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Abstract

Metabolic bone diseases like osteoporosis lead to increased bone fragility and consequent
implications for the patient lifestyle and health expenses. In the present aging society,
fragility fractures pose significant health and economic burden. Current clinical methods to
assess bone health status (dual-energy X-ray absorptiometry, FRAX, quantitative computed
tomography variations) depend mostly on bone mineral density (BMD) measurements. How-
ever, BMD alone only accounts for about 70% of the variance in bone strength. It is therefore
of high interest and potential societal impact to investigate bone quality, i.e. measures other

than BMD influencing bone strength and toughness.

In the present thesis, novel laboratory methods were developed for high-throughput inves-
tigation of bone properties, with the ultimate goal to define combinations of measurements
that can be used as a proxy for bone quality in a fracture risk analysis. Firstly, a novel
method for quantifying mineralized collagen fibril orientation based on polarized Raman
spectroscopy (qPRS) was calibrated and validated on a natural material (mineralized turkey
leg tendon). This method enables the quantitative estimation of the local degree of min-
eralization and 3D collagen fibril orientation non-destructively at submicron resolution. It
was then applied to the cortex of bovine bone samples in combination with micropillar com-
pression, allowing to reliably determine structure-property relationships of bone at the mi-
croscale. Later, a multimodal framework for bone characterization was developed in another
animal bone model (minipig jawbone). This included the development of a novel femtosec-
ond laser ablation protocol for bone micropillar fabrication allowing high-throughput and

site-matched testing without exposure to high vacuum.

The key part of the research was then carried out on a set of femoral neck samples col-
lected from patients who underwent the hip arthroplasty due to osteoarthritis or fragility
fracture. The femoral neck cortex from the inferomedial region was analyzed ex vivo in a
site-matched manner using a combination of micromechanical testing (nanoindentation, mi-
cropillar compression) together with micro-computed tomography and quantitative polarized
Raman spectroscopy for both morphological and compositional characterization. The output
bone properties were correlated with the clinical information about age, gender, and primary

diagnosis (coxarthrosis or hip fracture) of the participating patients.

Patient gender and diagnosis did not influence any of the investigated bone properties.

Moreover, all mechanical properties as well as the tissue-level mineral density were nearly



constant over all ages (45-89 y.o.). Only local tissue composition was found to change sig-
nificantly with age: decline in mineral to matrix ratio and increase in collagen cross-link
ratio. Site-matched microscale analysis confirmed that all investigated mechanical proper-
ties except yield strain demonstrate a positive correlation with the mineral fraction of bone.
The large dataset of experimentally assessed microscale bone properties together with the
available clinical information of the patients allowed the application of machine learning
algorithms for fracture prediction in silico. Logistic regression classification suggests that
indentation hardness, relative mineralization and micropillar yield stress are the most per-

spective parameters for bone fracture risk prediction.

As a result of this thesis, the output database of experimental measurements is the first
to integrate microscale mechanical, chemical, morphological, and clinical information about
the patients. In future, it can be used to compare existing methods of bone quality assessment.
Moreover, the presented data and analysis approaches may be used to improve the prediction

of fracture risk in the elderly.
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Zusammenfassung

Stoffwechselerkrankungen des Knochens wie Osteoporose fiithren zu einer erhohten Knochen-
briichigkeit und haben Auswirkungen auf den Lebensstil und die Gesundheitskosten der Pa-
tienten. In der heutigen alternden Gesellschaft stellen Fragilititsfrakturen eine erhebliche
gesundheitliche und wirtschaftliche Belastung dar. Die derzeitigen klinischen Methoden zur
Beurteilung des Gesundheitszustands der Knochen (Dual-Rontgen-Absorptiometrie, FRAX,
Quantitative Computertomographie Variationen) hidngen hauptsédchlich von der Messung der
Knochenmineraldichte (BMD) ab. Die BMD allein macht jedoch nur etwa 70 % der Varianz
in der Knochenstirke aus. Es ist daher von grossem Interesse und potenzieller gesellschaftlicher
Bedeutung, die Knochenqualitidt zu untersuchen, d. h. andere Parameter als die BMD zu

finden, welche die Knochenfestigkeit und -zdhigkeit beschreiben.

In der vorliegenden Arbeit wurden neuartige Labormethoden fiir die Hochdurchsatzun-
tersuchung von Knocheneigenschaften mit dem Ziel entwickelt, neue Messkombinationen
zu definieren, die als Parameter fiir die Knochenqualitit in einer Frakturrisikoanalyse ver-
wendet werden konnen. Zundchst wurde eine neuartige Methode zur Quantifizierung der
Orientierung mineralisierter Kollagenfibrillen auf der Grundlage der polarisierten Raman-
Spektroskopie (qPRS) kalibriert und an einem natiirlichen Modellmaterial (mineralisierte
Sehne des Putenbeins) validiert. Dieser Ansatz ermdglicht die quantitative Abschitzung
des lokalen Mineralisierungsgrades und der 3D-Kollagenfibrillenorientierung zerstorungs-
frei mit einer Auflosung im Submikrometerbereich. Die Methodik wurde, in Kombination
mit der Kompression von Mikrosdulen, zur Untersuchung der Rinderknochenrinde ange-
wandt. Dadurch konnte die Struktur-Eigenschafts-Beziehungen des Knochens auf der Mikro-
skala zuverldssig bestimmt werden. Anschliessend wurde ein multimodaler Rahmen fiir die
Knochencharakterisierung in einem anderen Tierknochenmodell (Minischwein-Kieferknochen)
entwickelt. Dazu gehorte auch die Entwicklung eines neuartigen Femtosekunden- Laserab-
tragungsprotokolls fiir die Herstellung von Knochenmikroséulen, das einen hohen Durchsatz

und lokal angepasste Tests ohne Hochvakuum erméglicht.

Der wichtigste Teil der Forschung erfolgte an einer Reihe von Oberschenkelhalsproben,
die Patienten mit Osteoarthritis und Fragilitatsfrakturen wiahrend der Implantation einer Hiift-
totalendoprothese entnommen wurden. Die Schenkelhalskortikalis aus dem inferomedialen
Bereich wurde ex vivo mittels einer Kombination aus mikromechanischen Tests (Nanoin-
dentation, Mikrosidulenkompression), Mikro-Computertomographie und quantitativer polar-

isierter Raman-Spektroskopie zur morphologischen und kompositorischen Charakterisierung

il



analysiert. Die ermittelten Knocheneigenschaften wurden mit den klinischen Informatio-
nen iiber Alter, Geschlecht und Primérdiagnose (Coxarthrose oder Hiiftfraktur) der teil-

nehmenden Patienten korreliert.

Geschlecht und Diagnose der Patienten hatten keinen Einfluss auf die untersuchten Knoch-
eneigenschaften. Dariiber hinaus waren alle mechanischen Eigenschaften sowie die Min-
eraldichte auf Probenebene iiber das Alter (45-89 Jahre) nahezu konstant. Lediglich die
lokale Gewebezusammensetzung verédnderte sich mit zunehmendem Alter signifikant, das
Verhiltnis von Mineralien zu Matrix nahm ab und das Verhiltnis von Kollagenvernetzun-
gen zu. Eine lokale Analyse auf der Mikroskala bestitigte, dass alle untersuchten mech-
anischen Eigenschaften mit Ausnahme der Dehngrenze eine positive Korrelation mit dem
Mineralanteil des Knochens aufweisen. Der grosse Datensatz der experimentell bewerteten
mikroskaligen Knocheneigenschaften ermoglichte, zusammen mit den verfiigbaren klinis-
chen Informationen der Patienten, die Anwendung von Algorithmen des maschinellen Ler-
nens fiir die in silico-Frakturvorhersage. Die logistische Regressionsklassifikation legt nahe,
dass die Eindruckhirte, relative Mineralisierung und das Fliessspannung der Mikrosdule die

wichtigsten Parameter fiir die Vorhersage des Knochenbruchrisikos sind.

Das Ergebnis dieser Arbeit ist die erste Datenbank mit experimentellen Messungen, die
mikroskalige mechanische, chemische, morphologische und klinische Informationen iiber
die Patienten integriert. Sie kann in Zukunft fiir den Vergleich bestehender Methoden zur
Bewertung der Knochenqualitit verwendet werden. Dariiber hinaus konnen die vorgestell-
ten Daten und Analyseansitze in Zukunft verwendet werden, um die Vorhersage des Frak-

turrisikos bei dlteren Menschen zu verbessern.

v
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Chapter 1

Introduction

If you don’t know where you are going,

any road will get you there.

Lewis Carroll

1.1 Motivation

With the increase in the average life expectancy in developed countries, a large part of the
population is experiencing bone fragility fractures. These fractures can occur during ev-
eryday activities and are often linked to the weakening of bone, which can be a sign of

underlying osteoporosis.

