collagenous material,
statistically greater than any other types, but some disordered collagen is also present.
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Graph Y still shows a reduced preference for non-collagenous material, but the amount
of disordered collagen has doubled in the yellow region compared to the green region.
Graph R shows a significant preference for aligned collagen, with a decrease in
disorganised collagen from the analysis of the yellow region. The amount of noncollagenous material is negligible, as was the number of holes seen.

Figure 5-30 Young’s modulus of FM

Figure 5-30 shows the Young’s modulus of FM regions. Graph G shows a
unimodal distribution of 1.99±0.09 GPa with a long tail. Graph Y shows two equal
bimodal distributions of 2.82±0.1 GPa and 9.63±0.07 GPa. Graph R also has a bimodal
distribution, with a low median of 2.11±0.21 GPa and an upper median of 12.88±0.1
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GPa. Significant differences in Young’s modulus were observed between the green
region and both the yellow and red regions.
5.7.7 Patient RT (SSc)

Figure 5-31 Image quantification damage markers of RT

Figure 5-31 shows the image analysis of RT per identified area from LM with PS
staining. Graph G shows an exceptionally high preference for non-collagenous material,
at 93% although a very small minority of disordered collagen and holes are present. No
ordered collagen was reported. Graph Y shows an increase in disordered collagen
alongside a decrease in non-collagenous material which is still the dominant feature.
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Graph R has reversed the values for the yellow region, with the majority (51%) of the
pixels containing disordered collagen. Some ordered collagen was also present, but
one-third of the pixels still contained non-collagenous material.

Figure 5-32 Young’s modulus of RT

Figure 5-32 shows the Young’s modulus of the RT regions. Graph G shows a
unimodal distribution of 1.99±0.09 GPa with a long tail. Graph Y shows a bimodal
distribution, with a narrow lower median of 3.25±0.07 GPa and a wide upper median of
11.66±0.12 GPa. Graph R also has a bimodal distribution with a wide lower median of
3.23±0.19 GPa and an upper median of 15.58±0.13 GPa. There were significant
differences between the red, yellow and green regions.
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5.7.8 Image Analysis Grouping Summary
Previously, comparisons were made between two individual patients with
matched demographics. In this final section, the results of all the image analyses will be
grouped and compared as a factor of each region. Lastly, the image analysis groups
themselves will be combined to draw further conclusions as to the topographical effects
of SSc at the nanoscale.

Figure 5-33 Comparative green regions of healthy and SSc patients. Error bars show calculated
standard deviation

Figure 5-33 shows the average image analysis of the green region of the healthy
and SSc patients. There were no significant differences between any of the groups
regarding damage marker types. Type 2 non-collagenous material was the dominant
feature, with almost equal numbers of marker types also seen.
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Figure 5-34 Comparative yellow regions of healthy and SSc patients. Error bars show calculated
standard deviation

Figure 5-34 shows the average image analysis of the yellow region of the healthy
and SSc patients. Again, there were no significant differences between the two groups.
Similar values for each damage marker types were reported, with non-collagenous
material being the largest and lower values for disorganised collagen. The range of
values for the error markers (calculated as the standard deviation) was much larger in
the SSc group than the healthy group.
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Figure 5-35 Comparative red regions of healthy and SSc patients. Error bars show calculated
standard deviation

Figure 5-35 shows the average image analysis of the red region of the healthy
and SSc patients. Significant differences were seen on this graph between the two
groups. The healthy group had significantly more organised collagen, and significantly
less disorganised collagen and non-collagenous material than the SSc group.
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Figure 5-36 Combined damage markers of the red region

Figure 5-36 shows the combined damage markers for collagen and non-collagen
in the red region. There is a significant decrease in the presence of all collagen types in
the SSc group, with a significant increase in the amount of non-collagenous material
seen.

215

5.7.9 SSc Patients Discussion
The methodology presented in this section shows the most detailed analysis of
the collagen so far in this thesis. By combining LM, SEM, AFM imaging and mechanics
with the novel image quantification system, comparisons can now be made between a
healthy individual and a patient with SSc. Additionally, refinement of the protocol
developed here allowed for quantitative comparisons between SSc and healthy skin
tissue.
5.7.9.1 Histological Imaging
Initially, the LM images provided crucial details of the skin biopsy, which were
also used later on in the analysis. Only one set of LM of a pair of patients is compared
in this chapter.
There is an immediately noticeable difference between NR and NK. The NK
sample (Figure 5-15) shows a clear dominance of red regions. It is known that staining
with PS does not show just collagen, but the register of the collagen

382.

Sirus red, the crucial staining component of PS, is a strong anionic dye. The
sulfonic acid groups react with basic groups present in the collagen molecule. Sirus red
and collagen align so that their long axes are parallel, which corresponds to the long
axis of the fibrils. This enhances the natural birefringence of collagen

485.

As PS aligns

with the register of collagen fibrils, any changes from red to another colour in the
polarised image is indicative that the collagen fibrils are not in register and that the
collagen may be structurally disordered, in comparison to a well-ordered collagen sheet
in healthy dermis 395.
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In NR (Figure 5-20), the similar amounts of red and yellow present, without a
dominant colour suggests a non-localised disorder. The insert image shows a magnified
area, with green as well as red and yellow regions. This shows an even greater level of
the disorder may be present, which would not always be visible in a composite image.
The top of the image shows the epidermal layer, with bulging from the dermal layers of
the section, a pattern described as “cookie cutter;” suggestive of SSc 184. The use of LM
provides direct microscopic analysis of the ordering of the collagen in the sample, but
there is no direct comparison by quantification provided by this method. This could be
expanded upon in further work through the use of colour quantification based on an
RGB scale
5.7.9.2 Mesoscale Imaging
Mesoscale imaging provided by SEM allows for a greater variety of imaging that
can be provided by LM or AFM. The images of NK (Figure 5-16) showed dense and
aligned collagen, while NR (Figure 5-21) showed large gaps between groups of fibrils
which were disorganised. Using LM, it was established that colour changes in NR
implied a loss of collagen register which was confirmed here using SEM.
Similarly, NR was implied to be regular and ordered from using LM, and this was
also confirmed here. This helps to validate that microscale imaging with the PS stain
can indicate a change of collagen ultrastructural register

477,486.

