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Abstract

Collagen is the main organic building block of musculoskeletal tissues. Despite collagen being their smallest load
bearing unit, these tissues differ significantly in mechanical function and properties. A major factor behind these
differences is their hierarchical organization, from the collagen molecule up to the organ scale. It is thus of high
importance to understand the characteristics of each level, as well as how they interact and relate to each other. With
such knowledge, improved prevention and rehabilitation of musculoskeletal pathologies may be achieved.

Both mineralized and soft collagenous tissues respond to their mechanical loading environment according to specific
mechanobiological principles. During prenatal development, immobilization can cause dramatic effects on the
developing skeleton, causing the newly formed bones to be smaller, deformed and more prone to fracture. But how
immobilization affects the deposition, structure and composition of the developing bones is still unclear. In tendons,
both insufficient and excessive mechanical loading increases the risk of injury. After rupture, reduced mechanical
loading results in altered collagen structure and cell activity, thus influencing the mechanical properties of the healing
tendon. How the loading environment affects the structure of intact and ruptured tendons is still debated.

The work presented in this thesis aims to thoroughly characterize the mechanobiological effects on the mineralization
process in developing bones as well as the collagen structure and multiscale mechanical response of intact and healing
tendons. This is achieved through a multimodal approach including a range of high-resolution synchrotron- and lab-
based techniques, in combination with mechanical testing.

In the first part of the thesis, humeri from “muscle-less” embryonic mice and their healthy littermates at development
stages from start of mineralization to shortly before birth were investigated. The multimodal approach revealed a
highly localized spatial pattern of Zinc during normal development to sites of ongoing mineralization, accompanied by
larger mineral particles. Healthy bones also showed signs of remodeling at later time points. In the absence of skeletal
muscle, it was revealed that the developing bones exhibited a delayed but increased mineral deposition and growth,
with no signs of remodeling.

In the second part of the thesis, intact Achilles tendons from rats subjected to either full in vivo loading through free
cage activity or unloading by Botox injections combined with cast immobilization were investigated. It was shown that
the nanoscale fibrils in the Achilles tendon respond to the applied tissue loads and exhibit viscoelastic responses. It was
revealed that in vivo unloading results in a more disorganized microstructure and an impaired viscoelastic response.
Unloading also altered the nanoscale fibril mechanical response, possibly through alterations in the strain partitioning
between hierarchical levels.

In the third part of the thesis, Achilles tendons were transected and allowed to heal while subjected to either full in vivo
loading, reduced loading through Botox injections or unloading. /n vivo unloading during the early healing process
resulted in a delayed and more disorganized collagen structure and a larger presence of adipose tissue. Unloading also
delayed the remodeling of the stumps as well as callus maturation. Additionally, the nanoscale fibril mechanical
response was altered, with unloaded tendons exhibiting a low degree of fibril recruitment as well as a decreased ability
for fibril extension.

The work in this thesis further illustrates the important role of the mechanical environment on the nanostructure of
musculoskeletal tissues. It also highlights the power of combining high-resolution tissue characterization techniques into
a multimodal and multiscale approach, allowing us to study the effects on several hierarchical length scales
simultaneously and as a result be able to elucidate the intricate connection between hierarchical scales.
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Popularvetenskaplig
sammanfattning

Rérelseorganens vivnader paverkas och anpassas over tid av den belastning och
miljo de utsidtts for. Detta kallas mekanobiologi. Vivnader som inte utsitts for
belastning far simre egenskaper. Studier pd musembryon visar att ben som inte
belastas normalt fir en annorlunda form och simre mekaniska egenskaper. Det 4r
fortfarande oklart hur belastning under denna utvecklingsprocess péverkar
skelettets sammansittning och byggstenarnas struktur. Studier pi hilsenor har
visat att bade for lig och hdg belastning okar risken for skada. Trots att det finns
ménga olika rehabiliteringsprotokoll som kan tillimpas efter en hilseneruptur ir
det fortfarande oklart vad som ger bist resultat och minskar risken for ytterligare
skada. En bidragande faktor till detta 4r att vi saknar en djupare kunskap kring hur
belastning paverkar strukturen hos bade intakta och likande hilsenor.

Den minsta byggstenen i rorelseorganens vivnader, si som skelettet och senor, ir
proteinet kollagen. Trots att de olika vivnaderna alla dr uppbyggda av kollagen sa
skiljer sig deras mekaniska funktion och egenskaper avsevirt; senor ir elastiska och
har energibevarande samt dimpande egenskaper, medan skelettet ar hart, styvt och
kan utsta hog belastning. Skelettets styvhet kommer frin dess oorganiska
mineralfas, hydroxyapatit, som ir inbiddat i kollagennitverket. Ovriga skillnader
i funktion mellan rérelseorganens vivnader beror pa hur kollagenet 4r organiserat
over flera lingdskalor. Deras hierarkiska organisation tilliter optimering pa
flertalet lingdskalor, vilket medfér att vivnaden kan anpassa sig till sin mekaniska
miljo. Det dr darfor viktigt att forsta organisationen pa varje strukturell niva, samt
hur olika nivier samspelar. Okad kunskap kring detta kan bidra till bittre
forebyggande insatser och rehabilitering av rérelseorganens olika skador och
sjukdomar. Malet med den hir avhandlingen var att undersoka hur mekanisk
belastning paverkar mineraliseringsprocessen i ben under embryonal utveckling,
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samt pa kollagenets organisation och funktion hos intakta och likande hilsenor.
For att uppnd detta undersoktes vivnader med en kombination av olika
synkrotronbaserade rontgentekniker si som lig- och vidvinkelspridning,
spektroskopi och  tomografi, samt dragprov. En synkrotron ir en
partikelaccelerator som kan producera mycket kraftfullare réntgenstralning 4n
labbkillor, vilket mojliggér mer detaljerade unders6kningar.

I den forsta delen av avhandlingen studerades mineraliseringsprocessen i ben frin
musembryon med och utan normal muskelbildning. Rontgentekniker tillimpades
for att avbilda mineralfasen i ben, s& som dess sammansittning och
mineralplattornas storlek och riktning. Vid normal utveckling mineraliseras
musbenen pa enbart 4 dagar och uppnir liknande sammansittning och
koncentration av calcium som vuxna ben. Det visade sig dven att zink ir en viktig
faktor for mineraliseringsprocessen, di det aterfinns i omriden dir mineralisering
pagar. Nir muskler diremot saknas s blir processen forsenad och oorganiserad.
Det visar sig bland annat genom en mer utbredd forekomst av zink samt en
kontinuerlig 6kning i storlek av mineralplattorna. Detta skulle kunna férklara
varfor muskellésa ben mot slutet av utvecklingen kommer i kapp storleksmissigt.

I den andra delen av avhandlingen studerades hilsenor fran rattor som kunde rora
sig normalt samt de som inte kunde belasta sina senor. Rontgentekniker i
kombination med dragprov tillimpades f6r att avbilda kollagenstrukturen och dess
mekaniska egenskaper. Resultaten visade att kollagenfibrillerna pa nanoskalan
reagerar pa belastning samtidigt som senan, samt att senans dimpande egenskaper
aterfinns hela vigen ner pi nanoskalan. Avlastning av senan ledde till en mindre
vilorganiserad mikrostruktur samt férindrade mekaniska egenskaper som strickte
sig hela vdgen frin organniva ner till fibrillerna pa nanoskalan.

I den tredje delen av avhandlingen studerades likande hilsenor fran rictor som
kunde réra sig normalt samt de som inte kunde belasta sina senor.
Réntgentekniker i kombination med dragprov tillimpades for att avbilda den
nybildade kollagenstrukturen och dess mekaniska egenskaper. 3D avbildning
visade att avlastning under likningsprocessen leder till en férsenad och mindre
organiserad aterbildning av kollagennitverket. Minskad belastning ledde ocks3 till
en storre andel fettvivnad, en férsenad omorganisering av den tidigare senan, samt
en férsenad mognad av den likande vivnaden. Detta skulle kunna forklara den
okade risken for ytterligare skada vid minskad belastning under likningsprocessen.

Sammanfattningsvis visar resultaten i avhandlingen vikten av den mekaniska
miljén for nanostrukturen hos rérelseorganens vivnader. Den visar dven pd hur
flertalet synkrotronbaserade rontgentekniker kan kombineras for att undersska
vivnadens sammansittning, struktur och mekaniska funktion f6r att studera flera
strukturella nivier samtidigt, vilket i sin tur mojliggér bittre forstaelse av hur den
komplexa uppbyggnaden ger vivnaderna deras unika funktion.



Abstract

Collagen is the main organic building block of musculoskeletal tissues. Despite
collagen being their smallest load bearing unit, these tissues differ significantly in
mechanical function and properties. A major factor behind these differences is
their hierarchical organization, from the collagen molecule up to the organ scale.
It is thus of high importance to understand the characteristics of each level, as well
as how they interact and relate to each other. With such knowledge, improved
prevention and rehabilitation of musculoskeletal pathologies may be achieved.

Both mineralized and soft collagenous tissues respond to their mechanical loading
environment according to specific mechanobiological principles. During prenatal
development, immobilization can cause dramatic effects on the developing
skeleton, causing the newly formed bones to be smaller, deformed and more prone
to fracture. But how immobilization affects the structure and composition of the
developing bones is still unclear. In tendons, both insufficient and excessive
mechanical loading increases the risk of injury. After rupture, reduced mechanical
loading results in altered collagen structure and cell activity, influencing the
mechanical properties of the healing tendon. How the loading environment affects
the structure of intact and ruptured tendons is still debated, and there is currently
no consensus on optimal rehabilitation protocols.

The work presented in this thesis aims to thoroughly characterize the
mechanobiological effects on the mineralization process in developing bones as
well as the collagen structure and multiscale mechanical response of intact and
healing tendons. This is achieved through a multimodal approach including a
range of high-resolution synchrotron- and lab-based techniques, in combination
with mechanical testing.
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In the first part of the thesis, humeri from “muscle-less” embryonic mice and their
healthy littermates at development stages from start of mineralization to shortly
before birth were investigated. The multimodal approach revealed a highly
localized spatial pattern of Zinc during normal development to sites of ongoing
mineralization, accompanied by larger mineral particles. Healthy bones also
showed signs of remodeling at later time points, where both Iron and Zinc were
found to precede Calcium. In the absence of muscle-induced loading, it was
revealed that the developing bones exhibited a delayed but increased mineral
deposition and growth, with no signs of remodeling. This was observed as a more
widespread distribution of Zinc at later time points, accompanied by a more rapid
increase in Calcium content as well as growth of mineral platelets.

In the second part of the thesis, intact Achilles tendons from rats subjected to either
tull iz vivo loading through free cage activity or unloading by Botox injections
combined with cast immobilization were investigated. It was shown that the
nanoscale fibrils in the Achilles tendon respond to the applied tissue loads. The
fibrils also showed viscoelastic responses such as strain relaxation and an increased
stretchability and recovery with increasing number of load cycles. Tissue level
findings revealed that reduced iz vivo loading results in a more disorganized
microstructure and an impaired viscoelastic response. Unloading also altered the
nanoscale fibril mechanical response, possibly through alterations in the strain
partitioning between hierarchical levels.

In the third part of the thesis, Achilles tendons were transected and allowed to heal
while subjected to either full in vivo loading, reduced loading through Botox
injections or unloading. /z vivo unloading during the early healing process resulted
in a delayed and more disorganized collagen structure and a larger presence of
adipose tissue. Unloading also delayed the remodeling of the stumps as well as
callus maturation, postponing the merge between callus tissue and stumps.
Additionally, the nanoscale fibril mechanical response was altered, with unloaded
tendons exhibiting a low degree of fibril recruitment as well as a decreased ability
for fibril extension.

In conclusion, the work in this thesis further illustrates the important role of the
mechanical environment on the nanostructure of musculoskeletal tissues. It also
highlights the power of combining high-resolution tissue characterization
techniques into a multimodal and multiscale approach, allowing us to study the
effects on several hierarchical length scales simultaneously and as a result be able
to elucidate the intricate connection and relationship between hierarchical scales.
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1 Introduction

Collagen is the main organic building block of musculoskeletal tissues and fulfils
many biological functions. Despite collagen being the smallest load bearing unit,
the mechanical functions differ significantly between tissue types ', with e.g.
tendons being highly elastic and energy-storing and bone being very stiff and
strong. In bone, the high stiffness originates from the additional inorganic mineral
phase, hydroxyapatite, which is interwoven within and between the collagen
fibrils. Additionally, a major factor behind the differences in mechanical function
and properties between these collagen-based tissues is modifications in their
hierarchical organization, from the collagen molecule up to organ scale. The
hierarchical structure allows for mechanical optimization at each structural level
and as a result, the overall tissue properties are dependent on all of these 2. It is
thus of high importance to understand the characteristics of each level, as well as
how they interact and relate to each other.

Both mineralized and non-mineralized collagenous tissues respond to their
mechanical loading environment according to specific mechanobiological
principles. For example, bone tissue is remodelled continuously such that regions
which are less loaded are resorbed and regions which are exposed to high loads are
re-enforced through an increased bone formation Bl Further, when exposed to
highly directional loads, both collagen and mineral structures align their main load
bearing axes in the loading direction to support the increased load ™.

During human development, it has been shown that prenatal immobilization can
cause dramatic effects °\. For instance, multiple neuromuscular diseases which
cause reduced or complete lack of movement in utero, have been shown to result
in infant and child bones becoming more prone to fracture “*. Bone formation is
influenced by the forces from contracting muscles, optimizing the bones to their
respective mechanical loading environments. At the embryonic stage, long bones
are formed through the process of endochondral ossification, where a cartilage
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template is gradually undergoing mineralization ', Immobilization during this

process can result in smaller and deformed bones *''"'¥ with impaired mechanical
properties *®. Further, immobilization results in changes of the organization, size
and shape of the chondrocytes at the growth plates "*'*". But how
immobilization affects the deposition, structure and composition of the developing
bones is still unclear.

Both human studies and animal models have shown that mechanical forces are
fundamental to maintain tendon health, where both insufficient and excessive
mechanical loading can result in injury "', For instance, reduced mechanical
stimuli can cause a reduction of the tendon size, changes in the structural
organization and impaired tendon biomechanical properties "), Within the
Achilles tendon, the soleus, lateral and medial gastrocnemius muscles are
connected to and exert mechanical stimuli on three sub-tendons, which
subsequently are characterized with distinct mechanical properties **?". Further,
mechanical stimuli has been shown to influence collagen production, alignment,
cell activity and mechanical properties "“***). However, the effect of reduced
loading on the smaller length scales is still unknown.

The Achilles tendon is the most frequently injured tendon in humans and the
rupture incidence is increasing not only in athletes, but also within the general
population %, The healed tendon rarely regains its pre-rupture structural or
mechanical properties ¥, Following this, re-rupture risk of both the previously
injured as well as the contralateral Achilles tendon is high . Reduced mechanical
loading during the healing process has shown to result in altered mechanical
properties and cell activity %%, while excessive loading often prolongs the
inflammation phase >3 and elongates the tendon %, Despite this knowledge,
there is currently no consensus on optimal treatment after Achilles tendon rupture
(2835361 One reason behind this is the limited knowledge on how the local
mechanical environment affects the regeneration of the collagen structure.

Histology, immunohistochemistry, tomography and mechanical testing are state
of the art techniques to study collagen based hierarchical tissues such as bone and
tendon. When it comes to characterizing the structural and compositional changes
down at the nanoscale, a range of high-resolution scattering- and spectroscopy-
based techniques can be applied. Many of these utilize X-rays which interact with
the electron clouds of atoms by either being scattered or absorbed °”). The scattered
X-rays can provide information about the size and organization of both collagen
and mineral particles. The absorption of X-rays can cause the emission of
characteristic secondary X-rays, which can provide compositional information of
atomic elements. These techniques can thus be used to address the current
knowledge gaps regarding mechanobiological effects during bone development, as
well as during both normal function of Achilles tendons and their healing process.