The term osteoporosis (from Greek osteon + poros) was introduced at the beginning of
the 1820s by German-born French pathologist Jean G.C.E.M. Lobstein. To this day, there
are scientific and clinical debates about the nature and appropriate diagnostic criteria for this
bone disease [1,2]. Skeletal disorders like osteoporosis or, in its milder form, osteopenia are
characterized by decreased bone mass and deterioration of bone microarchitecture, which

leads to bone fragility and a subsequent increase in the risk of fractures.

Currently, more than 23 million men and women are at high risk of osteoporotic frac-
tures in the European Union together with the UK and Switzerland (EU27+2) [3]. With the
demographic growth of the elderly population (age 75 and above), the number of fragility
fractures is projected to increase. The expected rate of fragility fractures growth varies within
EU27+2 counties, starting from 8% for Latvia and going up to 58% for Ireland (Figure 1.1

A). Switzerland is expected to experience an estimated 38% increase in fragility fractures
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Chapter 1. Introduction

over the next decade.

Fragility fractures are a growing challenge in the public health landscape, causing signifi-
cant deterioration of the patient’s quality of life and at worst leading to death [3]. According
to the annual statistics about fragility fracture-related deaths for the EU27+2 countries, 107
deaths per 100,000 population were recorded in Switzerland in 2019, which is below the av-
erage for the investigated countries (Figure 1.1 C). Most commonly, fragility fractures occur
in the spine, hip and forearm. The fracture incidents are projected to increase in all of the
mentioned sites for the EU27+2 countries. Notably, hip fractures are expected to increase at
the highest rate when compared to other fracture sites, with a 30% increase over the next
decade (Figure 1.1 B).

Osteoporosis is the most common bone disease in humans, representing a major public
health problem. It is more common in Caucasians, older people, and women. It is estimated
that one in three women and at least one in six men will suffer an osteoporotic fracture
in their lifetime. Osteoporosis is also called the "silent disease" because it often remains
asymptomatic until fractures occur. Despite the significant medical and economic burden of
osteoporosis, most individuals at high risk are never identified nor given appropriate treat-

ment, leading to further fractures and poor health [4].

To date, clinicians frequently use bone mineral density (BMD) as an approximate mea-
sure of bone strength. Consequently, clinical methods to assess bone health status depend
fully or to a great extent on BMD measurements. However, BMD can only act as a sur-
rogate of bone strength, and methods to assess BMD are usually carried out only after the
occurrence of the bone fracture [5,6]. More and more evidence is published by the scientific
and medical community, demonstrating the urge for improvement of the clinical screening
methods [6-11]. Of great scientific interest and major public impact is the study of bone
parameters other than BMD, affecting the integrity of bone. This is the main focus of the

presented thesis.

1.2 Hypothesis and aims of the thesis

The working hypothesis of this thesis is that the inclusion of additional bone parameters
besides BMD, may improve fracture risk prediction. Such parameters include but are not
limited to: bone extracellular matrix (ECM) composition, fibrillar structural organization
and microscale mechanical properties.

The aims of this thesis were (i) to develop a multimodal framework of methods for bone

quality and quantity assessment and (ii) to define bone ECM parameters, which can be used
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to improve fracture risk prediction.

To achieve these milestones, the first experimental part of this thesis was carried out on
animal models. In contrast to human bone, animal bone often exhibits a simplified ultra-
structure and less variability within the same genotype, thus reducing the complexity of the
bone ECM measurements [12—14]. The established multimodal methodological framework

was subsequently applied to human bones.

1.3 Outline of the thesis

This thesis consists of five chapters including the current introduction.

Chapter 1 provides the motivation for the current work as well as the hypothesis and aim of
the thesis.

Chapter 2 contains a brief introduction to bone composition and its hierarchical organization
at different length scales, which plays a key role in governing bone mechanical properties.
Some details about bone toughening mechanisms and their alterations during aging and dis-
ease are mentioned. This chapter also describes current methods to estimate bone quality in
clinics together with the recent developments for the bone quality assessment in laboratory-
based methods.

Chapter 3 is based on the recent developments and application of methods to assess bone

quality in animal models. This chapter is divided into 2 subsections.
* In the first section, microscale structure-property relationships in mineralized tissues

were studied via a combination of two novel methods: quantitative polarized Raman
spectroscopy (qPRS) and micropillar compression. The qPRS method was developed
and validated on the mineralized turkey leg tendon, while the combination of qPRS
and micropillar compression analysis was applied to the bovine cortical bone from the
tibia.

* The second section describes the development of the multimodal analysis framework
for the compact bone quality assessment in the minipig jawbone. A combination of
Raman spectroscopy, microscale computed tomography, nanoindentation and high-
throughput micropillar compression was carried out on the minipig cortical bone sam-

ples from three genotypes.
Chapter 4 describes the application of the recently developed high-throughput laboratory

analysis methods of bone ECM properties in patients who underwent hip arthroplasty. Bone
ECM properties were correlated within and between the patients with the ultimate goal to
find the combination of bone parameters that influence hip fracture occurrence.

Chapter 5 provides an overall discussion and the outlook of the thesis.



Chapter 2

Theoretical Background

2.1 About bone

Bone is one of the oldest investigated matter and it has been of scientific interest for more
than five centuries, starting from Leonardo’s anatomical drawings of the human skeleton and
its parts (circa 1510, [15]). Nowadays, bone is of major importance not only to clinicians, bi-
ologists and hematologists but also to materials scientists as well as biomechanists. The bone
research is largely driven by the versatile roles bone plays in the body. Structurally, bones
allow for overall support of the body, enable movement and simultaneously protects the in-
ner organs. Additionally, bone acts as a storage site for minerals and allows hematopoiesis,

1.e. the development and storage of blood cells.

Bone is a complex natural material exhibiting an exceptional combination of strength and
toughness while being lightweight. These remarkable material properties are triggered by the
evolutionary adaptation of bone to provide mechanical support and organ protection in the
human body [16]. While bone is composed of ductile organic and brittle inorganic phases,
the hierarchical arrangement of the constituents from macro- down to the nanoscale gives
rise to the outstanding mechanical properties of bone. The schematic of bone’s hierarchical

structure is illustrated in figure 2.1.

At the macroscale, trabecular and cortical types of bones can be distinguished [17]. Tra-

becular bone is highly-porous bone tissue, also called spongy or cancellous bone, which can
be found at the metaphysis of long bones, in the vertebral bodies, skull and pelvic bones. It
consists of 5 —40% of bone tissue with the remaining space being filled with marrow and
fat. The cancellous bone transfers the load from joints to the compact bone of the cortex of

long bones and acts as an important load-bearing component [18,19].
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Cortical bone plays a prominent role in defining the overall tissue’s mechanical proper-
ties [20]. It forms the hard exterior (cortex) of bones, which is found on almost all bone
surfaces, accounting for approximately 80% of the total skeletal mass of the human body.
Cortical bone volume is permeated with cylindrical structures called osteons, typically 150-
250 um in diameter [21]. The thin outer layer of an osteon (1-5 um) is known as the cement
line. This thin layer is relatively highly mineralized (or collagen-deficient) or similarly min-
eralized in comparison to the surrounding bone matrix [22,23]. Interstitial tissue surrounds
osteons and is made of fragments of older osteons with higher mineralization [24] (figure
2.1).

Extrafibrillar

/ matrix

Plywood arrangement
Osteon of lamellar fibrils \Collagen

;Minera/

Mineralized Collagen
Human femoral Femoral neck slice Cortical bone Lamellae Fibrils (MCFs)
head

im lcm 1mm 1pm 1nm

Figure 2.1 — Structure of human cortical bone on a logarithmic scale.

At the microscale level, each osteon is made of concentric coaxial layers about 3-7 um

thick, called lamellae, which can be found in both cortical and trabecular bone [25]. In the
cortical bone, lamellae encompass the central canal within the osteon — the Haversian canal.
Blood vessels and nerves pass through this canal to supply the osteocyte cells with nutrients.
Osteocyte cells reside inside lacunae, distributed within the volume of bone matrix, they
connect through canaliculi, forming an extensive lacuno-canalicular network (LCN) [26].
Bone lamellae consist of a stack of sub-lamellae sheets, approximately 1 pm thick, made
of aligned collagen fibers (figure 2.1). In their turn, collagen fibers are made of mineralized
collagen fibril (MCF) bundles, interconnected through collagen cross-linking [27]. MCFs
are often referred to as the main mechanical building block of bone, reaching about 30-300

nm in diameter and up to hundreds of microns in length.