When both the healthy

and SSc images are compared, it becomes evident that the main structural change
relates to the lack of interfibrillar registration.
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5.7.9.3 Nanoscale Imaging and Analysis
Locations for nanoscale imaging using AFM were, for the first time, determined
by polarised LM. NK (Figure 5-17) and NR (Figure 5-22) were imaged for green, yellow,
red/yellow, and red regions. Visually, it is clear that green areas on both samples were
severely devoid of collagen, and it can easily be surmised that the amount of collagen
increases throughout the figures. NK demonstrates aligned collagen with clear
directional orientation in the red region, with a similar, if more disordered appearance,
in the red/yellow region. NR is far less ordered though the collagen can be seen in the
red and red/yellow region. Both NK and NR AFM imaging has confirmed what was
previously identified using SEM. NK had previously shown a dense and aligned fibril
structure, with evidence of swirling. NR had distinct but highly disorganised fibrils. At
this stage, it theorised that the lack of alignment could be caused by an increase in
stiffness of the fibrils as a result of fibrosis, but that could not yet be proven.
Following on from the earlier successes using image analysis on healthy donors,
it was used again to verify some of the observations made above, that arose from AFM
imaging. NK (Figure 5-18) and NR (Figure 5-23) both had significant percentages of
non-collagenous material in the green region, which was expected. All regions in both
samples contained some identifiable collagen. This, however, was not unexpected, as
the PS stain is a way of indicating at the microscale the majority collagen alignment at
the ultrascale; many PS molecules are needed to effect a colour change. Progressive
increases in the amount of collagen was seen in the yellow and red/yellow regions for
both samples. However, the samples diverged in terms of alignment; NK had an
increase first in disordered, and the ordered collagen, whilst the amount of ordered
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collagen in NR remained negligible in all regions. NK had very high percentages of noncollagen in the red and yellow regions, with the amount of non-collagen in the yellow
region being significantly higher than that of the yellow region of NK. There was
significantly more non-collagen in NR red/yellow region compared to NK. There were
clear differences in the red regions between both samples, which is consistent with what
was observed during a qualitative overview of the images and SEM. Highly disorganised
collagen has again been identified as a hallmark of SSc at the nanoscale.
The use of image quantification through the dominant damage marker system
did not, however, give universally repeatable results. The yellow region in healthy
samples LG (Figure 5-25) and FM (Figure 5-29), for example, has a large contrast
between the two samples. There is twice as much non-collagenous material in FM
compared with LG, and whereas LG has a notable amount of organised collagen (20%),
the value for FM is negligible at 1%. In that region, FM is far more similar to the values
of NK than LG. Whilst there is a substantial amount of intersample variation in certain
regions, the values in the red region remain consistent, with similar distributions for all
marker types across the three samples. These differences were expected, and are
known to occur with variations in age, gender and ethnicity 471,472,487. While this chapter
has sought to provide a wide overview of a range of patients and demographics, the
work presented here still only represents comparative and combined case studies, not
an overarching conclusion for skin in healthy or SSc-diseased skin. Indeed, it is
reasonable to theorise that there would be a larger variation in healthy patients, who
would represent a full spectrum of behaviours, compared to a disease like SSc which
has a narrow pattern of symptoms. This theory was immediately put to the test with the
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SSc image quantification. By adding MA (Figure 5-27) and RT (Figure 5-31) to the data
collected form NK, there are clear similarities in the red and green region.
5.7.9.4 Combining Image Analysis Data
After comparing the samples pair-wise previously, and by observing the
similarities, these comparisons were formalised by averaging the damage marker
summaries in the green, yellow and red regions. The green comparisons (Figure 5-33)
confirmed the analysis of the individual samples; no significant differences we found
between the two groups as the green region is dominated by non-collagenous material
unaffected by SSc

101,184,488,489.

The yellow region (Figure 5-34) also did not show any

significant differences, although the range of data was far larger in the healthy group
than the SSc group. This reconfirms the theory that the behaviours of healthy individuals
will be more varied than those of a set of patients with discrete symptoms

490–492.

The significant differences between the groups were finally seen in the red region
(Figure 5-35). Here, differences could clearly be observed in the amount of noncollagenous material, with there being a greater amount in the SSc samples than the
healthy samples. In the red region, where a high degree of collagen is expected, then
non-collagenous material is more likely to be degraded collagen as gelatine than it is to
be lipids, vasculature or other tissue

356,493,494.

A greater tendency for the SSc samples

to have disordered collagen was also seen, and this has already been theorised to be
caused by a fibrotic stiffening of the collagen and will be explored in more detail in
section 5.7.9.5 below.
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The red region is again suggested to be the region of most interest for
comparative studies. This was already suggested by the AFM imaging and LM
performed above showing this region to be collagen-rich, and the image analysis
suggests three complementary reasons. Firstly, this was reconfirmed as a collagen-rich
region; secondly, the individual samples had the most similarities inside their groups in
this region; thirdly, the most differences were seen between the two groups in that
region.
Collagen is the focus of this thesis, and all of the data collected in this chapter
aims to determine the presence, nature or quality of it. To that end, it was decided to
combine all of the damage markers related to collagen (holes, disorder collagen and
ordered

collagen)

into

one

super-type,

and

compared

against

the

non-

collagenous/gelatine in images taken from the red region. The graph (Figure 5-36) acted
primarily as the final stage in simplifying the protocol, in fulfilment of Objective 4:
“streamline the QNH protocol to obtain large data sets efficiently which could act as an
adjunct diagnostic method.” This showed that, irrespective of its alignment or
orientation, collagen is found far more frequently in the healthy skin samples than in the
SSc biopsies.
5.7.9.5 Nanomechanics
The final analytical technique that was applied was AFM to determine the
nanomechanics of the separate regions. NK (Figure 5-19) displayed trends like those
previously observed by the healthy donors. The green region showed a distribution
around 4 GPa, which was also seen throughout the other regions. Bimodal distributions,
similar to those seen in Patients 3 and 4 (Figure 5-10 and Figure 5-14), were observed
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for the yellow, red/yellow and red regions. All the values reported are consistent with
previously established in this chapter. A shift towards a bimodal distribution was seen
relative to the amount of collagen identified from the image analysis; red/yellow and red
regions were found to have significantly higher amounts of collagen present. NR (Figure
5-23) had a similar Young’s modulus median for the green region as NK. However, the
yellow and green regions of NR were not significantly different. This could be linked to
the lack of difference in the image quantification for these two regions; the amount of
non-collagen remains very high even in the yellow region. Bimodal distributions were
seen in both red/yellow and red regions. The Young’s modulus of the red region in NR
was significantly higher than that of the corresponding region in NK. The lower median
in NR was higher than the upper median in NK in the red region, whilst the upper NR
median was significantly larger than the NR values.
Using the newer, streamlined protocol, mechanical measurements for LG, MA, FM
and RT were also acquired. Healthy samples LG (Figure 5-26) and FM (Figure 5-30)
both show similar behaviour in the three colour regions in terms of distributions.
However, there are differences in terms of the absolute values recorded for each
distribution. SSc samples MA (Figure 5-28) and RT (Figure 5-32) had differences in
behaviour between them, which was different from the behaviour of LG and FM.
Differences were not found, however, in the green regions of all of the samples
measured. The changes in the red region were significant, especially with the presence
of a trimodal distribution in MA compared with a bimodal distribution in RT.
The differences between the three healthy samples in the same identified regions
was not unexpected, as this had already been reported in the discussion of the image
222

analysis in sections 5.7.9.3-4. Due to these innate variations, it was decided that it would
not be relevant or scientifically reasonable to group the healthy and SSc mechanics data
as was done for the image quantification in section 5.7.8.
The lack of statistically significant differences between the green and, to some
extent, the yellow regions was expected. As SSc is only known to affect collagen, it is
reasonable to assume that the non-collagenous regions would be comparable between
healthy and diseased tissues. However, it is hypothesised that the disorder seen in SSc
patients can be directly linked to the increase in Young’s modulus measured for SSc at
the nanoscale in large bundles of collagen. The result of this high stiffness is that fibrils
are incapable of forming the correct bundling structure; instead, they are not in register
and are poorly aligned. This was repeatably observed during the image analysis and
originally suggested as a potential mechanism. The severe difference in stiffness seen
in the SSc sample could be linked to the severity of the disease in the patient when the
sample was obtained.
In healthy tissue, collagen fibrils are stabilised by a series of crosslinks that can
be classified as intramolecular, intrafibrillar and interfibrillar. It is also theorised that two
mechanisms could explain the lack of register between collagen fibrils within an SSc
lesion. Firstly, sclerotic fibrils might be unable to adjust their register due to an increase
in interfibrillar collagen crosslinking. This crosslinking would act with a similar effect as
a fixative, for example, glutaraldehyde in SEM preparation; indeed glutaraldehyde and
other methods have been used previously as mimics for in vitro manufactured collagen
crosslinking