2 Aim and design of the thesis

The overall aim of the thesis was to characterize the mechanobiological effects on
the mineralization process in developing long bones as well as the collagen
structure and mechanical response of intact and healing Achilles tendons, by
developing a multimodal approach including a range of high-resolution
synchrotron-based techniques.

The specific objectives of the individual studies were addressed in three parts:

1) To evaluate the effect of lack of muscles on the mineralization process in
developing long bones from embryonic mice, by characterizing changes
in structure and composition at the nanoscale (Paper I and II).

2) To elucidate how iz vive loading environment affects the structure and
mechanics of the intact rat Achilles tendon, by characterizing the collagen
structure at micro- and nanoscale in relation to the fibril and tissue
mechanical response (Paper I1I and IV).

3) To explore the impact of iz vivo loading environment on the regenerating
collagen structure in the healing rat Achilles tendon, by characterizing the
three-dimensional collagen organization at the micro- and nanoscale, as
well as the fibril and tissue mechanical response (Paper V and VI).



4 Aim and design of the thesis

Figure 2.1 illustrates the specific aims of the individual studies within the design
of the thesis project.
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Figure 2.1. Overview of the design of the studies. The roman numerals (I-VI)
refer to papers appended in the thesis and are linked to the aforementioned
objectives. XRF, WAXS, SAXS, SASTT, FTIR and PLM refers to the techniques
used in each study. Ramp to failure (RF), cyclic loading (CL) and stress relaxation
(SR) refers to the mechanical tests used.
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3.1 Bone

Bone primarily consists of approximately 30% of an organic matrix, composed of
mostly collagen type I, 60% of a stiff inorganic mineral phase, composed of
hydroxyapatite (HA, Caio[POsJs[OH]) crystals, and 10% water ©%. These
building blocks are arranged into a highly complex hierarchical structure. At the
nanoscale, curved platelet-shaped HA crystals are embedded within as well as in-
between collagen fibrils (Figure 3.1) #***. The collagen fibrils consist of collagen
molecules assembled into triple helical structures called tropocollagen (1.5 nm
diameter and 300 nm length). The tropocollagen arranges inside the fibrils in an
axial quarter staggered manner, creating periodic gaps and overlap regions, which
together make up the repetitive sub-unit of the fibrils, d-spacing (-67 nm). The
mineral platelets are generally oriented along the main axis of the fibrils. The
mineralized fibrils organize into microscale fibers. At the mesoscale, these fibers
organize into 3-7 pm lamellae which form two types of bone tissue; trabecular and
cortical bone. Trabecular bone is highly porous (-80%) with a sponge-like
structure and cortical bone is highly compact, with only ~6% porosity to enable
the infiltration of blood vessels and nerves. At the organ scale, cortical bone forms
the hard outer shell, such as the shaft in long bones, and trabecular bone forms
most of the internal structure.
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Figure 3.1. Hiearchical strucutre of bone. At the organ scale, long bones consists
of trabecular bone forming most of the interal structures and a cortical bone
forming a shell arond the midshaft. Mineralized collagen fibers make up the
microscale structure, which at the nanoscale are composed of mineralized particles
of HA embedded within and inbetween collagen fibrils. The collagen fibrils are
made up of quarter staggered tropocollagen molecules.

3.1.1 Bone development

Long bones form through a process called endochondral ossification (Figure 3.2-
A) A4 Tn this process, a cartilage template is laid down and then gradually
mineralized. The process starts with chondrocytes in the middle of the rudiment
becoming hypertrophic (i.e. enlarged). The hypertrophic chondrocytes primarily
synthesize collagen type X, attract blood vessels, chondroclasts (which digest
cartilage matrix) and osteoblasts, which replace the degraded cartilage tissue with
trabecular-like bone. Additionally, the hypertrophic chondrocytes direct
perichondral cells to differentiate into osteoblasts which form an initial bone collar.
This initial mineralized region at the middle of the cartilage template is called the
primary ossification center. More blood vessels invade, and the primary
ossification center is then divided into two zones of ossification, termed growth
plates (Figure 3.2-B). Closest to the mineralized tissue, the hypertrophic
chondrocytes undergo apoptosis, and their surrounding cartilage matrix serves as
scaffold on which the osteoblasts can continue to lay day down mineralized tissue.
This zone is called the mineralization zone. In front of the mineralization zone is
the hypertrophic zone in which the hypertrophic chondrocytes reside. In front of
the hypertrophic chondrocytes is the proliferation zone, in which chondrocytes
proliferate and synthesize cartilaginous extracellular matrix (mainly collagen type
IT) to enlarge the cartilage template. These chondrocytes have a discoid shape and
form oriented columns to direct the elongation of the rudiment in the longitudinal
direction. Above the proliferating chondrocytes rests more spherical inactive



chondrocytes and is thus called the resting zone. As the growth plates go through
these sequential processes of chondrocyte proliferation, extracellular matrix
synthesis, hypertrophy, matrix mineralization and apoptosis, they gradually
progress longitudinally in opposite directions, along the diaphysis of the long bone,
to eventually replace the cartilage template entirely with mineralized bone-like
tissue. Growth of long bones in humans continues until adolescence, upon which
the growth plates disappear. Growth plate closure is also commonly occurring
upon sexual maturation in most other mammals, with the exception of mice and
rats, in which the longitudinal bone growth continues throughout most of their
life span 31,

A) B)
Cartilage Primary Resting zone

template ossification center

Growth
plates

Figure 3.2. Long bone development. A) Long bones form through endochondral
ossification, where a primary ossification center is formed in the center of the
cartilage template. As mineralization progresses, the primary ossification center is
split into two secondary ossification centers, i.e. growth plates. B) The different
zones of the growth plate.

Amorphous calcium phosphate (CaP) precursors have been found in osteoblasts as
well as hypertrophic chondrocytes, enclosed in intracellular vesicles “~. Within
these vesicles, Ca and P ions crystallize into apatite minerals. The tissue is
hypothesized to be mineralized upon the release of these vesicles into the
extracellular matrix (ECM). However, other studies have found that the Ca
concentrations within hypertrophic chondrocytes at the growth plate is low and
deemed it unlikely that growth plate mineralization depends solely on the release
of intracellular vesicles °*=%. Thus, an additional pathway has been suggested, of
which vesicles containing precursor CaP are delivered to the site of mineralization
directly from blood vessels ***54. Despite the numerous studies being conducted
on endochondral ossification, the pathway of mineralization during this process is
still not clear.
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3.1.2 Mechanobiology of bone development

There is a range of neuromuscular diseases which cause reduced or a complete lack
of muscle contractions, such as cerebral palsy, congenital myotonic dystrophy or
spinal muscle atrophy. It has been shown that the abnormal mechanical
environment during fetal development due to these diseases has a dramatic effect
on the developing skeleton '®”°°*. Human infants and children with these
neuromuscular diseases have bones which are thinner, less mineralized and
sometimes more elongated ®”). These bones have been shown to have impaired
mechanical properties and to be more prone to fracture, with studies on newborns
showing that some bones already fractures in wutero © Tn addition to this, an
abnormal mechanical environment in utero can lead to deformed joints “*%,
resulting in e.g. developmental dysplasia of the hip, which occurs in 1 out of 100
newborns P\, Postnatal pathologies such as temporary brittle bone disease are also
believed to be attributed to decreased fetal movement “” and 10% of pre-term
infants have an increased susceptibility to fracture, potentially due to early removal
of important loading such as the kicks against the uterine wall ©'.

While some of the early studies on the effects of an abnormal mechanical
environment were performed on newborns, infants and children, currently chick
and mouse models have been developed to enable detailed characterization of the
mechanisms involved. Chick models have been extensively used due to their
external development in the egg, which easily allows for alterations and
manipulations during this process “?, and their long bone development being
similar to mammals. For example, neuromuscular blocking agents, such as
decamethonium bromide or botulinum toxin (Botox), can be used to alter
muscular activities. A multitude of studies have found that immobilization during
avian bone development results in abnormal bone curvatures “?, thinner and
shorter bones, bone fusion, decreased growth rates and chondrocyte proliferation
©2-641" Additionally, immobilization has been shown to alter the expression patterns
of the genes encoding collagen type X and Indian hedgehog *!, which are two
highly involved proteins in bone formation.

However, chicks do not develop a primary ossification center nor vascularization
of the cartilage template before mineralization. Additionally, despite the majority
of mineralization in chick long bones takes place at the extremities of the shaft,
they seldom have growth plates ““®. To better mimic human long bone
development, mouse models are widely used as they provide a more similar
development process, while still allowing for gene modifications and a controlled
environment. A multitude of studies on fetal immobilization in mice have found
that immobilized bones are shorter, rounder, has a less tapered geometry and
decreased mineralization ">®7". Additionally, alterations of the growth plate, such
as chondrocyte density, size and elongation, have been found "*'*7?. A wide range



of genetically modified mouse models are commonly applied to study alterations
in mechanical environment on skeletogenesis and differences have been observed
between both immobilization models as well as different bones "”. To study the
complete lack of skeletal muscles, there are two common mouse models. In
Pax3***"" mice, the transcription factor Pax3 is lacking and as a result muscle
progenitor cells cannot migrate into the limb buds and form skeletal muscle . In
double knockout Myf5"**":MyoD”" mice, the progenitor cells can migrate to the
limb buds, but instead cannot differentiate into myoblasts which forms muscle
fibers "4, To study only reduced muscle function, littermates from the double
knockouts, which have one functional copy of Myf5, i.e. Myf5"***:MyoD", are
typically used as they can still form muscle fibers, but with a reduction of 35-55%
9], Lastly, a model of muscular dysgenesis, mdg/mdg, which disrupts the coupling
between muscle excitation and contraction, can be used to study the presence of
non-contractile muscle 7.

3.2 Tendon

Tendons connects muscles to bones in order to provide movement. Tendons
consists of approximately 70% water and 30% organic matrix, mainly composed
of collagen type I 7. The collagen network is arranged into a highly complex
hierarchical structure, from molecules up to organ scale. At the nanoscale,
tropocollagen molecules (1.5 nm diameter and 300 nm length) are organized in a
quarter-staggered manner into fibrils at a periodic distance, d-spacing, of ~67 nm
(Figure 3.3). The fibrils are interconnected and stabilized by both inter- and
intrafibrillar crosslinks 777®. At the microscale, fibrils bundle into fibers which at
rest exhibit a waviness called crimp 7*#°!. Fibers organize into fascicles and/or sub-
tendons, which then together make up the full tendon. The Achilles tendon
consists of three sub-tendons which connect the tendon to the calf-muscles; medial
gastrocnemius (MG), lateral gastrocnemius (LG) and soleus (SOL). In-between all
collagen structures are compartments of different proteins and cells, such as e.g.
elastin, proteoglycans and tenocytes "®. Surrounding the tendon is a compartment
called the paratenon, which contains fibroblasts and progenitor cell populations,
as well as blood vessels and nerves.
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Figure 3.3. Hierarchical structure of tendons. At the organ scale, the Achilles
tendon connects the heel bone to the calf muscles Mg, Lg and Sol. At the
mesoscale, tendons consists of sub-tendons and/or fascicles, which in turn are
made up of collagen fibers at the microscale. At the nanoscale, these fibers consists
of collagen fibrils, which are made up of quarter staggered tropocollagen
molecules at a period distance called d-spacing,.

3.2.1 Tendon mechanobiology

Mechanical stimulation is fundamental to maintain tendon health "®'”). Tendon
cells are mechanosensitive, adapting their activity to altered levels of physical load
and as a result altering the tissue properties *'*3. Short-term exercise has been
shown to increase the turnover of collagen type I in human Achilles tendons as
well as level of collagen cross-linking, whereas long-term exercise results in an
increase in cross-sectional areas as well as stiffness "®%%. Prolonged inactivity on
the other hand decreases both collagen type I synthesis and cross-sectional area, as
well as tendon stiffness % Returning too quickly to intense training after a
period of inactivity, or intermittently engaging in sports whilst otherwise living a
sedentary lifestyle, results in a high risk of tendon rupture ¥, The resulting
changes in tendon properties due to inactivity most likely directly affects the risk
for rupture once the tendon is loaded again.

Despite exercise often being beneficial to maintain tendon homeostasis, both
insufficient and excessive loading can have severe consequences !, Overuse of
the tendon often results in tendinopathy, which is characterized by pain, swelling
and long-term impaired performance "”?". The prevalence of tendinopathy is
increasing and affects 23.9% of athletes and 5.9% of the general population ©>%,
The prevalence of tendinopathy increases with age and is more common in women
than men P¥. Tendinopathy is believed to be caused by microinjuries and
subsequent inflammation due to repetitive overload strains . Collagen
degradation during tendinopathy seems to be higher than the collagen synthesis
B3I This results in loss of structural collagen organization. Additionally,
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accumulation of more disorganized, mechanically inferior collagen type III within
the tendon occurs in an attempt to repair the microdamage “'.

Similarly as in humans, both immobilization and overuse studies in animal models
have found detrimental effects on the mechanical properties of the Achilles tendon.
In these models, inactivity is represented by a reduced loading achieved through
paralysis of the calf muscles by Botox injections ! 697]
immobilization “**). Free cage activity represents normal loading whereas
excessive loading or overuse often is induced by subjecting the animals to extended
treadmill running "%, Tail suspension for 3 weeks has shown to result in
decreased maximal stress, elastic modulus as well as capacity for energy absorption
of the rat Achilles tendon ¥9, and after 5 weeks also a decrease in thickness of
collagen fibers 7). 4 weeks of cast immobilization of rabbits hindlimbs has been
found to decrease maximal stress and stiffness ?), as well as reduce viscoelasticity
and result in a more disorganized fiber network ®®. Calf muscle paralysis induced
by Botox in rats for 5 to 6 weeks has shown a reduction in viscoelastic properties
such as creep and hysteresis, as well as an increased elastic modulus "%,
Additionally, calf muscle paralysis resulted in a more disorganized fiber network
and an increased collagen content 2. None of these studies on Achilles tendon
immobilization found any significant changes in cross-sectional area. A study
subjecting rats to 12 weeks of uphill treadmill running found that the increased
activity resulted in a more disorganized fiber network and increased cell numbers
10U Another study revealed that 8 weeks of downhill running results in cell
proliferation and fiber disorganization, as well as decreased stiffness and maximum
stress 1%, However, another 12 week uphill running study instead found that their
rats adapted to the increased loading environment, showing no signs of
tendinopathy but instead tissue improvements """, In this study, the increased
activity resulted in a higher elastic modulus and maximum stress, as well as an
increased expression of collagen type III, but no changes in collagen type I.
Additionally, a decrease in non-collagen matrix components, matrix degrading
enzymes and growth factors was observed.

22311 tail suspension or cast

3.2.2 Mechanobiology of tendon healing

During Achilles tendon healing, the tissue is restored through three overlapping
phases; 1) inflammatory, 2) reparative and 3) remodeling phase ">**! (Figure 3.4).
Most studies characterizing the healing process of Achilles tendons have been
conducted on animals. In rodents, the initial inflammatory phase last for 24h to
few days and is characterized by an influx of blood and immune cells, such as
erythrocytes, neutrophils, monocytes, macrophages, as well as vascularization.
These cells digest the necrotic tissue and release chemotactic agents which attracts
blood vessels and direct fibroblasts to start collagen synthesis. After a few days, the
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healing enters the reparative phase, which is characterized by intense matrix
production, resulting in the formation of a so-called callus in-between the
previously intact stumps. Initially, a disorganized collagen type III network is laid
down to restore the structural integrity of the healing tissue /. The production
of collagen type III then shifts to more aligned type I within the first few weeks of
healing ?*l. After approximately 6 weeks of healing, the cell presence as well as
matrix synthesis decreases as the healing enters the remodeling phase "*.. During
this phase, the matrix is remodelled into more fibrous and ultimately scar-like
tissue, and bonding between collagen fibers is increased. The majority of the
collagen alignment takes place during these first few weeks %'/ but an
alignment similar to that of uninjured tendons has still not been reached after 16
weeks in rats 1%, Additionally, neither fibril nor material mechanical properties
return to pre-rupture values during this period ?*. In humans, the remodeling
phase can last more than a year and the tendon never completely regains its pre-
rupture properties %,

(1) Inflammatory phase (2) Reparative phase  (3) Remodelling phase
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Figure 3.4. The three stages of tendon healing. In the inflammatory phase, the
callus is populated by immune cells and blood vessels. In the reparative phase, a
disorganized network of collagen type III is laid down and replaced by a more
well-aligned matrix of collagen type I. In the remodeling phase, the tissue is
remodelled into a more fibrous matrix and bonding between fibers is increased.