Currently, two mutually exclusive models have been proposed to describe the bone lamel-
lae organization. The first model follows the work of Gebhardt [28] and it states that bone
lamellae are made of densely packed and aligned MCFs layers. Based on the predomi-

nant MCFs orientation pattern within the lamellae, three types of morphology can be dis-
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tinguished: longitudinal or transverse, where the principal MCFs orientation is parallel or
orthogonal to the osteon main axis respectively, and alternating, where MCF orientation in-
terchanges between transverse and longitudinal to the osteon axis [29-31]. According to
the second model, the bone lamellae have an interwoven texture of the MCFs and the bone
lamellation appears due to the alteration of collagen-rich (dense) and collagen-poor (loose)
lamellae [32]. Despite the experimental evidence for both bone lamellation patterns, Geb-

hard’s model is the most largely accepted one [33].

At the nanoscale, MCFs are formed from staggered arrays of collagen molecules (figure

2.1). Collagen fibril reaches around 500 nm in diameter. Crystal plates of hydroxyapatite
(HA) assemble in the gap between the molecules, reaching tens of nanometers in length and
1-2 nm in thickness. This staggered arrangement creates an observable periodicity within
the MCF known as the D-band with the repetition step of 67 nm (figure 2.7 from section
2.3.2.1). Bone HA nanocrystal contains structural water and many substitutions such as car-
bonate, magnesium and fluoride, which reduce the crystallinity of the apatite [34, 35]. A
larger portion of the bone mineral is found between the MCFs and oriented parallel to the
collagen fibrils [36]. Collagen molecules are composed of two a1 and one 2 helix of colla-
gen type I (~200 nm in length and ~1.5 nm in diameter), stabilized by hydrogen bonds [37].
Within the MCEF, collagen molecules are stabilized by post-translational modifications form-
ing cross-links of the side chains near the end of the molecules [27,38]. The extrafibrillar
matrix is mainly composed of non-collagenous proteins (NCP) including osteopontin, osteo-

calcin, bone sialoproteins and proteoglycans [39—41].

Besides the organic and mineral phases of bone, water is another abundant component. It
can be found in two states: unbound and bound to the bone matrix [42,43]. Unbound water
is located within the bone micropores including Haversian canals and LCN. Bound water is
found attached to the collagen [44,45] and mineral [46] surfaces of bone as well as being a

part of their molecular and lattice structure.

Thereby, at the lowest scale, bone is made of calcium phosphate nanocrystals (HA, 50-60
wt.%) with impurities, proteins (mainly collagen type I and NCP, 30-40 wt.%), and water.
Each of bone’s constituents influences material strength and changes in different ways dur-

ing aging and/or disease.

2.2  Why bone fails

Bone fractures are very common and can affect individuals at any age. Some fractures occur

due to the excessive loading of bone (high impact fall) that exceeds the tissue threshold in
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Predisposing Factors:
Age

Hormonal imbalance
- Hypogonadism
- Menopause

Lifestyle
- Diet (low calcium intake, high salt intake)

- Vitamin D insufficiency
- Alcohol abuse

- Smoking

- Weight loss

Genetic disorders

- Genetic Osteodystrophies (Osteogenesis Imperfecta, Osteopetrosis,
Marfan syndrome, Achondroplasia, Paget's disease)

- Cystic fibrosis

- Glycogen Storage Disease

Medical conditions

- Central obesity

- Diabetes mellitus (types 1 and 2)
- Chronic kidney disease

- Muscular dystrophy

- Anorexia nervosa

Environmental factors
- Obstacles in the walking paths
- Slippery conditions

Other
- Parental history of hip fracture
- Post-transplant bone disease

} |

Fragility/Osteoporotic fracture

(low impact fall) High impact fall

I |
v

Bone Fracture

Figure 2.2 — Classification of bone fractures and their predisposing factors [47-49].
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terms of damage and stress. Other bone fractures may occur at much lower loading forces
(low impact fall) and are caused by the weakening of bone. Such bone fractures are known
as fragility or osteoporotic fractures. Numerous factors may contribute to the occurrence of
bone fracture, those factors are briefly summarized in figure 2.2. Primarily, whole-body ag-
ing, hormonal imbalance and genetic disorders are compromising bone performance. More-
over, different medications, changes in lifestyle, neurological and musculoskeletal factors,

endocrine and hematological disorders may also cause the weakening of bone tissue.

2.2.1 Origins of bone toughness

The loading of bone tissue until failure can be separated into three main stages (figure 2.3).
First comes a linear phase where material deforms reversibly until the yielding point, af-
ter which the second phase begins. In this phase, the material absorbs the energy by the
means of microcrack propagation, causing permanent damage to the bone tissue. In the last
phase, catastrophic failure occurs, accompanied by the moving of a crack or a fracture plane.
Accordingly, the first phase represents the elastic deformation region, while the second and
third are plastic deformation regions. The slope of the initial elastic region in the stress-strain
curve corresponds to the Young’s or elastic modulus, which is related to the stiffness of a ma-
terial. Meanwhile, the toughness of a material is characterized by its ability to dissipate or

absorb energy prior to failure.

o 3% — Yield Point
% ¥ — Ultimate Point
% X — Failure

© @ @

Elastic , Plastic deformation region

Strain ¢

Figure 2.3 — Typical stress-strain curve for bone compression loading until failure.

Bone exhibits exceptional toughness thanks to the number of energy-dissipation mecha-
nisms that work in synergy across several length scales, from the macroscopic to the molec-
ular level (figure 2.4). The hierarchical arrangement of bone has a direct influence on the

crack growth and failure process [50-54].
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Figure 2.4 — Toughening mechanisms in bone. Adapted with permission [55]. Copyright
2010, Annual Reviews.

At the macro- to microscale, the osteonal structures with their outer cement lines and in-

ner lamellae are naturally deflecting and twisting the crack path [56]. Moreover, crack bridg-
ing shields the crack from the full stress intensity by leaving the intact or uncracked material
”bridges” behind the extending crack tip, which thereby carry partially the load and prevent
the further propagation of the crack.

At the micro- to sub-microscale, sacrificial bonds, are expected to resist deformation through

stretching within the molecular layer that is found between different interfaces. This amor-
phous “glue” layer is made of non-collagenous proteins and it links the fibrils, fibers and
lamellae within the bone. Under stress, these weak but reformable bonds within the pro-
teinous "glue" would break and the folded-up molecules would elongate, enabling a large

increase in length with minimal increase in force [57,58].

Within the lamellae, the tissue plasticity is generated through sliding mechanisms be-
tween and within the mineralized collagen fibrils that are facilitated by sacrificial bonds.
More specifically, when the interface between the fibers and the extracellular matrix reaches
the yielding point, the fibers move past the matrix, forming and reforming the fiber/matrix
bonds that break at a fraction of the force required to break the backbone of the macro-
molecules [59]. As for the fibrillar sliding between the MCF, molecular modeling and ex-
perimental X-ray analysis suggest that continuous glide between tropocollagen molecules

and hydroxyapatite particles enables dissipative deformation, thus effectively increasing the
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resistance to fracture [60].

Down to the nanoscale level, individual collagen molecules deform by molecular uncoil-

ing and unfolding following intramolecular hydrogen bond breakage and reformation. These
sliding motions provide the basis for large plastic strains without catastrophic brittle failure.
The amount of collagen cross-links increases with age, which could lead to molecular frac-
ture of the collagen fibrils and breaking of cross-links, consequently increasing the brittle

material behavior [60].

The complex hierarchical structure of human cortical bone generates strength and tough-
ness, through plasticity-based mechanisms at small length scales and crack-shielding mech-

anisms at larger length scales.

2.2.2 Effect of aging and disease on bone fracture resistance
Alterations in the bone structure caused by aging or disease can be directly linked to higher
fracture risk. Below, some of the biological degradation processes, specifically aging, osteo-

porosis, osteogenesis imperfecta and Paget’s disease are discussed based on works of Nyman
et al. [51,61] and Zimmermann et al. [53, 56].

With aging and/or osteoporosis, bone demonstrates a clear deterioration in its mechani-

cal properties and structural integrity. An example of an optical microscope image of bone
cortex extracted from an elderly patient (89 y.o.) is shown in figure 2.5. In addition to a loss
in bone mass, the increase in fracture risk with aging can be related to a deterioration in the
bone structure over multiple length-scales. The combined effects of a higher proportion of
cross-links at the fibril level and a higher osteon density at the microstructural level reduce
the mechanical integrity of aged bone. In theory, the cross-links constrain fibrillar plasticity

and the higher osteon density reduces extrinsic toughness during crack extension [54, 62].

Suppressed remodeling due to aging increases the homogeneity in tissue mineralization
and decreases the local variability of collagen fiber orientation [63]. In its turn, the structural
integrity of the collagen network correlates significantly with the toughness of bone, likely
due to a relative increase of denatured collagen [64,65]. Furthermore, the remodeling reduc-
tion after the age of 50 facilitates the micro-cracks accumulation in cortical bone, which is

leading to a steep decrease in meso- to microscale fracture resistance of bone tissue [66].