46,57,123,161,495–497.

This pathological crosslinking would keep collagen in a

disordered state of register. The second hypothesis is the antithesis of this; the
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interfibrillar crosslinks may have become deficient. This could have led to a loosening
of the collagen organisation within the reticular dermis, the area that was analysed.
Clinically, SSc is known to cause stiffening in patients, primarily in the skin. Patients
often report this abnormal stiffening of a lesion as the initial reason for seeking further
specialist care

101,186,187,498.

As an abnormal stiffening has been reported at the

macroscale, and in this chapter at the nanoscale, it is therefore unlikely that the
organisation of the collagen fibrils has loosened due to a lack of interfibrillar crosslinking.
It can, therefore, be surmised that in a similar manner to diabetes, SSc arises to due to
a pathological increase in collagen crosslinking which is detected across the hierarchy
of collagen; from the skin of a patient to the fibrils of a biopsy 55,57,499.

5.8 Chapter Summary

This chapter is the two-fold pinnacle of the work presented in this thesis; part A,
the development of a repeatable, scalable and multimodal analytical protocol, QNH. In
part B the QNH protocol of LM, qualitative and quantitative AFM imaging and
nanomechanics generated data suitable for clinical comparisons between healthy and
diseased tissue. This protocol has shown its potential as a diagnostic tool; the later
experiments in this chapter could be easily replicated on biopsies from undiagnosed
clinical cases.
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The QNH protocol underwent development in this chapter, following five key
objectives:
Part A
1. From the skills developed in Chapter 4 AFM was successfully applied to healthy
skin biopsies, giving a baseline for the Young’s modulus and topography of case
studies of healthy skin
2. An image quantification system was designed and refined throughout the
chapter, allowing for both detailed pixel-by-pixel analysis, or an immediate
overview of the images
3. The QNH protocol was enhanced by the addition of the histological staining,
without which the previous objective could not have been met. While SEM
imaging was used to some effect, it was not found to add to the protocol
significantly and was therefore excluded from the protocol in later studies.
Part B
4. As a result of the success of the previous objective, the QNH protocol was
streamlined to allow for the most efficient generation of data possible. Through
metanalysis of the image quantification protocol, the development of an overview
system, and the Young’s modulus data, the QNH protocol can be successfully
used to obtain large data as an adjunct diagnostic tool.
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6 Conclusions and Future Developments
As developed throughout this thesis, an AFM-based protocol has been presented
that can quantitively and qualitatively characterise collagen at the nanoscale. The core
of the approach did not change from Chapters 3-5. AFM was used in imaging and
mechanical modes to collect data from collagen samples. However, the complementary
techniques were developed throughout the thesis, as were the methods of data
interpretation. At all times, the protocol underwent a development cycle – it was itself
tested and refined. This ensured that only the most revenant measurements were taken
throughout the thesis. Eventually, the refined protocol, quantitative nanohistology, finally
tested on human skin, culminating in answering the question: “Can an AFM-based
protocol be developed to characterise collagen in health and disease in connective
tissues?”.

6.1 Multimodal Approach

Initially, a wide range of techniques was applied to commercial collagen products
in Chapter 3. The two membranes that were the focus of that chapter, BG and MG,
could be imaged with AFM and SEM. The first challenge was to identify what were the
imaging markers that should be selected for comparison. Porosity, collagen fibre and
the presence of D-banding were chosen, as SEM and AFM could be used in a
complementary way. The results showed that the collagen membranes were likely
subjected to heat and acid treatment during the manufacturing process. These
treatments clearly had an effect on the mechanics of the collagen, with a Young’s
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modulus far below what would be expected of healthy collagen in a dry state. In a liquid
environment, again the indentation measurements showed a severe decrease in
expected mechanical properties. The conclusion to this was clear; the manufacturing
process had damaged the collagen beyond recognition in some areas.
These membranes are practical devices and need to be used clinically. Two
approaches were chosen to test whether the membranes were still functioning
practically as collagen. The adhesion experiments with the fibroblasts examined timedependent interactions. Cells responded differently to each membrane. BG did not see
a change in adhesion energy over time, but the adhesion forces increased after one
second. For MG, the adhesion force grew over time although the adhesion energy did
not change. Despite there being limited published data with which to correlate this, there
was an apparent difference in behaviour between the membranes. The collagenase
study also showed a difference in response of the membranes as they degraded. This
was found to be consistent with some published studies, but the large interval between
OCT scans and the use of line profile analysis did not give accurate timings of the
digestion rate. The OCT approach did, however, confirm the digestion pathways differed
due to differences in the membrane compositions.
The ex-vivo mouse experiment served to help narrow down the relevant
techniques for collagen. SEM and AFM were again found to be complementary, and the
two major imaging markers used previously, collagen fibril structure and D-banding
presence, were still used. Degradation of the membrane was found to occur over time,
and in keeping with other published clinical studies. Sample preparation using paraffin
wax precluded mechanical measurements, and PS staining was initially used.
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6.2 Tendon Hierarchy Affected by Interfibrillar Crosslinks

When an animal model of ARC syndrome was tested, the developments made to
the analysis protocol allowed for more concise data collection in Chapter 4. This was
the smallest chapter of the thesis and showed the importance of mechanical
measurements on collagen. ARC syndrome is genetic, so the collagen was supposedly
made incorrectly; this contrasted with the membranes and SSc samples where the
collagen was formed correctly and altered later. The change in the tendon structure
between the samples was most notable at the lower SEM magnifications. The lack of
order and structure in the VP33B tendon was particularly evident and immediately
suggested that there could be a deficiency in crosslinking throughout the SEM images.
It was difficult to judge the fibril distribution and alignment from an oblique imaging angle
under SEM, and D-banding was still not visible. To confirm whether that was a function
of disease or an imaging artefact, AFM was used. Changes in the fibril orientation were
reported, but crucially the swelling in the D-band region of the VPS33B and VIPAR
samples was indicative of the disorder. Line profile analysis confirmed the swelling was
not a visual artefact. The crosslinking defects of lysyl oxidase were suggested to be
limiting the ability of the collagen to form a correct triple helix structure.
The lack of alignment seen under SEM and the swelling seen under AFM pointed
to a pathological change in structure. With a lack of crosslinking suspected, it was
assumed that an equivalent weakening of the mechanical properties of the collagen
would be found. Indentation showed a significant decrease in Young’s modulus for
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VIPAR compared to the WT sample and an even greater one in the VPS33B tendon.
The effects of the lack of interfibrillar crosslinking were evident in the tendon.
The approach taken here appeared to work well. In all of the measurements made,
there was evidence of a pathological weakening of the collagen structure. AFM has
shown how cellular enzyme changes can be measured, and that when collagen is
formed incorrectly, the effect that can have throughout the hierarchy of a tissue.