Studies have shown that the healing process of tendons is highly heterogeneous.
Scleraxis-lineage cells have been shown to egress from the stumps and into the
callus core during early healing """V, Scleraxis-lineage cells are the main
governing cells during tendon healing, critical for tissue formation to bridge the
gap between stumps. The spatial distribution of these cells overlap with collagen
formation "', which also seem to start from the sides of the stumps "% In the
central region between the stumps, both evidence showing initial collagen
formation primarily at the core " as well as in the periphery has been found ..
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Post-injury rehabilitation protocols of tendons are still highly debated ™.

Immobilization in the form of casts or slings is often utilized to avoid re-ruptures
551121 Additionally, Botox injections to indue short term muscle paralysis has also
shown clinically favourable results ®*), such as increased range of motion as well as
no re-ruptures ''>. However, prolonged immobilization increases the risk for joint
stiffness as well as muscle atrophy "', thus reducing the ability of the patient to
return to normal activities. Early mobilization prevents this, and has been shown
to improve the healing process "'¥, as well as decrease pain and increase overall
function ">,

Numerous animal studies have been conducted to further elucidate the outcomes
of different loading environments during tendon healing. The results from these
studies are however highly inconsistent and most studies only evaluate the first few
weeks of tendon healing, rendering the details of long-term effects and complete
healing unknown. One study investigating healing rat Achilles tendons subjected
to 2 weeks of unloading through cast immobilization showed that unloading led
to ~83% decreased collagen type III content ''”). In line with this, gene expression
of both collagen type I and III has been found to decrease with unloading .
However, another study instead showed an increase in both collagen type I and I1I
expression during the first week of unloading by Botox injections, to then also
become lower than free cage activity after 2 and 3 weeks ""*. Studies have found
the ratio between collagen type I and III to remain similar independent of
unloading period by cast immobilization, as well as with or without surgical repair
(119-1211Unloading also seems to affect collagen cross-linking, but studies show
contradictory results; both decreased ®? and increased "** expression following
unloading has been found. Additionally, unloading seems to decrease collagen
alignment "?? as well as increase adipocyte differentiation "*?. In unloaded
tendons, adipocytes also surround the healing tissue instead of being interspersed
within it ®°.. Loading on the other hand, seems to alter the cell distribution within
the healing tendon, by e.g. an increased presence of inflammatory as well as bone-
like cells "**'%]. Loading also increases the gap distance between stumps,
elongating the tendon %, as well as increasing the cross-sectional area "% These
structural differences could be why unloading has been shown to slow down the

recovery of both structural and material mechanical properties during early healing
(28]
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3.3 Tissue characterization

In this section, the characterization techniques used in this thesis are introduced.

3.3.1 Synchrotron-based X-ray imaging

X-rays are radiation with wavelengths on the scale of 1 dngstrom (A) and they
B71, X-rays are either transmitted through matter
unchanged (i.e. no change in energy or direction) or interact with matter in
predominantly two ways: either through absorption or scattering. When X-rays
are absorbed, their energy will be transferred to an electron which is expelled from
their atom. As a result, the atom becomes ionized and energetically unstable. The
atom will relax back into its ground state through either fluorescence emission or
Auger electron emission. When X-rays are scattered, they will change their
direction and either retain (elastic) or change (inelastic) their wavelengths, i.e.
energy. When X-rays are elastically scattered, they will cause the electrons to
oscillate at the same frequency as them and emit photons of the same wavelength.
Interference between these emitted photons will either be constructive or
destructive, depending on if they are in or out of phase with each other. The
interference will result in a detectable pattern at specific distances, which contains
information about the structure of the probed material.

interact with electrons of atoms

The intensity I of X-rays which pass through matter will exponentially attenuate
according to:

[ = Ije (3.1)

where Ij is the incoming X-ray intensity, ¢ the linear attenuation coefficient and
x the distance travelled "?%. The attenuation depends on the composition and
density of the probed material, as well as the energy of the X-rays. The attenuation
decreases with increasing X-ray energy as well as atomic number and increases with
increasing density of the material.

At synchrotron facilities, X-ray beams with high brilliance are produced ¥, i.e.
highly coherent X-ray beams with high-intensity and low divergence. Brilliance is
defined as number of X-rays emitted per unit time through a unit area, per unit of
solid angle of the beam cone, within a 0.1% range centred around a specific
wavelength (photons s' mm™ mrad? 0.1%BW™"). The high brilliance of
synchrotron radiation is achieved by accelerating electrons to approximately 2-8
GeV using a linear accelerator and often a circular booster. The accelerated
electrons are then inserted into the storage ring, where they are guided around the
ring using magnetic devices. So called bending magnets force the electrons to
deviate from their straight paths, causing energy release in the form of X-rays. In
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addition to the bending magnets, wigglers and undulators are placed within the
straight sections of the ring to produce brighter X-ray beams. Wigglers and
undulators are series of dipole magnets, which force the electrons to oscillate in
one plane and release X-rays at each oscillation along the device, increasing the
resulting X-ray beam intensity or coherence depending on the device. The
produced X-rays are guided tangentially out of the storage ring by different so-
called beamlines. Along the beamline optical elements are placed to select and tune
the desired characteristics of the X-ray beam. At the end of the beamline there is
an experimental station, where the X-rays are utilized for a wide range of
applications, including material characterization.

3.3.2 X-ray micro-computed tomography

The contrast in X-ray attenuation between different materials can be exploited to
visualize the architecture and composition of objects. By recording the transmitted
X-rays through an object, a shadow image, referred to as a projection, containing
intensity variations dependent on the attenuation of the materials in the path of
the beam can be obtained (Figure 3.5-A). By acquiring these projections at
rotational angles in-between 0-180° around the object, the 3D intensity
distribution of the object can be computed from these using algorithms %), such
as filtered back projection or iterative reconstruction. In this way, computed
tomography (CT) provides a 3D image of the object and enables full visualization
of its internal structures and composition.

In bone, the main attenuating feature is the HA component "*. HA is
significantly more attenuating than both air and the surrounding soft tissue, which
creates high contrast and allows for characterization of features such as bone
volume, porosity, density and the microstructural architecture "#-13,

In soft tissues such as tendons, however, the contrast between the different
components as well as in relation to air is very low "*l. This makes imaging of
these tissues very challenging. However, as X-rays pass through a material, they
will change phase, depending on the refractive index of the material. As a result,
X-rays passing through materials with different refractive indices within an object
will have different phases and the wavefront of the transmitted X-rays will change
shape due to their interference "*". The X-ray intensity thus becomes:

I = Iye!(=0)xg=nx (3.2)

where § is the refractive index decrement. Thus, by placing the detector at a longer
distance from the object the distorted wave front will generate a structural pattern
from which the phase changes can be retrieved (Figure 3.5-B) "¥*'% In this
manner, edges between materials can be enhanced and generate tissue contrast
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despite the similarity in attenuation coefficients. Phase contrast pCT has thus
recently been applied to study a range of soft tissues, such as muscles, heart, brain,
lungs, ligaments, vessels, cartilage "%, intervertebral discs, nerves, menisci '*¥ and
tendons 13131,
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Figure 3.5. Different types of X-ray tomography. A) In absorption-based
tomography a shadow image of the object is recorded, where the attenuation
profile follows the difference in electron density within the sample. B) In phase
contrast enhanced tomography the detector is placed further away from the
sample and the wavefront is distorted and interfaces between materials become
enhanced.

3.3.3 X-ray scattering

X-ray scattering can be used to evaluate the nanostructure and -orientation of
materials. When an incoming X-ray beam (defined by vector k, = 2m/2) with
wavelength 2 interacts with the electron cloud of a sample, part of the beam will
be scattered (ks) at an angle 0 (Figure 3.6-A). Analysis of the scattering data is
done in the reciprocal space, by deﬁmng the scattering vector q as the difference
between incident and scattered beam § = k, — k. As the energy is preserved in
elastic scattering, the scattered beam will have the same magnitude as the incident
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beam and thus fulfils Bragg’s law and relates to the size of the scattering structure
d in real space through:

The scattered beam is recorded by a detector positioned behind the sample and
the 2D scattering data can be analyzed as a function of g, by integrating the
scattering intensity radially. This yields a 1D curve I(q) which provides
information such as size and periodicity of the nanoscale structures in the sample.
The 2D scattering data can also be analyzed as a function of angle ¢ by instead
integrating azimuthally, which yields a 1D curve I(¢) with information about the
orientation and alignment of the structures at the nanoscale. The probed length
scale is determined by the wavelength of the incident X-rays and the detector
distance. As the q vector is inversely proportional to the real space distances, large
structures (such as collagen fibrils, mineral particles) will scatter at small angles and
small structures (crystallites, molecules) will scatter at wide angles.

In bone, the main scattering features at the nanoscale is the HA mineral particles
and the collagen fibrils (Figure 3.6-B). At small angles (0.1-10°), i.e. small-angle
X-ray scattering (SAXS), the intensity of the scattered beam 1(q) can be defined
in terms of the form factor P(q), describing the shape and polydispersity of the
probed particles, and the structure factor S(q), which relates to the interaction
between neighbouring particles. Several models have been developed to evaluate
the thickness of the mineral particles in bone. A model to estimate mineral
thickness was developed by Fratzl et al. '¥1%% utilizing that the scattering intensity
1(q) decays with Pg~* at high g-values, according to Porods law. From this so
called Porod region, the Porod constant P can be retrieved, as well as the Porod
invariant Q. This model assumes bone to be a mixture between mineral particles
and collagen and takes into account the scattering length density difference
between them as well as their volume fractions (@). In another model developed
by Biinger et al. %" the mineral particles are assumed to be platelets with a finite
thickness, T, and with infinite sizes in the other two dimensions. Additionally, the
model takes into account that multiple particles cannot occupy the same volume
and accommodates for inhomogeneities in electron density due to e.g. closely
positioned particles, through an effective structure factor to describe fractal

Strac(@) = 1+ Aq™ (3.4)

fluctuations at low q:

where « is the fractal dimension of the fluctuations.
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Figure 3.6. Principles of X-ray scattering. A) Schematic representation of X-ray
scattering, where the incoming beam interacts with the sample and scatters at
specific angles. The difference between the incoming and the scattered beam
defines the scattering vector q. B) Representative scattering pattern and I(q) curve
from bone, indicating the SAXS scattering related to the platelet thickness (T),
length (L) and width (W) of coherent blocks in the [002]- and [310]-direction.
C) Characteristic scattering pattern and I(q) curve from tendon, showing the
collagen scattering peaks and their relation to fibril structural parameters.
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The final expression for the total intensity in the Porod-region which can be fitted
to estimate the thickness of the mineral particles thus becomes:

1(q) = Pepr(@)Strac(q@) (3.5)

At wide angles (>10°), i.e. wide-angle X-ray scattering (WAXS), the beam will
scatter at specific angles related to the crystal planes and their corresponding
dimensions D can be determined from the full width at half-maximum (FWHM)
of their corresponding scattering peaks according to the Scherrer equation:

KA

D= mwaMcoso (3.6)

where K is a constant related to the crystal shape and 8 the scattering angle. From
the [002] and [310] reflections the length and width of coherent blocks in the
[002], i.e. along the c-axis, and [310], ie. along the ab-plane, directions
respectively of the HA crystal can be estimated.

Both SAXS and WAXS are frequently used to assess the nanostructure of bone and
has been fundamental in providing our current knowledge on bone maturation
and growth, fracture healing, aging and pathologies. HA mineral particles in
healthy bone have been found to be aligned with the collagen fibers and have a size
of 2-5 nm in thickness, 30-100 nm in length and 10-30 nm in widch (40144,
Newly formed bone however, e.g. following fracture or around implants, instead
has smaller and less aligned HA particles "*-'%1,

The main scattering structure of tendons at the nanoscale is the collagen fibril
(Figure 3.6-C). The collagen reflections related to the fibril d-spacing scatters at
periodic intervals of 0.094 nm™. The 3™ collagen peak (positioned at 0.028 nm™)
is typically characterized due to it being the first uneven reflection outside of the
low q region where interactions from larger scale structures are more prominent,
such as the fibril diameter. From the peak position d-spacing can be retrieved and
fibril delamination or strain heterogeneity can be estimated from the peak
FWHM. From the ratio in peak area of two consecutive peaks, e.g. I3/I;, changes
in overlap O due to e.g. sliding of adjacent collagen molecules within the fibrils
can be estimated. The relationship between two peaks can be described by:

L (E)Z [sin(mnO/d)]2

E ~ \m/ |sin(nm0/d) (3.7)

where m and n are peak orders and I;, and I}, their peak areas. When a degree of
intrafibrillar disordering is present, higher order peaks will experience a larger
reduction in intensity compared to lower order peaks and from the ratio between
two uneven peaks, e.g. I'5/1;, changes in intrafibrillar disorder can be estimated.
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To describe this relationship, a Debye-Waller type factor (—kq?) can be applied,
where K is proportional to the disordering and q,, = 2nn/d:

I n\2 [sin(mm0/d)]? 2m\*
=G [TO/d) e (‘KW -(3) ) 68

SAXS is commonly applied to study the nanostructure of tendons and has been
crucial in determining the current concepts of collagen fibril deformation. By
combining SAXS with mechanical testing, collagen fibrils have been found to
elongate through molecule extension, elongation of gap regions as well as sliding
between adjacent collagen molecules within the fibrils "**'58). The fibril d-spacing
has also been shown to be dependent on hydration state, with dry fibrils being
significantly shorter than wet ones %' and to be reduced by extended
immobilization 2. Newly formed collagen fibrils, of e.g. healing tendons, has also
been shown to have shorter d-spacing than those of intact, uninjured tendons ”.

3.3.4 SAXS tensor tomography

Through recent method developments combining SAXS with tensor tomography
(SASTT), the 3D structural organization of the nanoscale can be probed "%,
In conventional X-ray tomography, each voxel is related to a scalar intensity value.
Therefore, the property of each voxel is rotationally invariant, and their values can
be reconstructed by acquiring projections at a range of rotational angles, as
described above. However, in an anisotropic material, the nanoscale structures
have an anisotropic electron density distribution and thus gives rise to a non-
uniform scattering around the rotation axis, containing both orientational and
structural information. Therefore, the properties of a voxel probed by SAXS
cannot be described solely by a scalar value. In practice, this results in the scattering
contribution from one voxel not being independent of the rotation. Thus, in order
to reconstruct the scattering information in 3D, an additional axis of rotation
perpendicular to the conventional tomographic axis is needed (Figure 3.7) 162161,
This additional axis of rotation is referred to as the tilt axis.