Osteoporosis is the most common metabolic bone disease. To date, osteoporosis can
be classified into two main groups: primary and secondary. The latter includes different

diseases, lifestyles and medications that can cause osteoporosis. Primary osteoporosis is di-
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2 mm

Figure 2.5 — Femoral neck cortex from 89 y.o. female patient. Note the trabecularization at
the endocortical region (bottom) as well as the overall porosity of the cortex.

vided into two subgroups: type I, which is also called postmenopausal osteoporosis and is
caused by the deficiency of estrogen, and type II, which is also called senile osteoporosis and
is related to bone mass loss due to aging. Although osteoporosis can be detected at any age

or ethnicity, is it predominantly common in Caucasians, older people, and women [67,68].

While the term osteoporosis was introduced at the beginning of the XIX century, a defi-
nition of this disease was introduced by the World Health Organization (WHO) only in the
early 1990s, following the consensus development conference statement [69]. Accordingly,
osteoporosis was defined as "a disease characterized by low bone mass and microarchitec-
tural deterioration of bone tissue, leading to enhanced bone fragility and a consequent in-
crease in fracture risk". However, there is scientific evidence that osteoporosis may not only
affect bone quantity and microarchitecture but also causes considerable changes in the ultra-

structure and matrix itself, which can lead to a loss of bone quality [63,70-72].

The loss in bone quantity due to osteoporosis and aging has been extensively studied and
results from a remodeling imbalance where more bone is resorbed than deposited [63,73-75].
Since bone remodeling occurs on osseous surfaces, the bone loss in early osteoporosis is

mainly trabecular and becomes intracortical with increasing age [73].
Recent studies demonstrate that the organic bone matrix is as well affected by the dis-
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ease [63,76,77]. In particular, the amount of non-collagenous proteins like osteopontin and
osteocalcin was shown to decrease in osteoporotic patients [78]. Such a decrease may lead
to the lower fracture toughness, which was nicely demonstrated in mice models [79]. Nev-
ertheless, the specific changes in bone quality that differentiate osteoporosis from aging or

other factors are not well-known and require further investigation.

Osteogenesis imperfecta (OI), also known as brittle bone disease, is a result of mutations

in the type I collagen, which affect the quantity of bone and its structure [80]. A previous
study on the OI mouse models (0oim) demonstrates that oim bone has a significantly lower
microscale toughness due to collagen defects affecting the formation of a normal fibrillar
structure [81]. Additionally, the mesoscale toughness in oim bone is reduced due to a larger
amount of woven bone, which lacks an oriented structure to deflect cracks and/or form crack
bridges. It is moreover implied that the increased OI bone matrix mineralization will result
in a lower plastic deformation capacity [82,83]. However, recent studies demonstrate that the
compressive strength of human iliac crest bone ECM is not reduced in OI [84], suggesting
that further studies on the human bone matrix are required to analyze the disruptions in the

toughening caused by this brittle bone disease.

In Paget’s disease, pathological sites have an abnormally high bone turnover and an over-

all increase in bone volume [85, 86]. The changes to the bone structure result in symptoms
of bone enlargement, bowing/deformity, cracking and pain. Paget’s tissue has lower min-
eralization and a correspondingly lower hardness, which both indicate that the tissue has
the capacity for higher levels of plasticity [87]. Tissues with low mineralization levels have
previously been found to display significant plastic deformation [16]. Thus, while healthy
bone has the macro- to mesoscale crack deflection toughening mechanisms, the Pagetic bone
tissue may generate toughness primarily through micro- to nanoscale plasticity mechanisms

that promote ductility.

2.3 Methods to assess bone quantity and quality

It becomes increasingly clear, that not only bone quantity but also bone quality plays an
important role in osteoporosis progression and detection. Consequently, novel approaches
to bone screening are expected to arise in the upcoming decades. In the meanwhile, this
section summarises currently employed techniques in clinics and emerging methods used in

scientific laboratories for bone quantity and quality assessment.
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2.3.1 Clinical methods
According to the WHO guidelines from the year 1994, the survey of risk factors, as well

as the bone mineral density measurements, were recommended for skeletal health screen-
ing [75]. Moreover, a quantification of the fracture risk was suggested by employing the
T-score metrics. Following this method, the mean BMD values of the chosen patient are
compared to that of a young adult of the same gender at a peak bone mineral density. T-score
is defined as the number of standard deviations between the two. A normal T score is -1.0
and above, low bone density (osteopenia) is between -1.0 and -2.5, and osteoporosis is at

-2.5 and lower.

Nowadays there are several methods to assess skeletal health status in a clinical setting,
and the most common ones are summarized in the Table 2.1 [88, 89] and described in more

detail below.

Table 2.1 — Summary of clinical methods to assess skeletal health status.

Methods Bone parameters Advantages Disadvantages Ref.
Easy to perform, low 2D,
Areal Bone mineral density
DXA radiation exposure Scans are affected by many artifacts, | [6,70,90]
(aBMD), geometry
(1-6 uSv) Low contrast
Volumetric Bone mineral 3D results,
High radiation dose:
QCT, HR-QCT | density (BMD), geometry, | low radiation dose: [91]
up to 1.2 mSv during hip QCT
microarchitecture S5uSv (HR-QCT)
) Easy to use, . .
FRAX Bone fracture risk Does not consider certain risk factors | [92,93]
open-source
Bone mechanical properties, | Personalized bone Same as QCT, not standardized,
QCT-based FEA [94,95]
fracture risk strength predictions high-resolution scans
BMD, geometry, micro- Non-invasive, portable, | Lack of standardization, scans are
QUS [96]
architecture, elasticity low-cost devices affected by many artifacts
Indirect bone characterization,
Bone geometry, . .
MRI Non-invasive artifacts due to metal, complex data | [97]
microarchitecture
acquisition and analysis

Dual energy X-ray absorptiometry (DXA or DEXA) was introduced in 1987 [98] and was

largely accepted in the clinical practice after demonstrating the evidence for BMD improve-
ment during bone medications trials [99]. Today, almost 36 years later, it remains a gold
standard for BMD measurements in medical facilities all over the world. The principles of
this technique are following the single energy absorptiometry [100]. With the addition of
the second X-ray beam with different energy levels, the absorption of the patient’s bone as

well as the soft tissue are measured [101]. After subtracting one from another, the bone areal
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BMD (aBMD) can be determined.

Measurements with DXA are fast, easy to perform and expose patients to low radiation
dose (1-6 uSv) [102]. Although DXA is superior to any other available methodology, it still
has some drawbacks. In particular, due to the 2D measurement geometry, any high-density
material in the path of the X-ray beam is assumed to be bone, which compromises the aBMD
measurements. Moreover, any inherent variations in bone size will result in altered aBMD
values because this measure is size-dependent [103]. Areal BMD results are also affected
by body composition, thus measurements of obese or underweight patients are inaccurate.
Lastly, there are still some discrepancies between the different machine manufacturers and

the operation modes of measurements hardware [7].

Quantitative computed tomography (QCT) was introduced in the mid-1970s but was sup-

pressed by the rapidly spreading DXA technology. Like DXA, QCT utilizes X-rays and
provides an image based on the linear absorption coefficients. Following the calibration
on the hydroxyapatite phantom, attenuation values are converted into bone mineral equiva-
lents [104]. Unlike DXA, QCT collects 2D images from multiple angular projections, which
are then reconstructed into the 3D model. Thus, QCT has obvious advantages over the DXA
technique [91, 105]. First and foremost, QCT is capable to measure the spatially resolved
bone properties, allowing separate measurements of cortical and trabecular bone geometrical
parameters as well as the BMD. Moreover, it is capable to measure the volumetric density,
which is not size-dependent. The major disadvantages of this technique are a relatively
high radiation exposure (up to 2-3 mSv) and a need for a well-set IT infrastructure for the

data pipelines [102]. Peripheral QCT reduces the radiation doses (down to 3 uSv) [106] by

collecting single 2D scans on dedicated peripheral CT scanners [104, 106]. However, care
should be taken for precise patient positioning and motion artifacts as it impacts the output
BMD values [107].

Besides BMD, several clinical factors are associated with fracture risk. They primarily in-
clude the patient’s age, gender, body mass index and previous fractures [108]. In order to in-

clude the influence of these factors, WHO released the Fracture Risk Assessment Tool (FRAX)

in 2008 [109]. FRAX allows clinicians to estimate the ten-year probability of a major osteo-
porotic fracture based on the medical questionnaire about the fracture predisposing factors
with or without the use of BMD [110]. FRAX embodies a significant advance in osteoporotic
fracture risk prediction, therefore facilitating the treatment decisions by clinicians. Yet not
all of the possible causes for osteoporosis are included in the questionnaire and care should
be taken to tailor the results for personalized diagnosis. To cite Prof. John Kanis, who par-

ticipated in the tool development and validation: "The tool is, however, far from perfect, but
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better than BMD alone" [110].