6.3 Towards Quantitative Nanohistology
Without any change to the AFM protocol used on mice tendons, two healthy
human skin samples were initially tested in Chapter 5. This was termed a ‘blind’
approach, with random areas on the skin being imaged and mechanically measured.
Morphologically, there was a lot of variation between the different regions of each
sample. Some areas had collagen that was well aligned, and in order, in other areas,
there was little evidence of collagen. Mechanically, the results were also similar. The
range of the data was consistent with healthy skin as were the median values where
calculated. The lack of consistency in the blind approach limited the conclusions that
could be drawn.
On reflection, the approach that was used on mice tendons should not have been
directly applied to the skin. While tendons have a distinct hierarchy, that hierarchy is
comprised solely of collagen which behaves similarly. Skin is a far more varied tissue,
which has a large number of non-collagenous components and different structures.
Histologically, it is split into three distinct regions that can be identified by the use of LM.
LM was used to inform the location of the AFM, ensuring that the images and mechanics
were taken in several different areas of the same histological regions for all samples.
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Once the variation in sample location had been accounted for, similar results were found
in both image analysis and in the mechanical data. The mechanical data was found to
have bimodal distribution as previously expected.
Once reliable data had been obtained, this was taken forward into a comparison
between healthy individuals and SSc patients. SEM was initially used for the first
matched pair, but the data obtained did not add to anything not already found with AFM
or LM, so SEM was not used for the other SSc comparisons. Staining with PS allowed
the samples to be split into the main colours, (red, yellow and green) with a red/yellow
overlap region. Significant differences were found in terms of the image analysis and
mechanics in each region between the healthy and SSc samples. This was the first full
iteration of the QNH protocol
However, after reviewing this approach, there were two salient issues. Firstly, the
healthy sample did not have many green or yellow regions, so there was a risk of oversampling the data. Secondly, identifying the red/yellow overlap region was considered
to be too subjective. The first issue could not be mitigated; when the regions were
present, data should be collected. However, the second issue was easily avoided; the
next two sets of samples were only characterised in the red, yellow and green regions
without any overlap.
The result of the continuing development cycle of the QNH protocol was one that
was streamlined. For the next two samples, the main colour regions were characterised
with the image analysis system. This showed a non-collagenous material in the green
regions, and trended towards collagen becoming more ordered in the yellow and red
regions. Mechanically, significant differences were observed in all regions, clearly
230

showing the nanoscale effects of the fibrotic SSc disorder. Further alterations to the
image analysis protocol combined image markers into collagen versus non-collagen.
Although these too showed significant differences between healthy and SSc skin, this
only served to reiterate to conclusions made previously.

6.4 Future Developments

Mouse tendons were found to have changes that were detectable using AFM in
an ARC syndrome model. However, in light of the developments made in the QNH
protocol, a study could be undertaken into the mouse skin to see if the cross-linking
deficiencies were present. It is likely that the collagen would be found to be significantly
weaker in the diseased skin.
The cross-linking deficiencies in ARC syndrome could also be tested with AFM
more directly. Single-molecular pulling, which was seen to some extent with the
fibroblasts in Chapter 3.5.3, could be applied to the collagen to measure changes in
adhesion of the diseased collagen fibrils
In human skin, staining using PS was found to correlate LM colour changes with
nanoscale morphological features as seen using the image analysis system. However,
a study was not performed to try to link the damage markers of the image analysis to
mechanical changes that were calculated; this is a distinct area for development.
The QNH protocol should also be tested on other diseases apart from SSc. Ethical
approval has already been obtained to testing on Ehlers-Danlos syndrome while testing
on teeth with Osteogenesis Imperfecta has already been successfully completed and is
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pending publication. Diseases with a secondary collagen effect could also be tested.
Breast cancer is known to cause both an elastic and fibrotic response in collagen
depending on proximity, metastatic potential, and hormone sensitivity of the malignancy.
This could be examined using QNH, as could skin cancers such as malignant melanoma
and basal cell carcinoma.
Currently, colleagues are investigating the use of the QNH protocol on the ageing
of skin, both naturally and artificially. An early iteration of the protocol was used to
characterise damage in historical parchment. Finally, variations of this approach have
resulted in publications alongside colleagues (Appendices F-J), working in materials
science, microbiology, dentistry and medicine, with several publications pending.
Patient engagement events and awareness literature have been written as a result of
this work, with the hope that the benefits of this research can soon be translated into
clinical results.

6.5 Summary

Throughout this thesis, there was an aspect of duality to the purpose of each
chapter. Every chapter sought to systematically describe the collagen samples using
nanoscale and mesoscale techniques. Collagen was seen in membranes that were
believed to be denatured, but the mechanics data did not show evidence of collagen.
AFM mechanics proved that ARC syndrome mice produced significantly weaker
collagen than usual, but expected visual differences were also found. SSc skin was
shown to be fibrotic at the nanoscale, but those changes could also be quantified using
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an image analysis protocol. Not only was each sample successfully characterised, but
the lessons learnt from each sample helped to develop the QNH protocol further.
Overall, a protocol was successfully developed and tested. QNH has been shown
in this thesis to be a scalable system that can readily identify markers of disorder in
human skin. It can be used to identify mechanically and morphological signs of disease
and is now ready to be expanded into clinical studies.
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Appendices
A. Optical Coherence Tomography
The data presented here follows on from Chapter 3.5.4 and shows further Optical
Coherence Tomography (OCT) images of the two major membranes.

Bio-Gide (BG)

Figure A-1 en-face (top row) and B-scan (bottom row) during collagen degradation at T0 on BG

Figure A-1 shows the OCT scans for T0. This shows the initial response of the
membrane when collagenase and buffer is added. The en-face images show different
layering throughout the depth of the material. TA shows striations in the membrane
similar to those seen under SEM. B). BA shows a higher number of pores, with fibres
not seen, but there are some lower surface features visible. MA is an intermediary stage
in terms of visible fibres. Both TB and MB show initial swelling, with full thickness pores
seen, as confirmed in BB. All three B-scans show loose surface material and some
large gaps at the top of the membrane.
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Figure A-2 en-face (top row) and B-scan (bottom row) during collagen degradation at T20 on BG

Figure A-2 shows the OCT scans for T20. TA shows some large features, but
the details are difficult to distinguish. Some pores can be seen. MA shows a large
number of visible fibres, without orientation. This closely resembles the initial top
membrane seen in T0, and shows the process of the digestion (Figure A-1 TA). Few
features are visible in BA. TB and MB show that the small collagen fragments initially
seen have been digested, and larger frayed surfaces are forming. BB shows the
membrane movement and that some membrane areas have fully detached from the
larger surface.
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Figure A-3 en-face (top row) and B-scan (bottom row) during collagen degradation at T40 on BG

Figure A-3 shows the OCT scans for T40. TA, MA and BA all show the curvature
of the membrane. Only small amounts of the membrane were found at the surface, and
the digestion is progressing. TB and MB show the bowing of the membrane and the
frayed surface. They also show that the depth of the membrane appears to be intact,
and reflections from the buffer are visible. BB shows some porosity and fraying.