Several methods utilizing tensors to model the 3D reciprocal space map of a voxel
has been proposed '**7*!. In the Zonal spherical Harmonics Tensor Tomography
(ZHTT) method developed by Liebi et al. "%, the sample is scanned in two
dimensions, producing 2D projections containing scattering patterns in each pixel,
at equally spaced rotation angles around equally spaced tilt angles in-between 0-
45°. At 0° tilt the projections are acquired in-between 0-180° and at other tilt
angles in-between 0-360°. The 3D reciprocal space map in each voxel is then
reconstructed from these projections as a tensor by band-limited functions on the
unit sphere in a representation of even order () spherical harmonic basis functions
Y;™ with cylindrical symmetry (m = 0) and two Euler angles describing the unit
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vector of the main scattering orientation to which the spherical harmonic
coordinate system is rotated in each voxel. The reconstruction is based on a four-
step iterative parameter optimization which minimizes the error between the
measured and modeled scattering. The optimization is performed in four steps: 1)
optimization of the isotropic component (£,m = 0), 2) optimization of the
preferential angular direction with fixed coefficients (£ < €,,4,), 3) optimization
of coefficients (£ < €,4,) with fixed angles and 4) simultaneous optimization of
both angles and coefficients.

Projections of scattering patterns

S . o = 0-45°
cannlng ‘

grid %\

LS

O

B = 0-360°

Figure 3.7. Schematic illustration of SAXS tensor tomography. The sample is
scanned at equally spaced rotational angles at several tilt angles. Each scan results
in a projection of scattering patterns across the scanned area. The 3D reciprocal
space map in each voxel is reconstructed from these projections by tensors, using
a set of spherical harmonic basis functions.

Due to its cylindrical symmetry (i.e. m = 0), the ZHTT method provides fibre-
symmetric orientations. The recently developed Spherical Integral Geometric
Tensor Tomography (SIGTT) method by Nielsen et al. ") expands the
optimization algorithm by also introducing even degrees of m < |#], thus allowing
a less restricted symmetry of the spherical harmonic basis functions as well as more
robust reconstructions.

SASTT has been applied to study the nanostructure of mineralized tissues such as
bone, soft polymers and myelinated axons in neural tissue "%\, It has been used
to evaluate the orientation and structure of the HA particles in healthy bone **!7!)
as well as fracture healing and implant integration "*>'7%,
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3.3.5 X-ray fluorescence

X-ray fluorescence (XRF) can be used to evaluate the elemental composition of
materials. When an incoming X-ray beam interacts with the electron cloud of a
sample, photons will excite an electron from one of the inner shells (lowest energy)
of the atom. For the excitation to happen, the energy of the incoming X-rays needs
to be higher than the energy between inner and external electron shells. The excited
electron will be ejected, leaving a hole in a low energy shell and thus making the
atom energetically unstable (Figure 3.8-A). To get back into a stable state, an
electron from a higher energy shell will drop down to fill the hole, which relaxes
the atom and results in a release of energy. The excess energy is released either
through fluorescence emission of a photon, called secondary X-ray, or by the
ejection of another electron from one of the higher energy shells, called an Auger
electron. Fluorescence emission is the most probable process in heavier elements,
whereas in lighter elements Auger electron emission is most probable. The released
energy corresponds to the energy difference between these lower and higher energy
shells and is thus characteristic of the excited atomic element. The emitted
secondary X-ray will always be lower than the energy of the incident X-rays and is
typically referred to as a combination of the lower energy shell from which the first
electron was ejected (K, L, M, etc) and how many levels the second electron has
dropped (L > K=a,M > K=, M > L = a) 7.

A) L K,
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Figure 3.8. Principles of X-ray fluorescence. A) A high energy incident X-ray

beam can eject inner shell electrons. Electrons from higher energy shells will drop
down to fill the vacancy and energy will be released as secondary X-rays, which
energies depend on the difference between the ejected and relaxing electron shells.
C) Characteristic XRF spectrum from embryonic bone, highlighting K-emission
from Ca as well as the common trace elements Fe and Zn.
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In a composite material such as bone, the incident X-ray beam will excite several
elements simultaneously, resulting in an X-ray fluorescence spectrum. The
spectrum can be recorded using a detector sensitive to a wide range of energies.
The recorded XRF spectrum will not only contain peaks characteristic to the
elements within the sample but will also be influenced by the Bremsstrahlung
radiation, which gives rise to a broad continuous background, as well as Compton
scattering, which gives rise to a big peak close to the energy of the incident X-ray
beam. Additionally, the spectrum can also be influenced by artefacts such as escape
peaks, which are due to the secondary X-rays inducing fluorescence in the detector
elements, and pile-up, which is when several secondary X-rays hit the same
detector element at the same time. Additionally, other materials irradiated by the
incident beam such as beam stops, instrumentation, detector collimators, filters,
and air will also produce non-sample related peaks in the spectrum. The lowest
element which can be detected highly depends on the setup, e.g. if it is in air,
helium or vacuum, as well as the distance to the detector.

As the main constituent of HA, Ca is the most abundant element of bone which
can be evaluated by XRF (Figure 3.8-B). Other elements are however also present
in small quantities in bone, called trace elements. Common trace elements
fundamental to bone health are zinc (Zn), iron (Fe), magnesium, strontium,
copper, manganese, fluoride, boron and silicon ">, Zn has been found in
increased levels at the tidemark of articular cartilage "77'7%), as well as at sites of

ossification in postnatal cochlea 7).

3.3.6 Fourier transform infrared spectroscopy

Infrared radiation (IR) has wavelengths within the range of 700 nm to 1 mm.
When IR radiation interacts with biological tissues, they are typically absorbed by
molecular bonds. The absorbed incoming IR radiation changes the vibrational and
rotational levels of the bonds (Figure 3.9-A). Vibration of molecular bonds are
defined as either stretching or bending, in which the bond either changes length
or angle. Stretching vibrations can be either symmetric or asymmetrical. In order
for the molecular bonds to absorb IR radiation, the energy of the incoming
radiation needs to be equal to the difference between the excited and the ground
state of the molecule, and the incoming radiation needs to change the electric
dipole moment of the molecule ",
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Figure 3.9. Principles of Fourier-transform infrared spectroscopy. A) When
infrared radiation is absorbed by molecular bonds they will vibrate either by
stretching or bending of the bonds. B) Characteristic FTIR spectrum of
embryonic bone, showing the phosphate and amide I peaks.

IR measurements are typically performed in transmission mode, in which a thin
slice of the sample is illuminated by a broad spectrum of IR wavelengths and the
levels of the transmitted IR radiation at each wavelength is recorded. Fourier
transform of this spectrum can be conducted to obtain the absorption spectrum,
referred to as Fourier-transform infrared spectroscopy (FTIR). Usually, the
wavelengths are converted into wavenumber ¥, defined as:

V=o= (3.9

1%
c

> =

where v is the frequency and ¢ the speed of light in vacuum. The recorded
transmittance T(¥) is defined as the ratio between the transmitted I(¥) and
incoming Iy(¥) IR intensity:

=) — — p—o(@)cl
@) =rF=¢ (3.10)

where ¢ is the molecular absorption coefficient, ¢ the concentration of the
absorbing molecule and [ the thickness of the material (length of the optical path).
The absorbance A(¥) of the molecule is related to the transmittance through Beer-
Lambert’s law:

1
T(¥)

A(D) = ln< ) = o(D)cl (3.11)

In bone, the main molecular bonds which can be probed with IR are the phosphate
and amide I bonds, which gives rise to absorbance peaks at 1200-900 and 120-
1585 cm™ "8 respectively (Figure 3.9-B). The phosphate bonds are present
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within the HA crystals and thus indicate the mineral content of the tissue, and the
amide I bonds are present within the collagen molecules, thus indicating the
amount of collagen present. The compositional levels of these molecules are
evaluated from the areas under their corresponding peaks. Sub-peaks are often also
fitted, or their intensity extracted, to gain more descriptive information about these
molecules, such as the ratio of collagen cross-links (1660:1690 cm™), which is
related to collagen maturity, or acid-phosphate substitution into the HA crystal
(1127:1096 cm'), which is an indication of new bone formation "#". The collagen
content, maturity and ratio of mineral to matrix has been shown to change with
development and aging as well as vary depending on anatomic location 1%,

3.3.7 Polarized light microscopy

Polarized light microscopy (PLM) can be used to evaluate the microscale
orientation of materials. Birefringence is an optical property of materials which are
characterized by a difference in refractive indices in orthogonal directions. When
polarized light propagates orthogonal to the plane of those directions, the
transmitted light will be split into two rays with different refraction angles (Figure
3.10). These two rays are referred to as the ordinary and extraordinary ray,
respectively. The extraordinary ray depends on the propagation direction and will
take a longer path and thus travel slower than the ordinary ray. When the
polarization state of the incoming light is parallel to the main optical direction of
the anisotropic structures, the ordinary ray will reach its highest velocity.

Optical fast axis
«— Birefringent material

Polarized light Extraordinary ray

Ordinary ray

Figure 3.10. Principle of PLM. When polarized light enters an optically
anisotropic material it will be split into two rays. The polarization state of the
ordinary ray is paralell to the optical fast axis of the material and will propagate
faster through the material than the extraordinary ray, which has an orthogonal
polarization state to to the optical fast axis.
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The birefringence B of a material, is described as the difference between the
extraordinary (n,) and ordinary (n,) refractive indices:

= |n, —n,| (3.12)

The retardation I' of the extraordinary ray in comparison to the ordinary ray as a
result of the anisotropy of the material can be estimated by also considering the
thickness t of the sample:

['=t-|n,—n,l (3.13)

The retardance (related to structural alignment) and angle of the optical fast axis
(related to structural orientation), can be obtained from the changes in polarization
state as the light passes through the sample. The Stokes S vector describes the
polarization state of the light through four parameters; Sy describes the total
intensity of the light, S; describes degree of light being horizontally/vertically
polarized, S, describes the degree of polarization in +45°, and S3 describes the
degree of right/lefc-handed circular polarization "*?. As the polarized light
propagates through a birefringent material, the Stokes vector S will change. Thus,
as the light passes through a series of optical elements the outcoming polarization
state S can be related to the initial polarization state S with the Mueller matrix

[186.187) of each element My, My, ..., M, through:
S =My (. (My(M,5)) ... ) = My ... My M, § (3.14)

By combining different polarizers and photoelastic modulators, the four Stokes
parameters can be estimated from the Mueller matrices to retrieve the change in
polarization angle and phase difference between the ordinary and extraordinary
rays. The appropriate Mueller matrices for the optical elements can in turn be used
to estimate the retardance I' and angle of the optical fast axis (6):

['=tan™'\/(Myy/Mys)? + (M3y/My,)? (3.15)

1
I -1
0= 5 tan (M34/Mys) (3.16)

In bone, the main anisotropic structures exhibiting birefringence are the
mineralized collagen fibers "®. PLM has been widely used to investigate the
orientation of collagen fibers in bone, to for example evaluate the effects of growth,
maturation and loading patterns "#-171,
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3.3.8 Mechanical testing

Mechanical testing can be applied to characterize the mechanical properties of
materials. During mechanical testing, the material is subjected to a load or
displacement and the force-displacement response of the material is recorded over
time. Force (F) and displacement (d) are extrinsic parameters which depend on
the shape and size of the material. By normalizing the force and displacement into
stress (0) and strain (€) by the shape and size of the material, intrinsic material
parameters can also be obtained "***%I. If one assumes a homogenous stress and
strain distribution across the material, their conversion from force and
displacement can be obtained by:

F
— 3.17
0= (3.17)
Al
= — 3.18
€ I (3.18)

where 4 is the cross-sectional area of the material, Al the deformation change and
Ly is the initial length. Typical mechanical properties which can be estimated from
the resulting force-displacement or stress-strain curves are:

e Stiffness (N/mm) or Young’s modulus (MPa): slope of the linear region

e Yield force (N) or stress (MPa): transition between elastic (recoverable)
and plastic (permanent) deformation

e  Maximum force (N) or stress (MPa): at failure

Both bones and tendons are viscoelastic; their mechanical behaviour is time
dependent, and it depend on the rate of which the load is applied, as well as their
hydration state. As a result, both tissues exhibit non-linear stress-strain behaviours
due to their complex internal organization (Figure 3.11) . Their viscoelastic
behaviour is characterized by creep, stress relaxation and an increased stiffness with
increased strain rate "%, The viscoelasticity of tendons is more pronounced than
for bone, and tendons for example display a more notable hysteresis, i.e. remaining
deformation and energy loss following load removal.

As the mechanical response of the full tissue is highly dependent on the
characteristics of all length scales as well as how they relate to each other,
mechanical testing is often performed on several length scales !171715%156.158,195-200],
Simultaneous characterization of mechanical behaviour on several length scales can
be achieved by combining mechanical testing with the above-mentioned imaging
techniques. Performing mechanical testing while imaging is referred to as an iz situ

experiment.
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Due to the complex combination of different loading of bones 7 vivo, mechanical
testing of bone is commonly conducted through three-point bending, compression
or shear tests "**.. Tendons on the other hand, are primarily exposed to tensile
loads and thus mostly tensile testing is applied !,

Tendon deformation mechanisms

Due to their crimped collagen fibers at rest, the initial deformation of tendons
involves the straightening of fibers. Thus, the tendon will initially deform without
carrying much load. But eventually, as more and more fibers straighten, they will
contribute to carrying the load and the force will increase exponentially. This
region is referred to as the toe region (Figure 3.11) "' As all fibers are
straightened and aligned, the tendon enters a linear (elastic) region in which all
structural units stretch. Within this region the tendon can still return to its initial
length if the load is removed. The accumulated stretching of collagen molecules,
fibrils, fibers, fascicles and sub-tendons contribute to the total elongation of the
tendon. Additionally, these sub-units can slide relative each-other, further
contributing to macroscopic elongation. If the tendon continues to stretch,
irreversible microscopic tearing of the collagen fibers will eventually occur (plastic
region) and ultimately result in macroscopic failure.

Ramp to failure Stress relaxation Cyclic loading

Failure

Plastic

Stress
Stress
Stress
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Figure 3.11. Mechanical behavior of tendons. Uncrimping of fibers at low loads
results in an exponentially increasing toe region, then the straightened fibers
stretch linearly resulting in a linear region. At higher loads the fibers will start to
break, resulting in an exponentially decaying region, which uldmately
accumulates to tissue failure. Other viscoelastic characteristics of tendons are their
ability to exhibit stress relaxation and hysteresis during cyclic loading.

The strain transfer from the tissue scale down to the molecular level is highly
complex and evidence points towards strain being partitioned not only between
structural sub-units, but within the matrix in-between them as well 22?1, The
interfascicular matrix has been shown to be able to carry 40% of fascicle failure
loads ¥ and to facilitate the high strain characteristics of tendons, through an
increased sliding capacity 227,



4 Methods

This chapter outlines the material and methods used in each study of this thesis.
First, the animal model used in the specific section is described. This is followed
by the details of each tissue characterization technique together with the study-
specific details and their corresponding data analysis.

4.1 Mechanobiology of long bone mineralization
(Objective 1)

4.1.1 Embryonic mouse model

To characterize the mechanobiology of long bone development in Papers I-1I,
embryonic mice (C57BL/6) with (C) and without (M) skeletal muscle (Pax3%",
Splotch-delayed) were used (Table 4.1-2). Forelimbs were harvested from five
development stages (Theiler Stages, TS) based on the Theiler morphological
criteria ). Stages from first sign of mineralization (TS23, approximately
embryonic day 14.5) to shortly before birth (TS27, approximately embryonic day
18.5) were included.

The animal experiments were conducted by co-authors at Imperial college of
London, UK. The experimental protocol adhered to the ARRIVE guidelines and
was conducted in accordance with European legislation (Directive 2010/63/EU)
under project license number P39D18B9C. The dissected forelimbs were fixed
and transported to Lund, Sweden, where they were embedded in either hard plastic
or paraffin depending on the characterization technique (Figure 4.1). The
experimental details for each individual synchrotron technique are provided in

Table 4.3.
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Methods

Table 4.1. Overview of samples assessed in Paper I with each experimental

technique. Only control embryonic mice with skeletal muscle were used (C).