Finite element analysis (FEA) was employed in estimating stresses in human bones in

the early 1970s. But it was not widely used until the QCT started to gain momentum in the
1990s, where the generation of the anatomy-specific FE models of bones took place [111].
Further development of the software tools and computer hardware, endorsed the patient-
specific FE modeling [112]. Currently, new approaches using 3D FE bone models derived
from clinical QCT (QCT-based FEA) have the potential to provide enhanced bone strength
predictions [113]. As a limiting points of this method for precise bone strength calculation,
high-resolution images are required. Moreover, input material parameters are often general-

ized and not patient-specific.

Quantitative ultrasonography (QUS) was introduced in 1984 and it is still gaining popu-

larity among scientists as well as medical practitioners [96, 114]. As can be deduced from
the name of this technique, it uses ultrasound signals to estimate bone mineral status at the
peripheral skeleton. The velocity and the amplitude of the ultrasounds waves are influenced
by the bone tissue, reflecting its density, architecture, and elasticity. QUS is an inexpensive,
transportable, and non-invasive method, which was shown to predict osteoporotic fractures
in elderly women, as well as the DXA measurements [115,116]. However, the results of this
method are largely affected by the temperature and acoustic coupling (gel, water). Regarding
the future standardization of QUS, large databases are needed for a correct interpretation of

the results in clinical settings [117].

Magnetic Resonance Imaging (MRI) was first applied to the bone in the early 1990s

[118]. MRI images are produced by radiofrequency signals that are generated from protons
of hydrogen atoms. Accordingly, this technique is well suited for soft tissues with excessive
water content. Since bone has less than 10% of water, most of the information is extracted
from the contrast difference between the bone and neighboring soft tissue like cartilage and
marrow fat [97]. Additionally, diffusion and perfusion MRI methods demonstrated differ-
ences in the corresponding MRI-extracted parameters (diffusion and perfusion indexes) for
the osteoporotic and healthy patients [119, 120]. Yet, MRI methods can only provide an in-

direct estimation of the bone volume through the soft tissue signal within bone cavities.

Thus, although QUS and MRI have the valuable advantage of non-invasiveness and the
absence of any ionizing radiation dose, they still need a better standardization to compete
with the well-established DXA or QCT methods in a clinical setting. Data from high res-
olution peripheral quantitative computed tomography (HR-pQCT) gives a true volumetric

bone mineral density as well as the information about bone microarchitecture, structure, and
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mechanical strength. However, QCT methods are used to a lesser degree than DXA as the
patients are exposed to a radiation dose from 5 uSv (HR-QCT) up to 1.2 mSv during hip
QCT, while the annual dose limit for the general public is 1 mSv [102]. Although DXA has
minimal radiation exposure (4 uSv) and correlates well with the fracture risk, the resulting
data is affected by many artifacts, therefore such measurements are lacking in accuracy. In
addition to existing clinical BMD measurements, fracture risk calculators, such as the FRAX
tool, are used to predict an absolute fracture risk per person by combining the bone mineral
density and the patient’s medical information. Still, such calculators take over the drawbacks
of BMD measurements. Another advanced analytical method is the FE modeling based on
HR-QCT, which is useful for assessing bone strength and fracture risk. Yet, it requires tai-

lored input for patient-specific results.

2.3.2 Laboratory-based methods

Bone quality is determined by a variety of compositional, morphological and mechanical
properties of the bone matrix. Such properties are mainly investigated in laboratory settings.
A summary of currently used laboratory-based methods for bone quality analysis is presented
in the table 2.2. There, the methods that were used in the current thesis are highlighted in
bold. The visual comparison of the length scales of described techniques is depicted in figure
2.6. General information about mentioned methods and some more details about the meth-

ods relevant to the current thesis are given below.

2.3.2.1 Structural characterization

Through the recent advances in biomedical imaging, various techniques have been used to
assess bone’s ultrastructure organization [121-124]. QCT modalities that are commonly

used in laboratory settings for tissue imaging are micro- and nano-CT [125]. Micro-CT, also

known as X-ray computerized microtomography, provides ex vivo characterization of tra-
becular and cortical bone microarchitecture at about 1-6 pum voxel size [126]. Generally,
in micro- or nano-CT devices, the specimen stage is rotated for the projection collection,
contrary to the clinical QCT, where X-ray source and detector are moving around the pa-
tient. Moreover, micro- or nano-CT devices can be used with the synchrotron source to
maximize the resolution of microarchitectural features and local spatial gradients in tissue

mineral content [127]. Such synchrotron CT (SR-CT) technique allows spatial investigations

on the bone lacunae and the LCN [127]. Moreover, the new generation of nano-CT devices

also uses a phase contrast detection approach (phase-contrast CT or X-ray phase nanoto-

mography), rather than classical absorption imaging. In combination with the high brilliance

of synchrotron radiation, this modality reaches sufficient resolution to access bone lamellae
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ultrastructure down to the MCF bundles (i.e. up to tens of nanometers) [128—130]. This
phase detection approach promotes a significant increase in spatial resolution even with the
laboratory X-ray source [131]. Besides structural characterization, QCT-based methods also

provide spatially-resolved information on the absolute bone mineral content.
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Figure 2.6 — Techniques for structural (red bars), compositional (blue bars), and mechanical
(green bars) characterization of bone tissue. Note that some techniques for structural charac-
terization are capable of assessing mineral content (marked with *) or elastic bone properties
(marked with ™), whereas some compositional methods can give information on the structural
organization (marked with #). The schematic of bone structural units at corresponding length
scales was created via BioRender.com.

Another family of methods based on X-ray beam interaction with material includes X-ray
scattering modalities. These methods provide structural information about the bone tissue in
the nano- to Angstrom-scale range, based on the scattering of the X-rays from the bone MCF
(figure 2.7). Depending on the registered scattering angle range, Wide Angle X-ray Scattering
(WAXS) and Small Angle X-ray Scattering (SAXS) are distinguished. WAXS provides in-

formation on crystal properties like crystal lattice parameters and crystal size, while SAXS
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can be used to determine structural parameters arising from the regular pattern within the
MCEF [133]. Typically, the spatial resolution of these modalities is in the range of hun-
dreds of micrometers. However, the resolution can be improved up to 200 nm when the
high radiance of the synchrotron is used (SR-SAXS/WAXS, [134]). Recently a quantita-
tive 3D scanning SAXS (sSAXS) method, also known as SAXS tensor tomography, was

developed to spatially resolve the 3D arrangement and degree of orientation within the bone
MCEF [135,136].
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staggered collagen

molecules
n" Bragg-
/L@fie&m
1 3 order
2zn diffuse
D _scattering
WAXS (002)
(b) (c)

Figure 2.7 — (a) Arrangement of MCF with marked D-spacing, (b) schematic diffuse scattering
and Bragg diffraction pattern in SAXS signal, (¢) combined SAXS/WAXS signal [133].

Electron microscopy (EM) techniques are based on the interaction of the electron beam
with the bone tissue, leading to a priori higher spatial resolution than the X-ray-based tech-

niques. Scanning electron microscopy (SEM) is the most widely used EM modality. The sig-

nal gathered from the secondary electrons is used for SEM imaging (figure 2.8), enhancing
sample surface and topography. To assess sample mineralization, the backscattered electrons

are collected, and the corresponding imaging method is called quantitative Backscattered

Electron Imaging (qBEI). In principle, the fraction of the backscattered electrons depends

on the atomic number of the analyzed elements in the sample, therefore the greyscale level
of the image can be correlated with the heaviest element (i.e Z-contrast can be reached). In
the case of bone with its ’light’ organic matrix, calcium will dominantly influence the gBEI

analysis. On the other hand, energy-dispersive X-ray analysis (EDX) can be carried out on

the emitted X-ray spectrum when a bone sample is bombarded with a high-energy beam. In
bone, the most frequent application of EDX is the measurement of extracellular matrix for
defining Ca and P content (and the Ca/P ratio) [137].
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Focused Ion Beam (FIB) can be used in combination with SEM imaging, allowing high-

resolution image acquisition of consequently milled sections of the sample. This technique

is called FIB-SEM tomography [138], and it provides 3D information about the bone ultra-

structure at a nanometer resolution. Besides being a tool for 3D SEM imaging, FIB milling
is commonly used for microscale specimen manufacturing like micropillars for compression

tests or thin bone sections for electron imaging in transmission mode [139].