Figure A-4 en-face (top row) and B-scan (bottom row) during collagen degradation at T60 on BG
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Figure A-4 shows the OCT scans for T60. TA shows the amount of digestion
that has occurred since T0 (Figure A-1); the fibres are now much smaller, and large
gaps are frequently seen. MA and BA are very similar, and show an amorphous
membrane, without any visible fibres. Some gaps or folds are present. TB and MB both
show large amounts of fraying, with loose collagen present. BB shows large holes
throughout the thickness of the remaining membrane. This is suggestive of a significant
weakening of the integrity of the membrane. At the bottom of the image, where the
membrane initially was rough, the membrane now appears to be smooth and featureless
(Figure A-1). This could suggest that the loose collagen parts of the membrane have
been fully digested before the top of surface.

Figure A-5 en-face (top row) and B-scan (bottom row) during collagen degradation at T80 on BG

Figure A-5 shows the OCT scans for T80. TA, MA and BA only show small areas
of the membrane which have remained intact. TB and MB show a long thin strand,
which is likely to be the remaining non-digested part of the membrane. The sample was
not visible in BB.
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Mucograft (MG)

Figure A-6 en-face (top row) and B-scan (bottom row) during collagen degradation at T0 on MG

Figure A-6 shows the OCT scans for T0. This shows the initial response of the
membrane when collagenase and buffer is added. TA has few noticeable features on
the en-face scan, and is swollen due to liquid uptake. MA and BA are similar to TA but
show more features. BA specifically has discernible groups with some orientation and
porosity. TB, MB and BB are all similar. Surface features on either side are not visible
due to the membrane’s swelling response.

272

Figure A-7 en-face (top row) and B-scan (bottom row) during collagen degradation at T20 on MG

Figure A-7 shows the OCT scans for T20. TA shows the very top of the
membrane, with pores and holes visible. The topography of the sample is also visible,
with some areas shown to be raised from the surface. The distinct features seen here
are unique to this time point, and likely show the early stage degradation. MA is more
familiar and shows the middle of the membrane. The fibres seen have a strong
directional orientation, with a range of pore sizes which are between the fibre bundles.
BA has a large number of small pores, without any fibre bundles visible. TB and MB
both show sub-surface porosity and dips, which are causing surface reflections. The
membrane appears to be intact and compact. BB shows some prose, but features are
not visible on the bottom of membrane.
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Figure A-8 en-face (top row) and B-scan (bottom row) during collagen degradation at T40 on MG

Figure A-8 shows the OCT scans for T40. TA shows the membrane has
degraded significantly since T20 (Figure A-7). There are large pores with only fragments
seen in some locations. One location towards the bottom of the scan has degraded
significantly. MA shows large fragments separated by crevices in the membrane. Some
fibre orientation is visible, but there are large pores interspaced between the fibres. BA
shows similar large pores as seen in MA, but without large crevices separating the
membranes, suggesting that the membrane is intact. TB shows the steep angle of the
membrane and how it has moved over time. Some small fraying of the surface is visible.
MB also shows a frayed surface, with porosity and gaps also visible. BB shows some
fraying, but also larger gaps in the structure, suggesting that any breakup of the
membrane would start from the bottom surface.
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Figure A-9 en-face (top row) and B-scan (bottom row) during collagen degradation at T60 on MG

Figure A-9 shows the OCT scans for T60. TA shows large areas with gaps and
pores present. Some structural features remain intact, but these are separated from
each other and are floating. MA and BA have similar features, showing that most of the
membrane remains intact, although large gaps are forming. This suggests that the
middle and bottom layers of the membrane remained intact for longer than the top of
the membrane at this time point. TB and MB show the liquid surface, and that the
membrane has sunk beneath it whilst still remaining intact. There, the surface of the
membrane is frayed, and loose material can be seen at the top. Gaps in between the
frayed surface and full thickness pores are also present, suggesting that the membrane
is beginning to lose its integrity. BB does not show the details of the fraying of the top
surface membrane, but does show some indistinct features on the bottom surface.
These are also consistent with collagenase degradation as seen on the top surface.
Porosity is varied and readily identified.
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Figure A-10 en-face (top) and B-scan (bottom) during collagen degradation at T80 on MG

Figure A-10 shows the OCT scans for T80. TA shows a larger covering of fibres
than that seen in T60 (Figure A-9) but the range of porosity appears to be larger. Large
areas of the surface are isolated due to digestion. MA and BA show similar features.
The fibres are not readily identified, with large gaps present, showing that the bottom
and middle sections of the membrane are heavily digested. TB and MB confirm that the
membrane is now fully compliant with the liquid surface. This had the effect of
decreasing the thickness of the membrane while increasing its density; the large gaps
seen previously are no longer present and have been replaced with numerous smaller
pores (Figure A-9). BB shows some fraying on the bottom surface, but this is difficult to
distinguish.
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Figure A-11 en-face (top) and B-scan (bottom) during collagen degradation at T100 on MG

Figure A-11 shows the OCT scans for T100. TA and MA show similar features,
with a very thin porous membrane seen. Few distinct features are visible, and most of
the membrane has been digested. BA shows a similar amount of degradation, but the
membrane is difficult to image due to movement. TB shows the membrane fully
compliant with the liquid surface, and it is difficult to identify. MB shows the compacted
surface has porosity but is still very faint. BB indicates that the membrane has lost
compliance below the surface of the liquid. This appears extremely frayed with large
gaps present at both the top and bottom surfaces of the membrane. Little if any
membrane integrity remained after T100; scans were not taken at T120.
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C.
Morphology and Mechanics of Mice
Tendons
Materials
Control mice were donated by Dr Helina Marshall (UCL) and the group of Prof
Jeremy Brown, (UCL & UCLH) after inoculation with Streptococcus pneumoniae 500. At
least 3 were sacrificed as juveniles, and their tails were collected. This animal study was
conducted according to Home Office guidance (licence PPL70/6510). The fur was
removed, exposing four tendons on the tail, each containing type I and III collagen. The
tendons were removed and the collagen collected and stored in phosphate buffered
saline (PBS) solution. Samples were washed in deionised water (DI), and tendon
extracts (~5mm long) were taken and prepared for AFM and SEM.