Experimental technique TS23 | TS24 | TS25 | TS26 | TS27 | Adult
Group C C C C C C
pCT 4 6 3 - 4 -
pSAXS/WAXS/XRF - 1 - - 1 -
nXRF 1 1 1 1 - 1
FTIR 4 4 4 5 4 1

Table 4.2. Overview of samples assessed in Paper II with each experimental

technique. Both embryonic mice with (C) and without (M) skeletal muscle were

used.
Experimental technique TS23 TS24 TS26 TS27
Group C M C M C M C M
SASTT 1 1 1 1 1 1 1 1
pSAXS/WAXS/XRF - - 1 1 - - 1 1
nXRF - - - - - - 1 1
FTIR/PLM 4 4 4 4 5 4 4 4

Table 4.3. Overview of synchrotron experimental details for Papers I-II. Phase

contrast pCT (PC- pCT) provided visualization of the bone microstructure,
SAXS/WAXS and SASTT information of nanostructural organization of the
mineral particles in 2D and 3D respectively, and XRF elemental information.

Experiment PC-uCT uSAXS/WAXS | SASTT | uXRF nXRF

Synchrotron facility DLS ESRF PSI ESRF | MAXIV

Beamline 113-2 ID13 cSAXS | ID13 | NanoMAX

Paper I I-II II I-11 I II

Beam energy (keV) 25 13 11.2 13 14 12

Exposure time (ms) 70 50 30 50 120 | 80

(S;n[:l[;le-detector distance 190 93 2¢3 20 12 25
2100x1800

Beam size (um) / 2x2 25x12 2x2 80x80
4200x3500

Spatial resolution (um) 081/ 2 25 2 0.2 | 0.1

1.625
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Figure 4.1. Overview of embryonic bone studies (Paper I and II). The structure
and composition of the mineral and collagen components of embryonic bones
with (C) and without (M) muscle (F,) were assessed across several length scales
using a range of synchrotron and lab-based characterization techniques.

4.1.2 Phase-contrast microtomography

To characterize the geometry and microscale organization of the mineralized
region of developing embryonic bones in Papers I, phase-contrast pCT was
performed on forelimbs from development stages at start of mineralization to
shortly before birth (Table 4.1). Measurements were carried out at the 113-2
beamline at the Diamond Light Source (DLS, United Kingdom) (Table 4.3).
Projections were acquired using a PCO.edge 5.5 camera link (PCO AG, Germany)
detector (sCMOS sensor) at equally spaced angles over 180° continuous rotation.
4x and 2x objectives were chosen, resulting in field of views (FOVs) of 2.1x1.8
mm? for TS23-TS25 and 4.2x3.5 mm* for TS27.



32 Methods

The acquired 2D projections were flat-field corrected, ring artefacts were removed
201" and volumes reconstructed using standard Paganin filtered back projection
(1331 The mineralized regions of the reconstructed tomograms were segmented by
contrast threshold "?. The size, shape, cross-sections and distribution of the
mineralized rudiments were evaluated qualitatively.

4.1.3 X-ray scattering

To characterize the mineral particles of developing embryonic bones in Papers I
and II, simultaneous micrometre (um) resolved SAXS and WAXS experiments
were conducted on 3 pm sections of forelimbs from one early and one late
development stage (Table 4.1). Measurements were carried out at the ID13
beamline at the European Synchrotron Radiation Facility (ESRF, France) (Table
4.3). The humeri were scanned in 2D to obtain FOVs of approximately 1x0.5
mm”. The scattering patterns per scanned point were acquired using an Eiger 4M
detector (Dectris, Switzerland). From the per point recorded 2D scattering
patterns, the predominant orientation and degree of orientation of the mineral
particles were estimated *'%, as well as their thickness, length and width of coherent
blocks in the [002] and [310] directions, respectively 141411461,

To further characterize the mineral particles of developing embryonic bones in 3D
in Paper II, SASTT measurements were conducted on forelimbs from
development stages at start of mineralization to shortly before birth (Table 4.2).
Measurements were carried out at the cSAXS beamline, Swiss Light Source (SLS)
at the Paul Scherrer Institute (PSI, Switzerland) (Table 4.3). The samples were
aligned to their center of rotation and mapped in 2D repeatedly at equally spaced
rotation and tilt angles between 0 and 360° and 0 and 45°, respectively. The 2D
maps were obtained to include the entire humerus when possible, but at least one
growth plate and the most mineralized region, resulting in FOVs of approximately
1x1 mm?. The scattering patterns per scanned point were acquired using a Pilatus
2M detector ', The acquired 2D maps were transmission corrected, aligned and
the reciprocal space map in each voxel reconstructed using the SIGTT method "¢”
to estimate the predominant orientation of the mineral particles and their relative
anisotropy. The isotropic part of the ZHTT method [6+2!%213]

estimate the average mineral particle thickness !'**-14-146],

was applied to

4.1.4 X-ray fluorescence

To characterize the elemental composition of developing embryonic bones in
Papers 1 and II, micrometre resolved XRF experiments were conducted
simultaneously as the combined SAXS and WAXS experiments described in
Section 4.1.3. An XRF spectrum was recorded at each scanned point using a single
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element Vortex EM detector (Hitachi High-Technologies Corp, US) at an angle
of approximately 30° to the sample.

Additionally, nanometre (nm) resolved XRF measurements were conducted at the
NanoMAX beamline at MAX IV Laboratory (Sweden) (Table 4.1-3). In Paper I,
3 pm sections were scanned in 2D and XRF spectra were recorded at each scanned
point using a XR-100SDD detector (Amptek Inc., US) at an angle of
approximately 20° with respect to the sample. The scans were conducted to obtain
FOVs including the active mineralization front, approximately the size of 40x150
pm?, as well as more mineralized regions in e.g. the bone collar. In Paper II, 1 pm
sections of the same forelimbs as imaged with micrometre resolved XRF from
development stage TS27 were mapped in 2D. XRF spectra were recorded at each
scanned point using a single-element silicon drift detector (RaySpec, UK) coupled
to an Xpress 3 pulse processor (Quantum Detectors, UK) at an angle of
approximately 15° with respect to the sample. The scans were conducted to obtain
FOVs including the active mineralization front, approximately the size of 40x200
pm?, as well as a more mineralized regions such as the bone collar and remodeling
regions deeper into the mineralized region.

The spectra acquired per point from both micro- and nanometre resolved
measurements were fitted ') and elemental spatial distribution maps were further
analyzed. Specifically, Ca and Zn were further evaluated in Paper I-1I, as well Fe
in Paper II. In the nanometre resolved XRF, the elemental distributions were
calibrated using a thin film standard (SRM 613, NIST, US in Paper I and RE-CO0,
AXO Dresden, Germany in Paper II).

4.1.5 Fourier transform infrared spectroscopy

To characterize the molecular composition of developing embryonic bones in
Papers I and II, FTIR measurements were conducted. 3 pm sections of forelimbs
from development stages at start of mineralization to shortly before birth (Table
4.1-2) were mapped in transmission mode using a Bruker Hyperion 3000 IR
microscope (Bruker Corp, US) with a 64 x 64 focal plane array detector. Areas
across the growth plates and in the most mineralized regions were scanned with 64
repeated scans, a spatial resolution of 2.3 pm and spectral resolution of 4 cm™. The
acquired spectra spanned wavelengths between 2000 cm™ to 900 cm'™.

After background and baseline correction, mineral content was estimated from the
area under the phosphate band (1200-900 cm™) and collagen content from the
amide I band (1725-1575 cm™) ?>21% Mineral to matrix ratio was estimated as
the ratio between the mineral and collagen content. In Paper I, the collagen
maturity and the acid phosphate substitution were estimated from the ratio of the
sub-bands 1660:1690 cm™ and1127:1096 cm', respectively.
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4.1.6 Polarized light microscopy

To characterize the collagen orientaton of developing embryonic bones in Paper
II, the same samples as prepared for FTIR were measured with PLM.
Measurements were conducted using the imaging system Exicor Birefringence
Microlmager™ (Hinds Instruments Inc., US). The entire humeri were measured
using a 10X objective, providing a FOV of 1x1 mm® and a spatial resolution of 0.5
pm. A stroboscopic light emitting diode of wavelength 475 nm (blue) was used to
calculate the Mueller matrix components in order to quantify the retardance and

angle of the optical fast axis #'7'8),

4.1.7 Statistical analysis

In all studies, mean, standard deviations (SD) and 95% confidence intervals (CI)
were computed.

In Paper 1, linear mixed effects analysis was used to test for statistical significance
in FTIR parameters with development stage, while considering the high number
of measurement points per sample. The data from SAXS, WAXS and XRF were
only evaluated qualitatively due to their low sample numbers.

In Paper II, two-way analysis of variance (ANOVA) was used to test the effect of
in vivo loading scenario (muscle-less limb vs control) and development stage
(TS23-TS27) on the FTIR and PLM parameters. Post-hoc analysis was conducted
when appropriate by a multiple comparison test. The data from SASTT, SAXS,
WAXS and XRF were only evaluated qualitatively due to their low sample
numbers.

4.2 Mechanobiology of tendons (Objective 2 & 3)

4.2.1 Rat Achilles tendon model

To characterize the mechanobiology of both intact and healing Achilles tendons
in Papers III-VI, female Sprague-Dawley rats (specific pathogen free, age 10-12
weeks from Janvier, Le Genest-Saint-Isle, France) were used (Table 4.4-7). In
Paper Il and IV, intact Achilles tendons were harvested after 4 weeks and in Paper
VI, healing tendons were harvested after 1, 2 or 3 weeks after transection. Intact
or healing Achilles tendons were harvested together with the calcaneal bone and
the gastrocnemius soleus muscle complex in all studies. In Paper IV and V, the rats
were randomly divided into two groups subjected to different iz vivo loading
scenarios: 1) full loading (FL) through free cage activity or 2) unloading (UL)
through Botox injections in the calf muscles in combination with joint fixation
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using a steel-orthosis *?. In Paper VI, the rats were randomly divided into three
groups: 1) FL, 2) reduced loading (RL) through Botox injections in the calf
muscles or 3) UL.

The animal experiments were conducted by other co-authors at Linkoping
University, Sweden. All experimental protocols adhered to the ARRIVE and
institutional guidelines for care and treatment of laboratory animals and were
approved by the Regional Ethics Committee for animal experiments in Linkoping,
Sweden (Jordbruksverket, ID1424). The dissected tendons were wrapped in gauze
soaked with phosphate buffered saline (PBS) solution, frozen (-20 °C) and
transported to Lund, Sweden, where they were stored frozen until measurements
or further sample preparation, depending on the characterization technique
(Figure 4.2-3). The experimental details for each individual synchrotron technique
are provided in Table 4.8.

Table 4.4. Overview of samples assessed in Paper III with each loading scheme
in combination with SAXS. Only 4 weeks fully loaded intact Achilles tendons

were used.
SAXS + in situ mechanical test | Number of samples
Ramp to failure 5
Cyclic loading 4
Stress relaxation 6

Table 4.5. Overview of samples assessed in Paper IV with each experimental
technique. Both 4 weeks fully (FL) and unloaded (UL) intact Achilles tendons

were used.
Experimental technique Number of samples
Group FL UL
Phase-contrast pCT 7 7
SAXS + in situ mechanical test 10 8
Ex-situ mechanical test 9 10
Histology 5 6
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Table 4.6. Overview of samples assessed in Paper V with each experimental
technique. Both fully (FL) and unloaded (UL) healing Achilles tendons were used,
as well as intact tendons for reference and radiation damage test. Phase-contrast

pCT and SASTT were performed on the same samples, as indicated by *.

Experimental technique FL UL Intact
Weeks of healing 1w 2w 3w lw 2w 3w -
Phase-contrast pCT* 1 - 1 1 - 1 -
SASTT* 1 - 1 1 - 2
2D SAXS 4 4 4 4 4 4 -

Table 4.7. Overview of samples assessed in Paper VI with SAXS in combination
with in situ stress relaxation followed by ramp to failure. 1, 2 and 3 weeks fully
(FL), reduced (RL) and unloaded (UL) healing Achilles tendons were used. 1 week
reduced loaded tendons were only tested mechanically in the lab, and not in
combination with SAXS (*).

Group

FL

RL

UL

1,2, 3 weeks | 4

4*

4

Table 4.8. Overview of synchrotron experimental details for Papers III-VI.
SAXS in combination with 7z situ loading provided evaluation of collagen fibril

response to tissue loads, SASTT and SAXS information on the structural

organization of collagen fibrils in 3D and 2D respectively, and phase contrast pCT

(PC- pCT) visualization of the microscale organization of collagen fibers.

Experiment In situ SAXS | SASTT | 2D SAXS PC-uCT
Synchrotron facility PSI PSI PSI PSI
Beamline cSAXS cSAXS cSAXS TOMCAT
Paper 1I-1v ‘ VI \Y% \' v-v
Beam energy (keV) 12.4 12.4 12.4 15
Exposure time (ms) 50 | 30 30 30 33
Sample-detector distance (mm) 7e3 7¢e3 7e3 150
Beam size (um) 150x150 150x150 50x40 4200x3500
Spatial resolution (um) 150 150 50 1.63
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4.2.2 In situ SAXS to study collagen mechanics

To characterize the mechanical response of collagen fibrils in Papers III, IV and
VI, SAXS measurements simultaneously as iz situ loading were conducted (Table
4.4-5,7). Thawed intact or healing Achilles tendons were mounted in a custom-
built uniaxial tensile device '*>*"”), which was placed in the beam at the cSAXS
beamline, Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI,
Switzerland) (Table 4.8) (Figure 4.2-A). The scattering patterns were acquired
using a Pilatus 2M detector ', In Papers III and IV, one spot was repeatedly
scanned in the middle of the tendon as macroscopic tensile loads were applied. In
Paper I1I, the tendons were loaded in either ramp to failure, cyclic loading, or stress
relaxation configurations with a displacement rate of 5 mm/min. In Paper IV,
ramp to failure and stress relaxation were performed. In Paper VI, a map of three
horizontal lines across the tendon was acquired repeatedly during stress relaxation
followed by one spot in the middle of the tendon during ramp to failure. The
tensile loading was displacement controlled and all loading protocols were applied
using a displacement rate of 5 mm/min. Force and displacement data were
normalized by sample dimensions into stress and strain. From the retrieved tissue
and fibril curves during ramp to failure, values at tissue yield, maximum d-spacing
and maximum stress were extracted. Additionally, tissue stiffness was calculated.
From cyclic loading curves, hysteresis, stiffness and values at maximum and end of
each cycle were retrieved. From the stress relaxation curves, stiffness, maximum
stress, relaxation ratios and fast relaxation times were estimated.

From the per point recorded 2D scattering patterns, d-spacing or fibril strain, and
fibril strain heterogeneity were estimated in all Papers III, IV and VI #*'% In
Paper III, changes in the overlap length were estimated !"%*1>>15%220 Tn Papers III
and IV, intrafibrillar disorder **"' and predominant orientation were also
estimated, and in Paper VI, the collagen amount was also estimated.