Thin bone sections (~ 200nm) can be analyzed via transmission electron microscopy (TEM),

giving access to Angstrom-size features like morphology and organization of crystals within

the mineralized collagenous matrix of bone [138]. Furthermore, electron tomography (ET) is

a promising tool for the 3D bone ultrastructure characterization at the Angstrom level [138,
140]. At its core, it follows the basic tomography principles, where several projections are

collected and the resulting 3D reconstruction is calculated from their superposition [141].

primary
electron
Secondary beam  Auger

Electrons Electrons
Characteristic
X-rays

Backscattered
Electrons

Cathodo-

g luminescence
Continuum

X-rays

Fluorescent
X-rays

Diffracted
Electrons

Scattered
Electrons

Transmitted
Electrons

Figure 2.8 — Electron—matter interaction volume with emitted signals. Picture taken from:
commons.wikimedia.org

Although both electron and X-ray-based methods can achieve remarkable spatial resolu-
tion, they both expose the material to ionizing radiation [142]. In this regard, light-based

microscopy techniques are less invasive. One of them is polarized light microscopy (PLM)

methods, which are using the different incoming light polarizations to visualize bone struc-
tural arrangement [143,144]. The spatial resolution of this technique is limited by the diffrac-
tion limit of visible light, being approximately 250 nm. However, PLM imaging can only be
done from the bone surface. This limitation can be partially overcome if the monochromatic

light source is used in combination with a pinhole. The resultant confocal laser scanning micro-
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scopy (CLSM) technique can achieve up to 150 nm resolution with the possibility to select

the analysis plane up to a few hundred micrometers deep [145]. Second harmonic generation

microscopy (SHG) utilizes a confocal laser system for bone structural imaging. This method

is based on nonlinear optical effects in non-centrosymmetric structures [146] and is therefore
optimal for collagen type I imaging in bone tissue. Moreover, the in-plane orientation of the
fibrils can be visualized with the help of a polarizer—analyzer couple [147]. This method
has a higher spatial resolution than CLSM (about 100 nm), but its penetration depth is lower
(about 30nm).

Besides structural characterization, some of the imaging methods are capable to analyze

the mechanical properties of bone tissue. One of them is the scanning acoustic microscopy

(SAM) method. SAM uses an ultrasound beam to image the polished surface of bone based
on the variation in sound velocity induced by the bone matrix [148]. Consequently, this
method is also used for indirect assessment of bone elastic properties [149]. Another imaging

method, where the probe mechanically interacts with the sample, is atomic force microscopy

(AFM). This method provides a topographic map of a sample surface through force interac-
tions between the probe and the surface features at a high spatial resolution (~0.1 nm) [150].
Moreover, this imaging technique can be successfully combined with the indentation mea-
surements through the same probe tip [151], revealing elastic properties of a single collagen
fibril [152,153].
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Table 2.2 — Summary of laboratory-based methods for the structural, compositional and mechanical characterization of bone tissue at micro- to nanoscale.

Spatial resolution Structural Compositional Mechanical Sample preparation Detailed description

characterization characterization characterization requirements
Micro-CT/Nano-CT 1—6um 3D BMD S<arlr15[il::1 diameter [125-127]
SR-CT/ Phase-contrast | 10— 100nm Volumetric bone Free-standing sample
CT properties at meso- (100pum-1mmy),

down to substrate/ sample

sub-microscale holders with certain

density
WAXS/SAXS 100um 2D Free-standing sample
(100pm — 1mm) [133,135,136]

SR-WAXS/SAXS 200nm 2D substrate/ sample hold-
sSAXS 200nm 3D ers with certain density
SEM 1—10nm 2D (surface) Sample surface prepa-
qBEL EDX 1—10nm 2D (surface) Ca, P content ration, Aheavy metal im- 139
FIB-SEM tomography | 1 - 10nm 3D S;i?::ﬁgz w(i)trh ci)l:(g?lff 1391
TEM 1A —1nm 2D (section) tive material
ET 1A — 1nm 3D
PLM 1 um 2D (surface) Sample surface (143, 145]
CLSM 150nm 2D+(surface / section) preparation
SHG 30nm 2D [146, 154, 155]
AFM 1A 2D Elastic modulus Sample surface [150]
SAM 10 um 2D Sample elasticity preparation [24,156]
FTIR 2um 2D Relative organic and Sample surface [157]
RS/ PRS 0.5—1um 2D mineral content varia- preparation [158,159]
qPRS 0.5—1um 3D (MCF) tions [160,161]
LC, MS Molecular level Organic composition Destructive sample [162]
NMR Atomic level Bone porosity H,C,P Ca preparations [163-165]

(indirect)
Nanoindentation 1—10um Stiffness, hardness Sample surface [166]
Micropillar 1—50um Yield, post-yield and preparation [167]
compression elastic properties

Methods used in the current thesis are written in bold.
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2.3.2.2 Compositional characterization
Current techniques to characterize bone chemical composition include vibrational spec-

troscopy modalities, nuclear magnetic resonance (NMR) spectroscopy, liquid chromatography

(LC) variations, mass spectroscopy (MS) and thermal gravimetric analyses. However, only
vibrational spectroscopy methods are spatially resolved and therefore capable of captur-

ing local variation in bone tissue properties [157]. Fourier transform infrared spectroscopy

(FTIR) and Raman spectroscopy (RS) are the two types of vibrational spectroscopy that are

commonly used to characterize the composition of bone tissue through changes in molecu-
lar vibrational energies upon excitation. The two methods are complementary, and although
FTIR has a higher signal-to-noise ratio, RS provides a finer spatial resolution and is suitable
for measurements on bulk bone samples in hydrated conditions. These advantages of the RS,

are supporting its growing application in bone research.

Raman spectroscopy is based on collecting inelastic scattering photons from the speci-
men upon its excitation (figure 2.9). When a sample is irradiated with a monochromatic light
source (typically a laser), two types of scattering may occur: elastic (Rayleigh) scattering,
where the emitted photon energy is equal to the incident one, and inelastic (Raman) scat-
tering, where the emitted photon has a different energy. This change in the emitted photon
energies is due to the induced molecular vibrations [168]. These energy or frequency shifts
(Raman shifts) give information about the vibrational modes in the system and are further
assigned to certain chemical bonds [158, 159]. The typical Raman spectrum of bone with

characteristic bands of mineral and organic components is shown in figure 2.9.

Besides providing the compositional information, RS may be used for the local orienta-
tion analysis of bone MCEF. For this, the polarized excitation should be used with an optional
analyzer. This RS modality is called Polarized Raman Spectroscopy (PRS) and is based
on the anisotropic spectral response of mineralized collagen fibrils [160, 171-174] upon
linearly-polarized excitation of varying orientation. Furthermore, by performing a careful
calibration of this technique, a quantitative analysis of the MCF in- and out-of-plane orien-
tation is possible (quantitative PRS, gPRS, [161]). More detail about this approach is given

in Section 3.1.

2.3.2.3 Mechanical characterization

The field of micromechanical testing of bone is rapidly progressing: starting from the pi-
oneering works on bone nanoindentation [175, 176] and going towards the state-of-the-art
microscale tensile [177,178], compression [167, 179-181] and bending [182] experiments

on the lamellar or even the mineralized collagen fibril level [183, 184].
Nanoindentation is the most common experimental technique used to characterize the
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Figure 2.9 — Raman imagining principles.

mechanical properties of bone at the sub-micron length scale [176]. During indentation
measurements, a hard and sharp tip (typically made of diamond) with a well-defined shape
is driven into a flat surface of the sample while tip displacement and reaction forces are be-
ing measured. The typical load-displacement curve for the indentation experiment is shown
in figure 2.10. Three main stages of the experiment can be distinguished: (i) elasto-plastic
loading, (ii) creep at a constant force and (iii) elastic unloading. The hardness and elastic
modulus of the material can be extracted following the method established by Oliver and

Pharr [185, 186].

Nanoindentation allows the determination of local variations in elastic properties and
hardness at the lamellar scale [187]. But it is less suitable for the assessment of yield proper-
ties and the analysis of dissipative mechanisms due to the complex stress state that develops
below the tip [188]. A better understanding of bone post-yield behavior at the micrometer
length scale can be achieved through uniaxial loading techniques such as micropillar com-

pression.

Micropillar compression is a novel experimental method, introduced by Uchic et al. in
the early 2000s [189]. The first micropillar compression of animal bone was done in the

mid-2010s [167, 179]. More recently, this method was also applied to human bone biop-
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Figure 2.10 — (Left) typical load-displacement curve of an indentation experiment with marked
stages: I- elasto-plastic loading, II - creep at a constant force, III - elastic unloading. (Right)
equations for the unloading stiffness (S), reduced modulus (E,) and hardness (H); where A, is
the contact area, 3 is a tip shape factor, E;ip and vy, are elastic modulus and Poisson’s ratio of
the tip, E;,s and Vv;,4 are the elastic modulus and Poisson’s ratio of the tested material.

sies [84, 181]. The methodology is somewhat similar to the indentation approach, yet the
specimens of a defined geometry are compressed instead of a flat sample surface. Com-
monly in this method, cylindrical or rectangular pillars with dimensions in the micrometer
range are tested using an indenter setup equipped with a flat punch tip. This ensures a rel-
atively uniaxial and uniform stress-strain field in the tested volume. A typical stress-strain
curve from the micropillar compression experiment is shown in figure 2.11. By introducing
a partial unloading segment in the elastic loading region, elastic modulus can be calculated
in addition to the yield and ultimate stress values (figure 2.11). The yield point is usually
defined as the stress needed for plastic deformation of a certain percentage, e.g. 0.2% (figure
2.11). During data analysis, care should be taken to account for the indenter frame compli-

ance and the pillar sink-in effects due to the substrate deformation [190, 191]).