Data
Mesoscale Skin Imaging
Following the same principle that baseline measurements were sought for the
collagen membranes in Chapter 3.5; a mesoscale imaging approach was initially used.
This approach was successful previously in identify ordered and disordered collagen. A
further challenge was presented in this chapter, however, as there is also wildtype and
two sets of diseased mice that were analysed. In order to correctly identify healthy and
ordered collagen, a separate set of healthy mice, the control samples, were obtained
and analysed.
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Figure C-1 SEM of control mouse skin showing surface features and fibrils within surface cracks.
A 1200x, B 2000x, C 12000x, D 20000x magnification

Figure C-1 shows control skin mesoscale imaging using SEM. Image A shows
a low magnification image of the skin. The surface is dense, with swirling visible. Fibres
can be seen between gaps. Desiccation cracks due to sample preparation are present.
The glass surface can be seen in the background. Image B shows a higher
magnification of the skin surface. Here, fibres are readily visible inside the desiccation
cracks that follow the swirling of the collagen sheets. The surface has some porosity,
but otherwise appears dense outside of the cracks. Image C is at a much higher
magnification and shows fibrils from inside a swirl. The ends of the fibrils are touching
the glass surface. The fibrils are reasonably well aligned and in register, with bundling
of 3-8 fibrils appearing to be common. D-banding can be seen on some fibrils, although
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this appears to be quite faint. Image D is taken at the highest magnification and shows
similar features to image C. Fibrils are present and aligned in bundles. Evidence of some
swirling in the fibrils can be seen towards the top of the image. Again D-banding can be
found, but this is faint.
Nanoscale Imaging
Mesoscale imaging confirmed markers of alignment and D-banding were present
in the control mouse skin. Subsequently, nanoscale imaging, with a particular focus on
the localised alignment and the periodicity of the D-band was performed.
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Figure C-2 AFM of control mouse tendon. A) & B) aligned bundles of tendon fibres C) & D)
tendons opened

Figure C-2 shows the collagen fibrils in tendons taken from control mice. Two
separate types of location were chosen for imaging. In image A, a large bundle of fibres
was imaged, giving rise to large variations in topography. The fibrils are mostly aligned
and in register, with some glass surface visible underneath. The D-banding is faint but
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present. The cross-over of fibrils running against the main direction of the fibrils gives
rise to the appearance of swelling. There is some evidence of degradation, with areas
appearing to be gelatinised. Image B is also from a large bundle and shows well-aligned
fibrils in a top-to-bottom orientation. Some swelling is also seen between the bundles of
fibrils. The dense packing means that D-banding is not obvious apart from on fibrils
towards the edge of the top of the image, which is out of alignment with the core fibres.
Image C shows collagen fibrils from fibres that have been manually extracted and
opened. Some inherent disorder in alignment is expected when the sample has been
prepared in this way. Bundles of fibrils are shown to have register, but there is a lack of
fibril alignment throughout the whole image. D-banding is visible on the fibrils. Most of
the fibrils appear to be homogenous in size, with three smaller fibrils seen on the left of
the image. Image D shows a smaller scale image of extracted and opened tendons.
Similar to image C and in places in image A, there is a local register of fibrils without an
overall directional alignment in the image. The D-banding is strikingly clear and was
found to be regular in its periodicity (66.4 nm).
This gave rise to two different types of location. The first, as seen in images A
and B came from disordered regions of bundled tendon. This showed a large number
of fibrils, but without any disenable orientation to them. The second type was from open
and splayed tendons, which gave a much more ordered appearance. Individual fibrils
were visible, and the contrast with the glass surface allowed for easy identification of Dbanding which was then quantified. However, in order to image these fibrils, the tendon
fascicles must be manually separated using forceps and scalpels. This could potentially
cause damage to the fibrils and certainly does not represent a realistic appearance of
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the fascicle. Each location has distinct advantages regarding representing the tendon
as either a tissue or a composite of induvial fibrils.
Nanoindentation

Figure C-3 AFM mechanics of control mouse tendon showing bimodal distribution

Figure C-3 shows the nanoindentation for the control mouse tail tendon as taken
by the AFM. After processing, a bimodal distribution was found, with a narrow peak at
3.05 ± 0.13 GPa and a much broader distribution with a median value of 14.6 ± 0.5 GPa.
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D.

Bone Fragility of ARC Syndrome Mice

In addition to the tendons collected from ARC model mice in Chapter 4 ,bones
were also collected and analysed. This data is presented here.

Methodology
Dynamic Mechanical Analysis
Testing for Young’s modulus and yield stress was performed on a DMA 7e
(Perkin-Elmer Instruments, UK) with the data analysed on Pyris TA Software, v6
(Perkin-Elmer Instruments, UK). The data was exported as a stress-strain curve. The
values of Young’s modulus could be obtained (Equation D-1) from the linear section of
the graph, along with maximum (yield) stress, and maximum strain. Results were
graphed on OriginPro v9.1 (OriginCorp, Massachusetts) as a box-plot graph. This
shows the minimum and maximum range of the data, and the mean average for the
whole range at the range within a 95% confidence interval.

𝐸=

𝐹𝐿0
𝐴0 ∆𝐿

Equation D-1 Young’s modulus (E), where F tensile force, l 0 original length, A 0 original area, Δl
change in length

Indentation and Hardness
The indentation was performed on a Wallace micro-indentation tester (Wallace
& Co, UK) with a load weight cell of 300g. The long axis of the bone was indented for
30 seconds with a diamond tip, and the results obtained as an indentation count. This
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was converted to a Vickers’ Hardness Number (VHN) value (Equation D-2) and
converted again into SI units. Results were graphed on OriginPro v9.1 (OriginCorp,
Massachusetts).

𝐻𝑉 =

𝐹
𝐴

Where A: 𝐴 =

𝑑2
136°
2𝑠𝑖𝑛(
)
2

Equation D-2 Equation for the calculation of the VHN, independent of diamond size, where HV
VHN, F load applied

𝑑2
(1.8544 × 300𝑔)
Diamond dimension, A: A ≈
So HV: 𝐻𝑉 ≅
1.8544
𝑑2
Equation D-3 Equation for the VHN based on diamond dimensions and conversion on SI units,
where HV Vickers’ hardness number, d average diagonal length left by the indenter.
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Bone Fragility Results

It has become clear from the investigations into mice tendons so far that VPS33B
and VIPAR knockouts have a significant effect on the fibrillar structure of collagen. Until
this point, all investigations have focused on the nanoscale and mesoscale without any
investigation into the macroscale. Any alteration in tissue properties is expected to be
seen when collagens is the major constituent of the tissue. It was unclear how collagen
defects would affect the overall tissue behaviour in areas where collagen, not the
dominant tissue type. Indentation as performed using a Wallace hardness tester on
mouse bones. Forelimbs of the mice were chosen due to sample availability and were
indented to measure compressive load, yield stress and Young’s modulus.

Figure D-1 Graph showing compressive load through indentation, N = 8. P <0.05
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Figure D-1 shows the compressive load of the mouse bones. The WT had a
median of 133.2 MPa, the VIPAR KO had a median of 132.1 MPa, and the VPS33B KO
had a median of 137.4 MPa. No significant differences were found after statistical
analysis with the Kruskal-Wallace test with a P value of 0.05.