38 Methods

A) Expenmental setup

PAUL SCHERRER INSTITUT

B) Study protocols

Paper 111 Ramp to failure ~ Cyclic loading ~ Stress relaxation
\5‘ po Aveds ‘ / / 5 2 8 J\~
AL i
Strain Time
Paper IV
Botox
&5‘ F Boot 4 weeks ) / 3 . J‘\m«
< e R oa :
FL UL Strain Time
Paper VI
Botox Botox
§\‘ F \\k Boot I week I )
e 2 weeks ;g)
FL 3 weeks I ' \ Time

Figure 4.2. Overview of in situ studies on intact and healing tendons (Paper III,
IV and VI). A) SAXS measurements were acquired simultaenously as mechanical
testing of fully loaded (FL), reduced loaded (RL) or unloaded (UL) tendons. B)

Different in vivo environments, scan areas and mechanical tests were evaluated in

the different papers.
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4.2.3 SASTT and scanning SAXS to study tendon healing
To characterize the structure of collagen fibrils in 3D in Paper V, SASTT

measurements were conducted on fixed healing tendons (Table 4.6).
Measurements were carried out at the cSAXS beamline (SLS, PSI, Switzerland)
(Table 4.8) (Figure 4.3). The samples were aligned to their center of rotation and
mapped in 2D repeatedly at equally spaced rotation and tilt angles between 0 and
360° and 0 and 45°, respectively. Scans with FOVs of approximately 6x7.5 mm®
were acquired. The scattering patterns per scanned point were acquired using a
Pilatus 2M detector . To provide an intact reference as well as to evaluate the
effect of radiation damage during the SASTT measurements, two intact Achilles
tendons from contralateral hind limbs were prepared and measured in the same
manner. The acquired 2D maps were corrected by simulated transmission, aligned
and the reciprocal space map in each voxel reconstructed using the SIGTT method
167) to estimate the predominant orientation of the collagen fibrils and their relative
anisotropy. The ZHTT method "**?'>?!3) was applied to estimate the average fibril
d-spacing, amount and delamination #7416,

A) Experimental setup
Fresh Fixed Mounted

}Q '

B St d rOtOCOl PAUL SCHERRER INSTITUT
) Sy s BS(
Paper V

Botox oc 0 45°

Intact I 1 week
Boot
1 week 2 weeks
3 weeks 3 weeks

Figure 4.3. Overview of SASTT study on healing tendons (Paper V). A) Thawed
healing tendons subjected to either full loading (FL) or unloading (UL) were fixed,
their central callus cut out and mounted. SASTT measurements were acquired at
the cSAXS beamline, PSI. B) SASTT measurements were performed on a limited
sample set and 2D SAXS on an extended sample set.
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Additionally, thawed unfixed tendons were scanned with 2D SAXS at the cSAXS
beamline (SLS, PSI, Switzerland) (Table 4.8). The 2D maps were obtained with
FOVs of 5x10 mm® to include most of the callus and the two stumps. From the
per point recorded 2D scattering patterns, the predominant orientation and degree
of orientation of the collagen fibrils were estimated *'°
amount and delamination.

, as well as their d-spacing,

4.2.4 Phase-contrast microtomography

To characterize microstructural organization of the collagen fibers in Papers IV
and V, phase-contrast pCT was performed on intact and healing tendons,
respectively. Measurements were carried out at the TOMCAT beamline (SLS, PSI,
Switzerland) (Table 4.8). The projections were acquired using a high numerical
aperture microscope setup, coupled to a 150 pm LuAG:Ce scintillator screen at
equally spaced angles over 180° continuous rotation. 4x magnification was chosen,
resulting in FOVs of 4.2x3.5 mm?, and 2-8 scans were acquired to cover the entire
tendons.

The acquired 2D projections were flat-field corrected, and volumes reconstructed
using standard Paganin filtered back projection "**' and a Fourier based regridding
algorithm 1%, The collagen fibers were segmented by the Otsu’s method #*! and
their orientation in selected sub-volumes was determined in 3D by performing a

structure tensor analysis 22422,

4.2.5 Ex situ mechanical testing

Thawed tendons were mounted in an Instron 8511 load frame (Instron, US)
controlled by MTS TestStar II software (MTS Systems, US). Force was recorded
using a SMT1-250N load cell (Interface, US). The tendons were pre-loaded to 1N
and then exposed to three consecutive loading protocols: 1) cyclic loading followed
by a period of rest, 2) stress relaxation and 3) ramp to failure. Tendons were kept
hydrated during the experiments by drops of PBS at 2-minute intervals. The tensile
loading was displacement controlled and performed at 0.1 mm/s during cyclic
loading and 1 mm/s during stress relaxation steps and ramp to failure. Force and
displacement data were collected and normalized by sample dimensions into stress
and strain.

From cyclic loading stress-strain curves, toe strain, stiffness and hysteresis were
extracted. Stiffness, maximum stress, stress relaxation ratio and fast relaxation time
were retrieved from the stress relaxation curves. From ramp to failure, stiffness,
maximum stress and strain were estimated.
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Figure 4.4. Overview of ex-situ testing. The tendons were clamped in a lab-based
loading device with custom-made clamps and loaded in cyclic loading, followed
by rest, then two stress relaxation steps and ultimately ramp to failure.

4.2.6 Statistical analysis
In all studies, mean, SD and 95% CI were computed.

In Paper 111, the data was tested for normal distribution by the Shapiro-Wilks test.
Since the data was not normally distributed, non-parametric statistical tests were
used. The Kruskal-Wallis test was used to estimate the statistical significance
between start of loading, maximum d-spacing and maximum force in both the
tissue and fibril parameters from the ramp to failure data. The Friedmans test was
used to test statistical significance in both tissue and fibril parameters across the
cyclic loading.

In Paper IV, the data was tested for normal distribution by the Shapiro-Wilks test.
Since the data was not normally distributed, non-parametric statistical tests were
used. The Mann-Whitney U-test (unpaired) was used to estimate the statistical
significance in all investigated properties between iz vivo loading scenario (FL vs
UL). The Wilcoxon signed rank test (paired) was used to estimate statistical
significance between different locations within the same tendon (MG, LG and

SOL).

In Paper V, two-way ANOVA was used to test the effect of 77 vivo loading scenario
(FL vs UL) and healing time (1, 2, 3 weeks) on the fibril parameters from 2D
SAXS. Multiple comparison post-hoc test was conducted when appropriate. The
data from phase contrast pCT and SASTT were only evaluated qualitatively due
to their low sample numbers.

In Paper VI, further statistical testing was omitted due to the small sample groups.






5 Results

In this chapter, the main results and findings from each individual study are
presented. Each section starts with a short summary of the approach in the
corresponding studies, followed by a summary of the main results.

5.1 Mechanobiology of long bone mineralization
(Objective 1)

Humeri from “muscle-less” embryonic mice and their healthy littermates at
development stages from start of mineralization to shortly before birth were
investigated using a combination of synchrotron- and lab-based techniques. Phase
contrast pCT, SAXS, WAXS, SASTT and PLM were used to study the micro- and
nanoscale structure, and FTIR and XRF were used to study the molecular and
elemental composition.

During normal development, rapid mineralization of the humeri occurred, with
roughly 400% increase in length of the rudiment between TS23 and TS27 (Figure
5.1-A). Similar cortical concentrations of Ca as in the adult reference were reached
at TS26. At all stages, Zn was found at the mineralization front of the growth
plate, in roughly 200% higher concentrations than further into mineralization
(Figure 5.1-C). At the later stages, Zn was also found outlining the cortex and
internal structures further into mineralization. The newly mineralized tissue was
also characterized by thicker, longer and narrower mineral particles compared to
the more mature tissue such as the bone collar (Figure 5.1-D). The mineral
particles were aligned along the long axis of the bones already at TS24 and
increased in degree of orientation between TS24 and TS27, with the cortical
mineral particles of the bone collar generally having a higher degree of orientation
compared to those of the internal structures at both stages.
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Figure 5.1. Main results from Paper I and II. A) Evolution in size and geometry
of the healthy (C) humeri during embryonic development. B) Size, geometry and
nanoscale orientation of healthy (C) and muscle-less (M) humeri at TS26. C)
Distribution of Ca (red) and Zn (green) at TS27. D) Distribution of mineral
particle thickness at TS27. E) Concentration of Ca and Zn at TS27, showing the
minerlization front (i), 200 pm into mineralization (ii) and normalized
concentration profile across an edge of a mineralized structure ~200 pm into
mineralization (iii). F) Evolution of mineral particle dimensions within the bone
collar between TS24 and TS27.

When skeletal muscles were absent, the development was delayed, with humeri
being smaller and deformed compared to their littermate controls (Figure 5.1-B).
A decreased Ca content was also observed (Figure 5.1-E). At TS27 however, the
size of the humerus was similar to that of the control. Instead of being localized to
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the mineralization front and outlining the internal structures, the muscle-less bone
at TS27 had a more widespread, homogenous distribution of high levels of Zn
(Figure 5.1-C). The Zn in the muscle-less bones was also co-localized with Ca all
across the rudiment instead of being restricted to edges of mineralized structures
as in littermate controls (Figure 5.1-C,E). As opposed to normal development,
absence of skeletal muscles lead to a continuous increase in mineral particle size,
with them at TS27 being larger than those of their littermate controls (Figure 5.1-
D,E).

5.2 Mechanobiology of intact tendons
(Objective 2)

A combination of synchrotron- and lab-based techniques were used to investigate
the effect of 4 weeks of loading or unloading on intact rat Achilles tendons. Phase
contrast pCT and SAXS were used to study the micro- and nanoscale structure, iz
situ and ex situ mechanical testing were used to study the nanoscale and tissue scale
mechanical response, and histology was used to evaluate protein and cell content.

Fibrils exhibited a simultaneous structural response as the tissue, with 94 + 2%
lower fibril than tissue strains at failure (Figure 5.2-A). During cyclic loading,
fibrils exhibited a 0.2% decrease in d-spacing following increased number of cycles,
but no change in maximum d-spacing (Figure 5.2-B). Simultaneously as tissue
stress relaxation, fibrils underwent relaxation in d-spacing (Figure 5.2-C). A
radiation damage test revealed that only small structural changes in comparison to
the loading-induced changes occurred during the time of the measurements.
Additionally, changes in width of the collagen peaks were found to be related to
strain heterogeneity.

A) |:Tissue SD-Fibril_SD-Overlap SD| B) C)
maxD maxF — —
15 LY 8 15/ 8
& ! sz & 6= & =
c c 0.6 1 e
5 1 10 § 3 4 § .% z
= 1 2 So3f 25 48
205 P15 @ 2 2% 205 @
5 1 % 5 0 03 & 29
il L1 8 .03 3w o 08
0 10 20 30 F 0 20 40 60 80 = 0 200 400 600

Tissue strain (%) Time (s) Time (s)

Figure 5.2. Main results from Paper III. Changes in average fibril strain and
tissue stress as a function of tissue strain during A) ramp to failure, B) cyclic
loading and C) stress relaxation tests.
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Unloading of the Achilles tendon led to more crimped and disorganized collagen
fibers than in fully loaded tendons, with more local heterogeneities as well as a
generally wider range of fibril orientations (Figure 5.3-A). At the fibril level, two
distinct populations in orientation were observed primarily in unloaded tendons,
potentially belonging to different sub-tendons (Figure 5.3-B). Unloading altered
the mechanical response, delaying it at both the fibril and tissue level (Figure 5.3-
C). Unloaded tendons exhibited longer toe regions, and as a result reached lower
stress during cyclic loading and stress relaxation. Additionally, unloaded tendons
had approximately 33% and 47% faster relaxation times during the 1 and 2" step
respectively. Depending on the group and which step, the fibril relaxation was 10-
20% slower than tissue relaxation and their ratios of fibril to tissue relaxation times
were similar. Unloaded tendons also showed a decrease in cell density and elastin.
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Figure 5.3. Main results from Paper IV. A) Difference in fiber orientation
between fully loaded (FL) and unloaded (UL) tendons, obtained by phase contrast
pCT (PC- pCT). B) Two types of scattering patterns were identified with SAXS;
one population of fibrils oriented parallel to the main axis of the tendon and two
populations of fibrils with distinctly separated orientations. The second type was
primarily present in unloaded tendons. C) Main changes in tissue and fibril
mechanical response due to unloading.
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5.3 Mechanobiology of tendon healing
(Objective 3)

A combination of synchrotron-based techniques was used to investigate the effect
of full loading or unloading during 1-3 weeks of Achilles tendon healing. Phase
contrast pCT, SASTT and SAXS were used to study the micro- and nanoscale
structure and 77 situ mechanical testing was used to study the nano- and tissue
scale mechanical response.

Unloading during the healing process resulted in smaller callus diameters and
distance between the stumps, as well as less formation of collagenous material
(Figure 5.4-A). Instead of collagen fibers, a large part of the callus in unloaded
tendons consisted of adipose tissue. Further, unloading led to a more disorganized
collagen network, with both fibers and fibrils being less longitudinally oriented
and exhibiting multiple dominant orientations (Figure 5.4-B). The collagen
network became more organized with healing time in both groups. Initially, most
fibril structural parameters were similar between the two groups, but as healing
progressed, the unloaded tendons showed a delay in callus maturation and little to
no stump remodeling. This was shown by the lack of merging between callus and
stump tissue in for example d-spacing (Figure 5.4-C).
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Figure 5.4. Main results from Paper V. A) Micro- and B) nanostructural 3D
organization of 3 weeks fully loaded (FL) and unloaded (UL) healing tendons,
obtained by phase contrast pCT (PC- pCT) and SASTT respectively. C)
Distribution and evolution of d-spacing in healing tendons after 3 weeks,
obtained by SAXS. Statistical significance (p < 0.5) is indicated for the effect of
treatment (*), effect of time in FL (black star) and UL (white star) tendons.
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Unloading had no substantial effect on the extrinsic tissue mechanical response of
the healing tendons (Figure 5.5-A). Unloading during healing however altered the
collagen fibril mechanical response. As opposed to fully loaded tendons, unloaded
tendons maintained a relatively constant fibril amount independently of increasing
strain steps or healing time (Figure 5.5-B, i). Unloaded tendons had a similar fibril
strain response at low tissue strains as fully loaded tendons, but as the strain
increased, they exhibited lower fibril strain magnitudes at larger strain steps (Figure
5.5-B, ii). Unloading did not result in any changes in stress relaxation ratio, neither
at tissue nor fibril level.

While the effect of reduced loading on the mechanical tissue and fibril responses
during early Achilles tendon healing also was evaluated, the results from these
experiments are not included in this thesis due to limited time available to untangle
some of the experimental difficulties related to these samples.
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Figure 5.5. Main results from Paper VI. A) Tissue extrinsic mechanical response
to loading. B) Fibril mechanical response to loading, showing the average relative
changes within the central callus in fibril amount (i) and fibril strain (ii).



6 Discussion

6.1 General

The overall scope of this thesis was to characterize the mechanobiological effects
on the micro- and nanoscale in selected musculoskeletal tissues during formation,
homeostasis and repair, with focus on the load bearing structural components of
mineral and collagen. As such, this thesis highlighted the impact of mechanical
loading on developing long bones (Objective 1), elucidated critical effects of
immobilization during tendon homeostasis (Objective 2) and assessed the
importance of loading for the recovery of structural integrity during early tendon
healing (Objective 3). This was achieved through the application of multimodal
and multiscale characterization using a range of synchrotron- and lab-based high-
resolution techniques, in combination with mechanical testing.

In these studies, a combination of techniques was chosen to extend our current
knowledge and to investigate the role of the constituents at different length scales
for the structural and mechanical integrity of musculoskeletal tissues. Scattering
techniques, PLM and pCT probes the nano- and microscale structural
organizations respectively. The orientation, alignment, amount and size of both
mineral and collagen structures highly influence the mechanical strength as well as
the characteristic viscoelasticity of musculoskeletal tissues. XRF and FTIR are
sensitive to the elemental and molecular composition of the tissue. The amount
and distribution of elements and proteins provide important insight regarding the
dynamic processes through which the tissue composition is changed in response to
external stimuli. A better understanding of the relation and interplay between the
nano-, micro and the overall tissue scale, may enable the development of improved
interventions and rehabilitation to treat pathologies, as well as guidelines to
maintain tissue health. Further insights into the processes involved opens up for
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development of targeted drugs and other more specialized medical interventions
to correct deviations from a healthy state.

The multimodal and multiscale approach of this thesis provided further insight
into how the mechanical loading environment affects both the micro- and
nanoscale. As has been shown in this thesis, reduced mechanical loading has
detrimental effects on both bone and tendon tissues, all the way from the tissue
scale down to the nanoscale. The implications of these effects, the challenges of
the presented studies, and remaining questions, will be further discussed in the
following sections.