Although the data analysis is more straightforward for the micropillar compression tests,
specimen fabrication is more challenging and requires time-consuming preparation. The
bone micropillar fabrication is routinely done via FIB milling [167]. This high-precision
method allows fabrication of the micropillar at the lamellar length scale, but it is time
consuming and thus constrains the micropillar compression experiments to a small num-
ber of samples. Recent developments in the ultrashort pulsed laser ablation for bone mi-
cropillar fabrication allowed to drastically decrease the time costs for pillar micromachin-
ing [192, 193], which is then allowing high-throughput compression experiments, while ap-
proaching the measurement rate of the nanoindentation method. More details about the laser

ablation protocol and output bone micropillar arrays can be found in Section 3.2. The visual
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Figure 2.11 — (Left) typical stress-strain curve of a micropillar compression experiment with
marked yield (67/?) and ultimate stress (6) points, with a partial unloading segment in the
elastic region. (Right) equations for the stress (o), strain (€), deformation length (Al) and
effective contact radius (a.); where A, Iy and r are the cross-section, initial height and radius
of the pillar, F is the loading force, v is the Poisson’s ratio of the sample material, r, is the
radius of curvature at the base of the pillar and 7] is a constant term (1] = 1 using Sneddon’s
method [190] and 11 = 1.42 using Zhang’s method [191]).

comparison between the FIB-milled micropillar and the one ablated with the femtosecond

(fs) laser is shown in figure 2.12.

FIB Fs-laser

Better shape

Less preparation time

~60s per pillar

~2h per pillar

Figure 2.12 — Visual comparison between the FIB-milled and femtosecond (fs) laser ablated
micropillar. Note the difference in the length scale.
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Chapter 3

Development of methods to assess bone quality in

animal models

In this chapter, novel methods for bone characterization were developed and validated on the
animal bone models. This chapter consist of 2 subsections based on 2 manuscripts which are

summarized below:

3.1 Tatiana Kochetkova, Cinzia Peruzzi, Oliver Braun, Jan Overbeck, Anjani K. Maurya, An-
tonia Neels, Michel Calame, Johann Michler, Philippe Zysset, Jakob Schwiedrzik; "Combin-
ing polarized Raman spectroscopy and micropillar compression to study microscale structure-

property relationships in mineralized tissues" Acta Biomaterialia, 119, 390-404, 2021.

3.2 Tatiana Kochetkova, Alexander Groetsch, Michael Indermaur, Cinzia Peruzzi, Stefan
Remund, Beat Neuenschwander, Benjamin Bellon, Johann Michler, Philippe Zysset, Jakob
Schwiedrzik, (Journal of the Mechanical Behavior of Biomedical Materials 134, 2022); "As-
sessing minipig compact jawbone quality at the microscale” JMBBM 134, 2022.
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Abstract

Bone is a natural composite possessing outstanding mechanical properties combined with
a lightweight design. The key feature contributing to this unusual combination of proper-
ties 1s the bone hierarchical organization ranging from the nano- to the macro-scale. Bone
anisotropic mechanical properties from two orthogonal planes (along and perpendicular to
the main bone axis) have already been widely studied. In this work, we demonstrate the de-
pendence of the microscale compressive mechanical properties on the angle between loading
direction and the mineralized collagen fibril orientation in the range between 0° and 82°. For
this, we calibrated polarized Raman spectroscopy for quantitative collagen fibril orientation
determination and validated the method using widely used techniques (small angle X-ray
scattering, micro-computed tomography). We then performed compression tests on bovine
cortical bone micropillars with known mineralized collagen fibril angles. A strong depen-
dence of the compressive micromechanical properties of bone on the fibril orientation was
found with a high degree of anisotropy for both the elastic modulus (E,/E; = 3.80) and the
yield stress (0 /0; = 2.54). Moreover, the post-yield behavior was found to depend on
the MCF orientation with a transition between softening to hardening behavior at approxi-
mately 50°. The combination of methods described in this work allows to reliably determine
structure-property relationships of bone at the microscale, which may be used as a measure

of bone quality.

Keywords: Bone, collagen fibril orientation, quantitative polarized Raman spectroscopy,

micropillar compression, failure mechanisms
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3.1.1 Introduction

Bone possesses outstanding mechanical properties as a result of its well-organized hierarchi-
cal structure and composition. However, metabolic bone diseases, like osteoporosis, dras-
tically affect the bone structure and mechanical properties, leading to an increase in bone
fragility. As the life expectancy of the population increases, so will the incidence of os-
teoporosis and fragility fractures [4, 194]. Beyond quantity, bone fracture is predetermined
by the bone quality, i.e. the combination of various parameters contributing to fracture re-
sistance. At the moment, research groups all over the world are investigating various bone
quality parameters that may lead to better bone fracture prediction [195, 196]. Recently,
attempts were made to correlate both bone composition and mechanical properties at dif-
ferent length scales with patient age, gender and bone metabolism state [197]. As there are
numerous interdependent factors contributing to the bone quality, a promising approach for
quantifying bone quality lies in the identification of tissue-scale structure-property relation-

ships.

Hierarchical structure of bone. Bone is a composite biomaterial, made of mineral crys-
tals (hydroxyapatite, 50-60 wt.%), proteins (mainly collagen type I, 30-40 wt.%) and water
(bound and unbound, 10-20 wt.%) [16, 25, 198]. Each of these components contribute to
the overall bone mechanical properties. Aligned mineralized collagen fibrils (MCF, ~ 30-
300 nm in diameter) with intra- and extra-fibrillar hydroxyapatite crystals form sub-lamellar
sheets (~1 um thickness), a stack of which is called a lamella (~3-7 um thickness). Fur-
ther up the scale, lamellae form trabecular packets in cancellous bone, whereas in cortical
bone concentric cylindrical layers of lamellae arranged around a central blood vessel form
osteons (~200 pm in diameter). Lamellae may be considered as the main building blocks

of bone and their mechanical properties are critical in defining overall bone mechanics [182].

Quantitative analysis of bone fibril orientation. Thanks to the recent progress in
biomedical imaging, various modalities have been used for visualizing the spatial arrange-
ment of MCF [124]. Some of the most frequently used techniques are polarized light mi-
croscopy [199], second harmonic generation microscopy [200, 201], transmission electron
microscopy [202] and small angle X-ray scattering (SAXS) [183,201]. However, those
methods require complex sample preparation and do not provide additional information on
the local chemical composition. Polarized Raman spectroscopy (PRS) is a powerful non-
destructive imaging technique that has been long applied in compositional analysis in bone
research. Raman spectroscopy allows to detect the frequency shifts of inelastically scat-
tered light coming from the specimen exposed to a monochromatic light source, usually a

laser. The resulting Raman bands are assigned to vibrations of characteristic chemical bonds,
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where for bone the bands of interest can be found in the range from 400 — 1800cm~!. Un-
til now, polarized Raman spectroscopy has provided mostly qualitative information about
spatial orientation of collagen fibrils in cortical bone [160, 172,203,204]. In this work, we
demonstrate that quantitative information can also be obtained in 3D, which we indepen-

dently verify by SAXS, and then correlate with mechanical properties.

Mechanical properties of bone are strongly affected by the bone composition and struc-
tural anisotropy [205]. As an example, changes in the collagen network may lead to signif-
icant variations in the bone bending strength, elastic modulus, and work to fracture [206—
208]. Recent studies show how bone elastic and post-yield mechanical properties are fur-
thermore affected by variations in water content [43,61]. Bone mineral density (BMD) has
been long employed in clinics for the indirect assessment of the mechanical behavior of bone
and individual patient fracture risk estimations [72,209], however, it does not take into ac-
count the spatial distribution of bone material, structural anisotropy, or tissue properties. The
hierarchical structure of bone leads to anisotropy of its mechanical properties. Bone fracture
is a multiscale process and needs to be studied at all relevant scales. The dependence of
macroscale mechanical properties of cortical bone on the loading direction has been inves-
tigated for half a century and is mainly related to the osteonal orientation [210]. Later, the
anisotropic mechanical properties of single osteons were identified [211,212], demonstrat-
ing the importance of lamellar organization in governing the osteonal mechanical response.
Over the past four decades, the directional dependence of mechanical properties has been
studied more extensively at the length scale of a bone lamella [167,179,213,214], which is
significantly affected by the underlying MCF orientation. Although lamellae may be consid-
ered as the main building block of bone, to the best of our knowledge, no reports have been
published describing the influence of mineralized collagen fibril orientation in a continuous
range between 0° — 90° on their elastic, yield, and post-yield mechanical properties. Filling
this knowledge gap would allow determining the structure-property relationships of bone at
the lamellar length scale, which is a prerequisite for the development and validation of reli-

able multiscale models predicting bone failure.