Figure D-2 Graph showing the yield stress through indentation, N = 8. P <0.05

Figure D-2 shows the yield stress of the mouse bones. The WT had a median
value of 307.4 MPa, the VIPAR KO had a median of 248.21 MPa, and the VPS33B had
a median of 136.69 MPa. Despite appearances in the graph, no statistical difference
was found after analysis with the Kruskal-Wallace test with a P value of 0.05.
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Figure D-3 Graph showing Young’s modulus through indentation, N = 8. P <0.05

Figure D-3 shows Young’s modulus of the bones. This was calculated from the
indentation at the linear section of the stress/strain graph. There is a significant
difference (at p<0.05) between the modulus of the WT and that of the VIPAR, with a
further significant difference (p<0.005) between the WT and the VPS33B KO. The mean
average of the WT samples was 366±75 MPa, VIPAR 130±36 MPa, and VPS33B
37.4±13 MPa, one order of magnitude lower than the WT values.
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Figure D-4 shows tan δ of mouse bones, N = 6. P < 0.05

Figure D-4 shows the tan δ measurements of the bones derived from DMA
analysis. The WT sample had a mean average of 0.066, compared with VIPAR average
of 0.049, and the VPS33B average of 0.041. This result was statistically significant (p >
0.5, Kruskal-Wallis.) No significant changes were seen between the two KO groups.

Bone Fragility Discussion

In bones, indentation is a property controlled by the hardest materials, in this
case, primarily hydroxyapatite and other mineralised components

501–504.

The genetic

KO in the mice is known to affect only the extracellular transport of collagen at the
juvenile stage. As such, it was not expected for there to be any change in the
mineralisation of bone at the macroscale. The experiment involved the application of a
300g weight on the long axis of the bone, as a uniaxial compressive load. The resultant
force was sufficient to indent the bone, without destroying it. Uniaxial compressive load
seeks to shorten the axis under stress (in this case, stressing a cross-section of bone);
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softer materials are more likely to compress, whilst harder materials will resist
compression. Additionally, it is important to note that under general physiological
conditions, the bone will be stressed in a transverse direction 451.
Further investigations analysed the mechanical properties of yield stress and
Young’s modulus of the bones in tension. Bone samples were stretched under uniaxial
tension along the long axis of the bone. The yield stress of a material is the point at
which the material deforms plastically (irreversible or inelastically). This is calculated
from a stress-strain graph. A set strain rate was applied, and the results (Figure D-2)
show that there was no statistical significance between the three tested samples.
However, the WT samples did show a more extensive data spread within the 95%
confidence interval (CI) than the KOs. Some values for the VIPAR and VPS33B samples
had comparable yield stresses. As cortical bone is mostly inelastic, there is little to no
elastic deformation occurring during tensile testing

365,451.

Hydroxyapatite deforms to

failure before the collagen, meaning that the yield stress value is also a mineralcontrolled property 452,505. It can be assumed that the yield stress is very close or equal
to that of the failure stress of the bone, which is another mineral-controlled property 57.
Following that there was no significance found in the yield stress, there was also no
significance in the failure stress.
Two distinct types of measurements were generated from the tensile testing;
yield stress and Young’s modulus. Bone can be considered to be a composite material
with the collagen fibres acting as a scaffold within the hydroxyapatite 506–509. In an
engineered composite, the rule of mixtures is often applied, with the volume fraction and
independent Young’s modulus of the fibres and matrix calculated separately510. Given
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that these experiments were performed on samples which were difficult to obtain and
test, an experiment could not be performed to determine the ratio of matrix to fibre. To
that end, the Young’s modulus was calculated directly from the stress/strain graph of
the bones under tensile stress. The Young’s modulus data (Figure D-3) showed a broad
range of data, likely because of biological heterogeneity. However, the VIPAR and
VPS33B samples were consistently weaker than the WT samples. The tan δ
measurements were also used to confirm this variation. Tan δ is defined as the ratio
between loss modulus and storage modulus, and is a measure of viscoelasticity, and is
an ancillary measure of bone strength

511,512.

As the largest elastic component of the

bone, the tan δ value could be interpreted as a measurement of the quality of the
collagen, which makes up the largest elastic component of bone

511.

A significant

lowering in tan δ was seen in both KO samples. Data is consistent with the data for
Young’s modulus which showed a consistent decrease in values for the KO bones. The
decrease in the mechanical properties can be linked to the collagen defects induced by
vipar and vps33b and has been observed in both transverse and longitudinal
measurements, affecting collagen in both connective and mineralised tissues.
As previously described, the VPS33B knockout affects the ability of collagen to
form lysyl oxidase crosslinks after secretion to the extracellular matrix. It could be
argued that the lack of crosslinks causes both the fibril swelling seen under AFM and
SEM as shown in previous sections, as well as these changes in mechanical behaviour.
Therefore, changes made to molecular crosslinks are conserved and propagated
throughout the organisational hierarchy of collagen, resulting in disorganised fibrils,
tendons and more fragile bones. Similarly, to the SEM and AFM data obtained, the
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change in the mechanical behaviour of the VIPAR KO was less severe than that of the
VBS33B KO. This is consistent with the clinical literature, which reports patients with
VIPAR mutations as having similar but reduced symptoms than those with VPS33B
mutations in ARC syndrome 438.
Bone Fragility Summary
Mechanical testing was performed on the bones in macroscale. Parameters
where the mineral content is dominant, such as the compressive load and the yield
stress, did not give significant differences between the samples. The range of the data
was also consistent between the samples. The tan δ, measuring the elastic change in
the bone, showed a significant decrease in the VIPAR and VPS33B samples. Most
importantly, the Young’s modulus significantly decreased in the VIPAR and VPS33B
samples. This showed a severe weakening of the collagen and is consistent with the
nanoscale and ultrascale measurements taken previously.
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E.

Mouse Model of Scleroderma

This appendix shows LM, SEM, AFM imaging and mechanics on a mouse
model of SSc, and formed a prelude to the QNH protocol development on SSc
featured in Chapter 5.

Materials
Two mice models of SSc have been developed with a single knock out (SKO) or
double knock out (DKO) of the gene LEPREL1. Additionally, wild type (WT) controls
were reared. KO mice were provided by Dr Hans Peter Bachinger (Shriner Hospital,
Portland Oregon) and reared by the team of Dr Richard Stratton (UCL). Ten-week-old
female mice were studied in three groups (6-12 mice per group). These were all given
daily subcutaneous injections of bleomycin 0.09 units in 100 μL of sterile saline per
injection site, per mouse, for 21 days, before euthanisation on day 30 for analysis.
Additionally, WT, SKO and DKO dermal fibroblasts were cultured from explanted skin
biopsy material and seeded at the same density in serum-free media. Conditioned
media from dermal fibroblasts were left overnight with saturated ammonium sulphate
(20%) in order to precipitate out of solution any proteins. These proteins were then
treated with collagenase, removing any non-collagenous material. The collagen onto
glass cover-slips for nanoscale indention and topographical imaging.
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In Chapter 4 it was clearly shown that nanoscale imaging and indentation could
successfully differentiate between mouse models of the disease ARC syndrome.
Differences were seen in the appearance of the collagen and in their Young’s moduli.
This approach has been replicated on to a mouse model of SSc, knockouts of the gene
LEPREL1. This gene is known to influence the triple helix formation of collagen and is
suspected of having a role in SSc aetiology

33,513.