6.2 Mechanobiology of long bone mineralization
(Objective 1)

Paper I showed that, in only four days of embryonic development, the
mineralization was characterized by a rapid transformation of bones from
unspecialized shapes, inner structures with low Ca content and unordered mineral
crystals, to clearly developed morphology, structure and composition more closely
resembling that of the adult. During this time, it was found that the tissue grew
extensively in length, organized toward more trabecular- and cortical-like internal
structures and that the mineral particles underwent minor reshaping as well as
started to orient along the major load axes.

This paper identified that there is a clear spatial distribution of Zn during
embryonic long bone formation, with Zn being present in increased levels at
regions of new mineral deposition, such as the mineralization front of the growth
plate as well as the edges of the bone collar and internal structures. Zn is crucial
for fetal bone development and its deficiency is connected to many kinds of skeletal
abnormalities ™. Zn is a co-factor to alkaline phosphatase (ALP) and many
matrix metalloproteases (MMPs) crucial to bone mineralization *7**), such as
MMP3, MMP9, MMP13. At the mineralization front of the growth plate, MMP9
is expressed by osteoclasts and MMP13 by chondrocytes as well as osteoblasts.
Both enzymes work together to resorb the cartilage template in the hypertrophic
zone and coordinate chondrocyte apoptosis, angiogenesis and osteoblastic
differentiation . ALP is also present at the mineralization front, mediating the
accumulation of the Ca-containing vesicles, and its decline in activity during
mineralization has been shown to relate to a loss of Zn ). MMP3 as well as
MMP13 have also been found in the periosteal cells, outlining the bone collar, as
well as in osteocytes and osteoblasts surrounding the lacunae, especially at sites of
remodeling #*-%". Additionally, Zn can substitute Ca in HA, causing a 1-3%
volume decrease of the HA unit cell ®**%. Within osteoblasts, early
biomineralization potentially starts through Zn-HA nucleation %, While the
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exact origin of Zn cannot be conclusively determined by the result of this study,
the specific pattern of MMPs observed in other studies points towards the Zn
localized at the mineralization front of the growth plate primarily being there as a
co-factor to the MMPs. On the other hand, the Zn that was found to outline the
bone collar and internal trabecular-like structures, where new bone is being
deposited to enlarge as well as remodel the mineralized islands into optimized
trabeculae, could be aiding both MMPs and HA nucleation.

Paper II showed that lack of muscles during embryonic long bone development
leads to an abnormal mineral particle deposition and growth, characterized by
initially less mineralized tissue to later on catch up with the controls just before
birth. Muscle-less humeri also exhibited continuous growth of mineral particles in
all dimensions which ultimately leads to larger particles than their controls towards
the end of embryonic development. Between TS24 and TS27, the muscle-less
mice seem to deposit and form mineral faster than their controls. They also
exhibited a more homogenous pattern of mineralization, reflected by a more
widespread distribution of high levels of Zn.

Long bones are formed in a well-organized and coordinate manner during normal
development. During normal conditions, long bones grow isometrically, which
requires a specific balance between proximal and distal growth rates in order to
maintain the relative position of superstructures (such as the condyles and deltoid
tuberosity) %, Additionally, a study by Eyal et al. ®* indicates the structural and
muscular patterning to be well-regulated and coordinated. The lack of a
synchronized reduction in amide content found in Paper II within the
hypertrophic zone of the muscle-less limb adds to the notion of muscle
contractions playing a fundamental role for coordinated and correct bone growth,
as this indicates that the collagen type II in the cartilage template is not broken
down and mineralized in the same organized manner as during normal
development ¥\ Additionally, the molecular content of the growth plate and
mineralization front in the muscle-less forelimbs did not exhibit any clear
transition with development as in their littermate controls, but instead remained
similar throughout the gestational period assessed, further suggesting the loss of
coordinated growth due to lack of muscles. The increasingly abnormal localization
and levels of Zn in the muscle-less limbs also adds to this notion, as this indicates
that the bone formation is not solely restricted to the mineralization front and
remodeling zones, and most likely have an altered presence of MMPs.
Additionally, the generally larger, continuously growing mineral particles and their
more homogenously widespread spatial distribution in muscle-less forelimbs
further suggests that new bone formation is taking place across the whole
rudiment.



52 Discussion

As the embryos grow and the space within the uterus is reduced, passive
mechanical stimuli may be exerted on the bones from movements of their mother
and normal littermates . These forces could result in spatially unspecific and
more uniform stimuli on the bones in muscle-less limbs and could thus be an
explanation for the increased and more homogenous mineralization at later
development stages.

6.3 Mechanobiology of intact tendons
(Objective 2)

Paper III showed that the viscoelastic properties of the Achilles tendon are
translated down to the nanoscale fibrils, which exhibited a simultaneous and non-
uniform deformation with substantially lower fibril strains compared to overall
tissue strains. In the elastic region of tissue deformation, the fibrils simultaneously
exhibited a linear behaviour, to then fail close to tissue failure. This paper also
identified viscoelastic responses of the fibrils; simultaneously as tissue stress
relaxation, fibril strain relaxation occurred and as the tissue strain increased with
cyclic loading, fibril strain recovery and stretchability increased.

This study identified substantially lower fibril strains in the rat Achilles tendon
than tissue strains. While the Achilles tendon is an energy storing tendon, similar
behaviour has been found in positional tendons from rat tails, in which 40-80%
lower fibril than tissue strains have been observed "% The lower fibril than
tissue strains indicate that deformation is not only occurring within the fibrils, but
also in the matrix between fibrils and at other hierarchical length scales. Similar
observations have been made on both smaller and larger length scales as well, with
collagen molecules straining less than fibrils ">%, fibers straining more than fibrils,
but still less than fascicles or full tissue 51212372381 a5 well as fascicles straining less
than the full tissue 2°"?*Y. Gupta et al. " identified the dominating contributor
to stress relaxation of rat tail fascicles to be inter-fiber sliding. On the larger length
scales, Thorpe et al. 2°42>%8] have demonstrated that the interfascicular matrix can
reach forces up to 30% of the tendon failure force **/ and exhibit alterations in its
mechanical properties depending on the tendon type, as well as age.

Whether fibrils and fibers are continuous or not within the tendon is currently
under debate. The indication of strain partitioning observed in this study due to
the substantially lower fibril than tissue strains points towards discontinuity of
these structures. For strain to be partitioned throughout the tissue through sliding
between sub-structures such as fibrils, fibers and fascicles, fibrils must be
functionally discontinuous. This is further supported by the substantially higher
strains observed during mechanical testing of single fibrils, which have been shown
to fail around 11-27% strain ***J, Additionally, single fibril studies have
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identified a two- or three-phase behaviour, depending on the type of tendon
2392421 Up until 7-10% applied strain, single fibrils show a linear behaviour, but
then a decrease in stiffness occurs. When a strain above 15-20% is applied, the
fibrils exhibiting three phases also exhibit strain stiffening before failure **?. As the
fibrils in Paper III did not reach as high strains nor seemed to exhibit any of the
later phases as observed in the studies on single fibrils, the isolated fibrils seem to
have the capacity to deform more than when interconnected and assembled into
larger and more complex functional units such as the whole tendon. Additionally,
this points towards tissue failure occurring through accumulated damage in the
non-collagenous material and connection in-between fibrils, fibers, fasciscles or
sub-tendons, rather than within the fibrils themselves. Characterizing true failure
of tendons is however very difficult, as it is hard to avoid stress concentrations at
the clamps without inducing slipping. Early failure due to stress concentration at
the clamps would result in an underestimation of the failure force and slipping
would induce an overestimation of tissue strain levels.

Paper IV showed that immobilization of the Achilles tendon leads to a more
disorganized tissue, characterized by more crimped fibers and an increased
orientational heterogeneity, as well as an impaired mechanical response at both the
tissue and fibril level. Unloaded tendons exhibited longer toe regions, which
resulted in a delayed and prolonged mechanical response at both levels, ultimately
elongating more than fully loaded tendons. The longer toe region was most likely
induced by the increased crimp and disorganization at the fiber level and could
explain the lower tissue stress as well as fibril strain reached during stress relaxation
steps.

This paper identified that fibrils within unloaded tendons, albeit delayed,
ultimately reached similar maximum d-spacing as in fully loaded tendons, and
tendons from both groups reached maximum fibril strain close to tissue yield.
Additionally, no difference in initial d-spacing nor intrafibrillar order was found.
While unloaded tendons exhibited faster relaxation times, the ratio of tissue to
fibril level relaxation time also remained unchanged compared to fully loaded
tendons. Taken together, these results indicate that four weeks of unloading does
not directly affect the fibril structure, their mechanical capabilities nor response.
Instead, the impaired mechanical response is most likely due to changes on other
length scales, such as the increased crimping and disorganization of fibers at the
microscale, which in turn indirectly cause an effect on the fibril response as well.
It takes larger deformation to straighten and reorient an increased number of
crimped and disorganized fibers than for more organized and well aligned fibers.
Disorganization of the tissue structure results in less efficiently packed fibers,
which in unloaded tendons was identified as lower fiber density. The delayed
capacity of the unloaded tendons to carry load as well as the increased risk for
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microstructural buckling associated to highly heterotrophic fiber orientations %),

could explain why these tendons have impaired function. The structural and
mechanical changes occurring in unloaded tendons could more easily result in local
microdamage and could eventually lead to an earlier tissue failure. In turn, this
could be one reason to why unloaded tendons failed at lower stresses, had lower
elastic moduli as well as often ruptured already in the second strain step during the
ex situ loading tests.

These severe changes in both microstructural organization and fiber density
occurred after four weeks of unloading, despite the reportedly slow turnover of the
collagen matrix in tendons **. Energy storing tendons, such as the Achilles
tendon, has also been found to have substantially slower turnover rate, with the
half-life of the collagen matrix in the equine digital flexor tendon being 198 years
as compared to the 34 years of the positional common digital extensor tendon 4.
In line with the potentially low collagen turnover, no changes in neither collagen
type I nor III were observed following the period of unloading. In fact, there were
less cells present in unloaded tendons, which could be an indication of even less
activity in both formation and degradation. This points towards the tissue at these
length scales simply undergo re-organization of the pre-existing matrix when
immobilized. However, less collagen content has been reported in other studies as
a result of longer periods of reduced loading (5 to 6 weeks) of the rat Achilles
tendon "% as well as signs of an increased collagen turnover during reduced
loading (9 weeks) of the rabbit patellar tendon **). These changes in collagen
content and turnover indicate that the turnover could be faster in smaller animals,
which have higher metabolic rates than larger animals such as horses and humans.
Additionally, the outcome of these studies most likely also vary due to the different
techniques used to measure collagen content and turnover rate. As no changes were
observed on the fibril and molecular level in this study, it could also be that the
timing of collagen turnover and structural changes might differ between length
scales and that more than 4 weeks of unloading is required for quantifiable changes
to occur on the smaller length scales compared to the fiber scale.

6.4 Mechanobiology of tendon healing
(Objective 3)

Paper V showed that early Achilles tendon healing is a highly complex and
heterogenous process, strongly impacted by the loading environment.
Immobilization led to a more disorganized matrix at both the micro- and
nanoscale, less collagen being formed and an increased presence of adipose tissue.
Even though both fully loaded and unloaded tendons became increasingly more
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aligned and increased their collagen content from 1 to 3 weeks, unloaded tendons
did not reach the same levels as fully loaded tendons.

This paper identified that the healing process is highly heterogeneous, with new
collagen formation starting on the sides of the stumps to later progress into the
callus region and bridge the tissue. A higher collagen content was observed on the
posterior side of the tendon as well as closer to the distal stump, indicating that
the collagen formation starts or is more active on the distal side of the tendon, as
well as the bridging to be preferential to the posterior side. It has been shown that
tenocytes exhibit highly distinct localization during tendon healing. Studies have
found that extrinsic cells from the paratenon migrates into the callus and become
positive for the Scleraxis marker (Scx*), which is a characteristic transcription factor
for tenogenesis expressed by tenocytes, to then bridge the gap between them
011246 The paratenon is a sheath which covers the intact tendon, normally
consistent of non-Scx expressing cells and circumferential collagen fibrils 4.
Dyment et al. ! found a preferential localization of these Scx* cells during patellar
tendon healing on the anterior side. The anterior side of the patellar tendon and
the posterior side of the Achilles tendon are both facing away from the body, thus
comprising the longest region of the tendon, and most likely under slightly
different loading compared to the tendon core and its innermost side. Collagen
formation is considered to be strain dependent, typically in response to strain levels
up to ~10% 278 Above 10% strain, it is still debated whether collagen
formation remains constant, increases or declines *-°!. The results of this paper
could point toward the healing tendon experiencing an internal heterogeneous
spatial distribution of loads which translates into different levels of tissue formation
and reorientation, or that the tissue formation is primarily guided by other factors
than mechanics.

Additionally, it was revealed that immobilization during the early healing time
either restricts or delays the formation and maturation of the healing callus, as well
as remodeling of the stumps. The newly formed fibrils observed in this study were
both less organized and had shorter d-spacing than their intact equivalent. As the
initial randomly organized collagen network mainly consists of collagen type III
281041 the shorter fibrils observed in the callus could be coming from structural
differences between the newly formed collagen type III and the typical type I of
the intact tendon. Indirectly in line with our findings, other studies have identified
the newly formed fibers within the callus to be thinner and more disorganized than
those of the stumps ">»Y. Despite both fibril d-spacing and delamination
increasing with time independently of the iz vivo loading environment, unloaded
tendons exhibited lower values compared to fully loaded tendons as healing
progressed. This difference was most pronounced after two weeks of healing, well
in line with similar SAXS and histological observations from reduced loading by
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Botox . Additionally, as fibrils within the callus increased in d-spacing, fibrils
within the stumps of fully loaded tendons decreased their d-spacing and became
less distinct from the surrounding callus tissue, indicating that remodeling of the
stump occurred, with their fibrils potentially being broken down or reorganized.
This merging of callus and stump tissue was not observed in the unloaded tendons
within the investigated time frame, indicating that their stump remodeling is

delayed.

Paper VI showed that during early healing of the Achilles tendon, the in vivo
loading environment influences the structural response to in situ loading of the
newly formed collagen fibrils. Immobilization led to decreased fibril recruitment
and fibril extension. In addition to this, unloaded tendons exhibited more
heterogenous fibril strain responses to increasing tissue strain compared to fully
loaded tendons, despite their absolute fibril strain distributions being more
homogenous. However, immobilization did not result in any substantial alteration
of the response at the tissue scale, indicating that the nanoscale of the newly formed
tissue is more susceptible to changes in the load environment or that the tissue
overall geometry and composition of the tendon compensates for this effect.

Fully loaded tendons exhibited a 60-115% average increase in amount of recruited
collagen fibrils in response to tissue strain at all healing time points. Thus, full
loading during early healing seemingly aids in re-building an effective strain
response, even as early as 1 week after injury. Unloaded tendons, however, only
exhibited a 2-45% increase in fibril amount and the response remained low across
all healing time points. This indicates that immobilization during this early healing
period impairs the tissues’ ability to recruit fibril in response to the applied loading.
One reason behind this impaired ability could be the increased disorganization of
unloaded tendons as observed in Paper V. If the matrix is very disorganized and
many fibrils are oriented away from the main load direction (and possibly in some
cases even perpendicularly to it), the ability of the fibrils to re-orient and organize
along the loading direction may be severely restricted.

This paper further supports that immobilization during early healing restricts or
delays the formation and maturation of the healing callus, as found in Paper V.
This was indicated by both fibril amount and average d-spacing remaining low
after three weeks of healing, as opposed to fully loaded tendons which across
healing time increased towards intact values. Additionally, while the fibrils
independently of iz vivo loading scenario elongated in response to tissue strains,
fibrils in unloaded tendons seemed to reach a limit at higher strains after which
they were unable to continue to elongate as much as the fibrils in fully loaded
tendons. This weaker fibril strain response in unloaded tendons is most likely a
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direct result of their delayed formation and maturation, as well as their less
homogenous orientation along the main axis of the tendon.