Here, LM and SEM of the cells were

taken, along with AFM images and mechanical analysis of any residual proteins.

Results and Discussion
Microscale Fibroblast Imaging

Figure E-1 Light field LM of the fibroblast KOs after purification. A) WT, B) SKO, C) DKO. 10x
magnification

Figure E-1 shows fibroblast cells purified from the mouse biopsies before animal
sacrifice. Image A show the WT cells, with regular morphology. Cell processes are
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visible without evidence of cellular necrosis or apoptosis. Image B shows the SKO cells,
which are similarly regular in appearance, with the nuclei visible. Image C shows the
DKO cells, which are not as tightly packed as the cells in image A or B. Material that
could be cellular fragments are also present.
Mesoscale Fibroblast Imaging

Figure E-2 SEM of fibroblast cells on glass slides. A) WT, B) SKO, C) DKO. 200 x magnification

Figure E-2 shows the SEM fibroblast cells after purification. Image A shows the
WT sample, with a large fibroblast clearly visible in the centre of the image. Cellular
processes and other cells are discernible towards the edges of the image. Image B
shows the SKO sample, and several cells can be seen be seen in the middle of the
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image. The cells appear to be smaller in the SKO image than those seen in the WT
sample. Image C shows the DKO sample, although only faint traces of cells were seen
in any of the DKO images taken. Evidence of residue and other material forms the
background of all of the images.
Nanoscale Protein Imaging

Figure E-3 AFM of proteins after precipitation, glass is visible as the background. A) WT, B) SKO,
C) DKO.
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Figure E-3 shows the AFM of precipitated media from knockout fibroblasts after
treatment with collagenase. Image A shows the WT media. There are numerous distinct
structures present in the centre of the mass, which have a degree of directional
alignment. Surrounding those is amorphous material. Image B shows the SKO samples.
Long fibrils are seen, which have a clear directional orientation. Some thinner fibres are
connecting the larger bundles. Image C shows the DKO media. There is coverage of
amorphous material with a large agglomeration present. No fibres or ordered structures
are visible. Small dots visible in the mass are likely to be residual ammonium sulphate
crystals.
Nanoscale Collagen Indentation

Figure E-4 Young’s modulus of WT, SKO and DKO showing unimodal distribution
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Figure E-4 shows the comparison in Young’s modulus between WT, SKO and
DKO samples. WT has a unimodal distribution of 781.66±16.06 MPa, with a broad range
between 400-1200 MPa. SKO has a similar unimodal distribution of 750.68±15.71 MPa,
which was not found to be statistically different to WT. DKO has a unimodal distribution
of 142.61±5.42 MPa, which was statistically lower than either the WT or SKO moduli, p
< 0.05, Kruskal-Wallis.
Mouse Model Discussion
In vivo, LEPREL1 forms a part of the prolyl 3-hydroxylases, essential in aligning
nascent procollagen in the endoplasmic reticulum before the formation of the collagen
triple helix, which is eventually stabilised by prolyl 4-hydroxylases

33,139,513.

Previous to

this study, prolyl 3-hydroxylases had not been studied for their effects on fibrosis, but it
was theorised that these enzymes could be rate limiting the production of collagen.
Starting with the LM images (Figure E-10) there were initial indications that
similarities exist between the WT and SKO sample, which the DKO sample was showing
a decreased number of cells. This was again found in SEM (Figure E-2) with the
morphology of the cells appearing similar for WT and SKO, but without large numbers
of cells present in the DKO sample. After a random sampling of locations, the majority
of DKO areas did not have cells present. The amount of background material appears
to be similar in all of the images. This prompted further investigation, leading to the
analysis of the proteins present in the cells. Having purified the collagen, the AFM
images showed that WT and SKO were able to form identifiable structures (Figure E-3)
while the DKO collagen appeared as an amorphous mass. Comparisons can easily be
made to collagen gels when made in vitro

514.

When made correctly and pH stabilised,
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these gels will naturally form fibrils similar to in vivo collagen but without any alignment
or directional orientation, lacking crosslinks 197,515. The mechanical properties of the gels
are also weakened 515. The mass seen in DKO is similar to unpolymerised collagen gels,
which are often formless. However the lack of D-banding in the WT or SKO samples
show that fibrillar collagen was not made.
Indentation using AFM on the structures or masses seen in the samples (Figure
E-4) showed that WT and SKO are again similar, this time without any statistical
differences between the results. SKO had the largest range of data out of the three
conditions tested, supporting its theorised role as an intermediate knockout that would
not be as atypical as DKO. The DKO Young’s modulus was significantly lower than that
of the WT or SKO. The range of the Young’s moduli values are lower than expected for
in vivo collagen, which is between 0.5-20 GPa 59,374,395. The values of WT and SKO are
consistent with that range, as well as the values for uncompressed and uncrosslinked
collagen gels 343. An initial concern was ensuring the purification of the collagen alone,
as other proteins could be present in the culture media. Salting out the proteins using
ammonium sulphate is an established technique, which combined with the addition of
collagenase (previously used in Chapter 3.4.2.5) allowed for confidence that only
collagen was present in the tested samples

408.

The mechanical measurements are counterintuitive when considering the effects
of SSc. As a disease, the fibrosis of collagen causing a visible hardening of the skin,
and a measurable increase in the Young’s modulus of the collagen 189,395,489. However,
the model of SSc caused a decrease in the Young’s modulus when measured in this
study. Mutations in LEPREL1 have been linked to OI and high myopia, both collagen
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weakening disorders which support the Young’s modulus findings here

516,517.

Along

with other findings, it was proposed that the encoded LEPREL1 enzyme might be an
important rate-limiting factor in the SSc fibrotic responses or otherwise critically involved
in the disease process, which could be targeted by therapeutics466. Furthermore, it was
suggested that there is a greater requirement for increased levels of prolyl 3hydroxylase enzymes during the formation of collagen-rich tissues, such as the cornea,
skin and tendons. Therefore, while any adverse effects of prolyl 3-hydroxylase inhibitors
on health would need to be carefully evaluated, the effects of LEPREL1 on the SSc
fibrosis pathway need further investigation.
Mouse Model Summary
The work in Chapter 4 provided an outline for the work in this section. Here, a
model of SSc based on knockouts of LEPREL1 was found to behave as predicted, with
the DKO acting significantly different from that of WT and SKO in all measurements.
SEM and LM showed the behaviour of fibroblasts with the knockouts, while AFM was
used on purified collagen. WT and SKO formed identifiable structures, while DKO
remained amorphous. Differences in Young’s modulus showed that DKO was less stiff
than WT and SKO, suggesting that in SSc patients, LEPREL1 could act as a rate-limiting
factor to limit the spread of the disease.
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