6.5 Limitations

There is an inherent biological variability both within and between animals. In
addition to this, the experimental setup, type of sample preparation, effect of
treatments and accuracy of measurement techniques also contribute to data
variability. When studying engineered materials, they can often be manufactured
to fit the desired measurements and experimental stations to be used. This is
typically not an option for non-synthesized biological samples and as a result, large
sample groups are needed to be able to detect significant differences when studying
biological processes.

The main limitations of the work presented in this thesis are thus related to the
use of synchrotron imaging techniques. Synchrotrons have a high demand and
relatively low availability compared to lab-based sources. This limited allocated
time per experiment strongly restricts the extent of what can be measured with
these techniques. Thus, there is a trade-off between number of samples per group,
number of groups or stages, number of data points, resolution and size of
measurement regions. Depending on the objective, different prioritizations were
made to provide the most valuable information. In some cases, this resulted in only
one sample per group but several time points and large areas, or several samples
per group but comparing few groups and small areas. Another limitation comes
with the use of synchrotron radiation; the high photon flux and energy induces
radiation damage. Collagen is more sensitive to radiation damage than the HA
mineral particles and radiation doses above 35 kGy has been shown to critically
impair the mechanical properties of bone, such as plasticity, maximum ending
strength and fibril strain ®?. For that reason, in all studies probing the collagen
structure or involving mechanical testing, a radiation damage test was conducted
prior to the experiments in order to assess their feasibility and tune the
experimental parameters to minimize the effect of radiation on the results.
Additionally, to conduct some of the synchrotron- and lab-based experiments
performed in this thesis, different sample preparations were needed. Fixing of the
samples causes dehydration and potential structural and compositional changes to
the tissue, such as loss of Ca or other trace elements '%*?!, In Paper I and II, the
majority of the measurements had to be conducted on thin 2D slices and the
samples were thus sectioned. Sectioning is destructive and can cause defects to the
sample, as well as cannot be fully representative of the 3D complexity of the tissue.
However, care was taken to minimize inter-sample variations due to sample
preparation by using the same protocols for all related samples. Finally, the limited
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view of 2D was, when possible, supported by 3D measurements such as pCT and

SASTT.

The magnitude, duration or frequency of iz vivo forces exerted on both intact and
healing Achilles tendons is largely unknown. Further, how the unloading model
used in this study as well as others (Botox, tail suspension, treadmill running)
translates to alterations in forces on the Achilles tendon is still unclear. Studies on
rats and mice have identified peak ground reaction forces to be 2N during gait >
and approximately 0.6% of the body mass **°. Additionally, Botox injections have
been shown to decrease the ground reaction forces with 10-15% up until 21 days
post injection, and to still remain slightly inferior up until 42 days post injection
(551 Musculoskeletal models have also been used to estimate strains in healing rat
Achilles tendons %7, which together with experimental studies could provide
further insight into the loading environment of the tendon.

Whether the unloading animal models correspond well to physiological loading
scenarios in humans is still unclear. Recent studies have been able to measure 77
vivo strain and force of human Achilles tendons during different types of exercises
(258259 Despite the extent of the unloading effect being unknown, the animal
model used in this thesis was developed to correspond as well as possible to patient
situations where the tendon is intact and immobilized due to an unrelated injury,
such as broken foot or ankle. When it comes to the rehabilitation period during
tendon healing, however, it is most likely not fully representative of the patient
scenario. The injured tendon of patients has commonly been immobilized by a
brace for several weeks °>?¢!l, but many clinical rehabilitation protocols now also
involve minor loading of the tendon, through e.g. weight bearing on the foot or
different rehabilitation exercises 2*2**%], In the animal model used in this thesis,
neither the fully loaded nor unloaded protocol corresponds to this kind of mild
and intermittent loading. In the fully loaded scenario, the rats will walk normally
on their injured leg already from day one and thus load their tendon more heavily
than a patient would do at this stage. The unloading on the other hand, removes
most mechanical stimuli. Other unloading models which do not completely
unload the tendon, such as only Botox injections or tail suspension, might
therefore be more accurately resembling the current rehabilitation situation for
patients.

While providing highly valuable information and insight on Achilles tendon fibril
mechanics, the in situ mechanical testing performed in this thesis has several
drawbacks. The fastest achievable displacement rate with the loading device at the
time was much slower than what would be expected under physiological
conditions. As tendons are highly viscoelastic, they will relax their structure with
time and the possibility of distinguishing the elastic response from the sliding or
relaxation behaviour is limited when the strain rate is too low. This most likely
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contributed to the unusually large tissue failure strains. The clamp design of this
loading device was also not ideal, as it had flat grips. The flat grips limited the
possibility of mounting the tendons in their physiological angle in relation to the
heel and most likely induced damage as well as stress concentration at the clamp
interface. As the mechanical properties of tendons are highly dependent on their
large water content, we focused on making sure the tendons were kept hydrated
throughout all the tests. In the in sizu experiments, this was done by minimizing
the time the tendons were mounted and by placing Kapton tape around the
exposed tendon between the clamps. Visual inspection confirmed that the tissue
under the Kapton film remained hydrated after the tests. Either way, it would have
been more ideal to perform these tests in a hydrated chamber or bath.

6.6 Future perspectives

The thorough multiscale characterization presented in this thesis provides new
insights into the basis of vital processes as well as their mechanobiological
respoonse, which may aid in improved diagnostics, treatment and rehabilitation
of abnormal or pathological biomechanics of musculoskeletal tissues. The specific
focus on the nanoscale provided increased knowledge which hopefully will aid in
the future design of more targeted drugs and interventions. However, there are still
many aspects that need further research.

Short term perspectives: continuation of this thesis

The ideal continuation of this thesis would address the limitations mentioned
above, as well as expand the work to fill the gaps in knowledge not covered by this
thesis.

This thesis highlighted the clear role of mechanobiology on long bone
mineralization, especially at the mineralization front. However, as most of the
nanoscale investigation was conducted on fixed 2D sections, further investigation
is needed to consider the 3D anisotropic structure and composition, as well as
samples closer to native conditions. While the pCT and SASTT measurements in
this thesis provided a global picture of the changes in micro- and nanoscale
structural organization, detailed 3D information and a complete understanding of
the mechanisms involved at the mineralization front is still missing. To this end,
higher resolution tomography as well as recent advances within 3D imaging should
be applied. For example, simultaneous diffraction and XRF tomography has been
utilized to study the 3D structure and mineralization of human lamellar bone
[168,171,266.267] " down to both micron and submicron spatial resolution.
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The findings presented in this thesis provides further insight into and clearly
highlights the heterogeneity of Achilles tendons at several length scales. The here
presented results, taken together with studies indicating how strain is partitioned
between length scales [1°1,19%:201,203:204.257.238.268] 3 how deformation is higher in the
core of human Achilles tendons ! , clearly indicates that there is a need to
elucidate the mechanical deformation mechanisms in 3D, such as the spatial strain
distribution within the entire volume of the tendon. With the recent advances at
synchrotrons, this could be achieved by combining 3D imaging techniques such
as phase contrast pCT and SASTT with in situ loading. While the advances of
pCT measurements have recently enabled sufficiently fast measurements for this,
the current measurement times of SASTT are still too slow. However, with the
upcoming advances of fourth generation synchrotron sources ?'*?! and their
upgrades to improved detectors, faster experimental stages and program updates,
this will hopefully be possible within the coming years.

269,270]

This thesis provided further insights into the importance of the in vivo loading
environment on the tendon structure and mechanical response across multiple
length scales. For intact tendons, only physiological loading magnitude was
evaluated compared to immobilization. Thus, an understanding of how increased
or prolonged levels of inflammation due to either excessive loading or microtrauma
affect the structure and multiscale mechanical response of the tendon is still
lacking. This could be studied by either subjecting the rats to high levels of exercise
(e.g. treadmill running) or by inducing microtrauma trough needling . For
healing tendons on the other hand, only the extreme levels of loading were
considered, which as discussed above most likely do not fully mimic the patient
scenario. Thus, there is still a need for further investigation into more complex and
clinically relevant loading environments following rupture. To this end, animal
models with intermittent periods of loading as well a combined model starting
with unloading to later gradually re-introduce loading would be closer to the
patient scenario. Re-introduction of loading is however not compatible with the
animal model used in this thesis, as the effect of Botox cannot be removed, and it
tends to cause severe muscle atrophy " By applying a different unloading animal
model however, such as tail suspension, this would be possible. Additionally, the
work of this thesis focused on short term healing during which the tendon does
not completely heal. Thus, to fully elucidate the effect of loading environment on
the healed tendon as well as risk for re-ruptures, longer experiments needs to be
conducted. For this, however, one would need to use a different animal, as rats
tend to form an excessive number of heterotopic ossifications within their Achilles
tendon both in native state as well as during healing '**%75),
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Long term perspectives: the road to the clinics

The work of this thesis, as well as most other studies on the mechanobiological
effects in musculoskeletal tissues, has been conducted using controlled animal
models. In most animal models, a pathology or injury is induced, and animals are
sacrificed at specific time points for ex wvivo evaluation. However, ex vivo
investigations are highly limited as it completely excludes e.g. cell functions,
systemic effects, neuromuscular control and other physiological aspects which are
intricately connected with tissue properties. Small animal i vivo pCT instruments
provide a step further towards this goal, by enabling studies to follow the course
of e.g. healing or treatments within the same animal, and thus providing more
comprehensive information regarding the kinetics and mechanisms involved. Lab-
based in vivo pCT has for example been used to study the repair process during
bone fracture healing ”’**"¥ and to track bone morphological effects of mechanical
stimulation 7722 \While these 7 vivo scanners currently have high sensitivity and
resolution, they are still not on the level of ex vivo instruments and synchrotrons.
Furthermore, the low contrast for soft tissues limits their possibilities for imaging
other non-mineralized musculoskeletal tissues. However, emerging capabilities at
beamlines and recent synchrotron upgrades have now also enabled in wvivo
synchrotron imaging of small animals, such as dynamic phase contrast imaging of
lungs in mice undergoing respiratory treatment "2/, With this possibility for
future studies conducting synchrotron enhanced 7z wvivo imaging, tracking
development, pathologies, regeneration and treatments in physiological
conditions, crucial information can be obtained to improve our understanding of
the mechanobiological interplay in musculoskeletal tissues, and bring us one step
closer towards optimal care of musculoskeletal abnormalities.

Ultrasound and magnetic resonance imaging (MRI) are commonly used in the
clinics to investigate structural changes and to diagnose ruptures 28284,
Ultrasound coupled to elastography or Doppler are often used to measure elasticity
or stiffness of the tendons in vivo, for example during different activities *>*¢ and
as a result of post-rupture rehabilitation **. With recent developments into
kinematic MRI, iz vivo strains in the human Achilles tendon have also been
investigated, for example to evaluate the outcome of surgical or non-surgical post-
rupture treatment **”. To bring the field forward, these techniques should be used
to temporally study the healing process in patients. Studies utilizing recurring and
methodological in wvivo evaluation of the mechanical properties, structural
organization and composition during different rehabilitation protocols or
interventions would provide the means to fully optimize clinical treatment.

While quantitative MRI based on ultra-short time echo imaging has been shown
q ging

to provide information which is indicative of the collagen structure and water
content in tendons 2% currently both clinical ultrasound and MRI primarily
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enables quantifications only at the tissue scale (mesoscale). However, as it has been
further highlighted by the work in this thesis, the tendon has a multiscale
mechanical response and all hierarchical levels should be investigated to improve
our understanding of iz vive tendon mechanobiology in humans. Recent advances
over the last decade within the field of X-ray tomography have led to the
development of differential phase contrast (DPC) imaging *****?/. DPC utilizes a
series of gratings, which induces absorption, differential phase and small-angle
scattering contrast simultaneously, thereby significantly improving a variety of
diagnostics. Due to the need for better clinical diagnostics of soft tissues, while still
remaining sufficiently fast and at low radiation doses, extensive research is being
conducted to bring DPC towards this goal. For example, DPC has successfully
been combined with mammography to improve the diagnostics of breast cancer
2921 for which it has shown to provide better classification of microcalcifications
as well as improved soft tissue contrast compared to conventional mammography.
While most studies using DPC have been performed in a pre-clinical setting, a
recent study set up a grating interferometer compatible with the standard clinical
mammography system and could be performed at radiation doses within clinical
regulations ¥, With future developments of this clinically promising imaging
technique, highly resolved iz vivo measurements of other soft tissues such as
tendons will also be feasible. The combined phase and scattering contrast provided
by DPC would provide detailed information about the micro- and nanostructure,
and by combining this imaging technique with different exercises, details regarding
patient specific in vivo micro- and nanostructural mechanical responses could be
elucidated. With such knowledge, we would not only gain a better understanding
of optimal clinical treatments and protocols, but also be able to specifically tailor
these to the individual patient.



7 Summary and conclusions

The overall aim of the presented thesis work was to characterize how mechanical
loading, or lack thereof, affects the smaller length scales in developing bones as
well as both intact and healing Achilles tendons. The multimodal and multiscale
approach of combining several synchrotron-enhanced and lab-based techniques
enabled complementary information on several length scales simultaneously and
could thus provide additional insight regarding the relationship between them.

Below, the main conclusions of each Paper (I-VI) are summarized.

L.

II.

Zinc is specifically localized to regions of new mineral deposition in embryonic
long bones and the newly formed mineral particles undergo reorganization
during development. Humeri from mice at different embryonic
development stages were investigated to document the evolution of
structure and composition at the nanoscale. XRF revealed a localized
presence of Zn, and SAXS and WAXS that the mineral particles at sites of
new mineralization are thicker, longer and narrower compared to more
mature regions.

Absence of skeletal muscles during embryonic long bone development leads to
a delayed and abnormal mineral deposition and growth. Humeri from mice
at different embryonic development stages were investigated to obtain
evolution of nanostructure and composition. XRF revealed a more
widespread and homogenous distribution of Zn in muscle-less bones,
indicating a more homogenous mineral formation, and SASTT, SAXS
and WAXS that their mineral particles continuously grew in size to
ultimately become larger than those of their healthy littermates.
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Summary and conclusions

II1.

IV.

VL

Nanoscale fibrils in Achilles tendons respond simultaneously as the tissue, and
the viscoelasticity is transferred down to the nanoscale. Achilles tendons from
rats were investigated to obtain both nanostructural fibril and tissue
mechanical response. The simultaneous SAXS and 77 situ loading revealed
that fibrils strain simultaneously but substantially less than the applied
tissue strain and that they exhibit increased stretchability and recovery
during cyclic loading, as well as strain relaxation during tissue stress
relaxation.

Unloading of the Achilles tendon leads to a disorganized collagen structure
and an altered mechanical response. Achilles tendons from rats subjected to
either full loading or unloading were investigated to obtain micro- and
nanostructural information, as well as mechanical and cellular properties
in relation to 7 vivo loading environment. Phase-contrast pCT revealed
that unloaded tendons had more crimped and disorganized fibers, and
SAXS and mechanical data revealed a delayed fibril and tissue response.

Unloading of the Achilles tendon during healing leads to less collagen
Sformation and a more disorganized collagen organization. Healing Achilles
tendons from rats subjected to either full loading or unloading during the
early healing process were investigated to obtain 3D micro- and
nanostructural information of the newly formed tissue. Phase-contrast
pCT and SASTT revealed that unloaded tendons had less amount of and
more disorganized collagenous material, as well as a larger presence of
adipose tissue. SASTT and SAXS revealed a delay in maturation of

collagen structural parameters, as well as stcump remodeling.

Unloading of the Achilles tendon during healing leads to an impaired collagen

[fibril response to loading. Healing Achilles tendons from rats subjected to
either full loading or unloading during the early healing process were
investigated to obtain both nanostructural fibril and tissue mechanical
response of the newly formed tissue. The simultaneous SAXS and in situ
loading revealed that unloading during early healing severely impairs the
fibril mechanical response, resulting in decreased fibril recruitment and
ability for fibril extension.
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