Micromechanical testing on bone is an attractive technique to study bone mechani-
cal properties, as it allows to limit the influence of local structural and compositional in-
homogeneities on the overall mechanical response. The field of micromechanical testing
of bone is rapidly progressing: starting from the pioneering works on bone nanoindenta-
tion [175,176] and going towards the state-of-the-art microscale tensile [178,213], compres-
sion [167,179-182] and bending [182] experiments on the lamellar or even the mineralized

collagen fibril level [183,184]. One of the most common micromechanical testing techniques
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for bone is indentation [166], however its interpretation in terms of post-yield behavior is
complex [188]. Micropillar compression is a novel experimental method [189], where cylin-
drical samples with dimensions in the micrometer range are prepared by focused ion beam
and subsequently compressed using a flat punch indenter. Unlike in classical indentation, the
loading in the specimen is mostly uniaxial, which simplifies the interpretation of the output
load-displacement curves in terms of stress-strain behavior. In this study, we performed mi-
cropillar compression experiments of cortical bone lamella under humid conditions, with a

known collagen fibril orientation.

The aims of this study were to (i) establish a quantitative method for MCF spatial orien-
tation estimation based on PRS and (ii) investigate the effect of MCF orientation on the yield
stress and elastic modulus of cortical bone lamellae. For the first part, polarized Raman mea-
surements were carried out on mineralized turkey leg tendon, a model material with known
fibril spatial orientation [215], and then validated on bovine cortical bone osteonal lamellae.
For the mechanical study, micropillar compression experiments were performed on isolated
bovine cortical bone lamellae with MCF orientations ranging from 0° to 82° with respect to

the loading direction.

3.1.2 Materials and methods

3.1.2.1 Samples

As a model material for polarized Raman calibration, mineralized turkey leg tendon (MTLT)
was used. The main advantage of MTLT tissue is its simplified fiber arrangement compared
to mammalian cortical bone structure. MTLT is composed of densely packed collagen fib-
rils, strongly aligned with the tendon axis [215-217], which means that global and local fibril

orientation are highly correlated.

MTLT samples were prepared from a turkey leg, obtained from a local abattoir. Highly
mineralized parts were dissected from the tendon bundles, mechanically cleaned and further
cut with a diamond band saw under constant water irrigation (Exakt, Norderstedt, Reichert-
Jung, Germany). The resulting tendon pieces of about 1.5mm in diameter and 4.0mm in
length were dried under ambient conditions for 244. For the PRS calibration, MTLT pieces
were fixed on specially designed aluminum SEM stubs with a 2-component epoxy resin ad-
hesive (Schnellfest, UHU, Germany) and cut at a specific angle to the main tendon axis using
a high-precision diamond band saw (Leica EM TXP, Germany). Finally, the exposed spec-
imen surfaces were polished with progressive grades of silicon carbide paper and finished
manually on a soft cloth with a 1 um diamond suspension followed by 0.04umSiO, suspen-

sion resulting in a polished sample surface virtually parallel to the stub surface. A total of
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five specimens were prepared, each containing a tendon section cut at 0°,22.5°,45°,67.5°
or 90° to the main tendon axis (figure Al.1, Appendix Al). The samples cut at 0° and 90°
are referred to as axial and transverse samples, respectively. For precise MCF angle determi-
nation, small angle X-ray scattering measurements were performed on each sample (figure
A1.9, Appendix Al).

Combined PRS and micropillar compression measurements were performed on bovine
cortical bone, which represents an intermediate model material between the MTLT and
human cortical bone. Bovine cortical bone, in comparison to human, exhibits higher min-
eralization, yielding a higher strength [218], however, zones with a similar microstructural
organization with distinguishable osteonal and interstitial zones can be found in both tis-
sues [219]. It should be noted that the lamellar arrangement in bovine cortical bone primary
osteons has a more uniaxial orientation (as demonstrated in Appendix Al.2) in comparison
to more complex MCF orientation patterns observed in human osteonal lamellae [30]. This
makes bovine cortical bone an attractive animal model for basic research, prior to translation

to human bones.

A bovine tibia was obtained from a local abattoir. Three medial slices of cortical bone
from the diaphysis were cut radially into smaller sections. Posterior quadrant sections with
higher osteonal bone content were used for further processing steps (figure Al.1, Appendix
Al). The bone samples (~ Smm cubes) were glued to specially designed SEM stubs and
cut at five angles between 0° and 90° with respect to the longitudinal bone axis, following
the same protocol as the MTLT specimens. In order to obtain plane surface for compression
experiments, samples were additionally ultra-milled (Polycut E, Reichert-Jung, Germany)
and consequently polished with 1000 grid silicon carbide and paper cloth with 0.3 um Al,Os
lubricant. For micropillar fabrication after PRS measurements, the bovine cortical bone sam-
ples were additionally sputtered with 11 nm thick Au film (Leica EM ACE600, Germany)
and a thin film of silver paste (Plano GmbH, Germany) was applied at the sample sides down
to the aluminium holder to minimize the drift caused by electrostatic charging under the elec-
tron or ion beams. Considering the dimensions of the mechanically tested bone volumes (5
um in diameter), the effect of the thin Au film (11 nm thickness) on the measured mechanical
properties can be neglected. In total, 26 primary osteons with different orientations from 0°
to 90° were chosen from five bovine cortical bone samples for the PRS measurements, 13 of

which were then used for micropillar compression measurements.

34



3.1. Combining polarized Raman spectroscopy and micropillar compression to study microscale
structure-property relationships in mineralized tissues (Acta Biomaterialia 119, 2021)

3.1.2.2 Raman spectroscopy and data processing

In the present work, we used polarized Raman spectroscopy for quantitative orientation es-
timation of MCF in mineralized tissues. For this, the polarized Raman spectral response of

MCEF was theoretically and experimentally correlated with the fibril orientations.

Raman spectra were acquired using a WITec Alpha 300 R confocal Raman microscope in
backscattering geometry. A diode-pumped linearly polarized continuous 785 nm laser was
used in combination with a 50x objective (0.80 numerical aperture). The linear polarization
of the exciting laser was adjusted with a motorized A /2 plate. No analyzer plate was included
in the light path after the sample. The Rayleigh scattered light was blocked by an edge filter.
The backscattered light was coupled to a 400mm lens-based spectrometer with a grating of
300g/mm~" equipped with a cooled deep-depletion CCD. The laser power was set to 30mW,
the estimated full width at half maximum (FWHM) of the focal spot was ~ 0.4 pum in lateral
and ~ 1.7 um in axial direction, as calculated from the confocal Rayleigh criteria [220]. At
each region of interest (ROI), Raman spectra were collected at different excitation polariza-
tions from 0° to 180° with a 10° polarization angle step and 30s integration time. As a result,
a set of 19 polarized Raman spectra was collected for a single ROI. For each MTLT sample,
PRS measurements were carried on 5 to 8 ROI, whereas for bovine cortical bone sample a
single ROI was measured per osteon. In total, 33 ROI were measured for the MTLT samples,
corresponding to five different out-of-plane orientations, and 26 ROI for bovine samples, cor-
responding to 26 osteons with different out-of-plane orientation. Spectral analysis was done
in a batch mode using Python v3.6 [221] and consisted of background removal, location of
the peaks of interest (amide I, amide III, v{ POy, v,PO4, CH-bending) with consequent dou-
ble or triple Lorentzian peak fit using a least square scheme (scipy.optimize.leastsq). The
detailed PRS analysis procedure is described in Appendix A1.2, output spectra for different

laser polarization angles are presented in figure 3.1.1.

The intensity of the Raman scattering depends on the molecular bond orientation rel-
ative to the laser polarization vector, as well as the excited vibration mode. As shown
previously [160, 172,203, 204], by collecting Raman spectra at different orientations of
the incident polarized laser light, the anisotropic spectral response of the amide I band
(mainly C=O stretching) can be used to derive information about the orientation of the col-
lagen molecules [158, 171,203, 222]. At the same time, the amide III band is considered
as polarization-insensitive, as this vibration mode mainly involves N-H bending and C-N
stretching that are equally distributed across the collagen amino acid sequence, this results
in homogeneous Raman scattering [158, 174,223, 224]. In this study, the MCF spatial ori-

entation was estimated from the integrated area ratio of the amide I over the amide III band
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collected at different laser polarizations.
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Figure 3.1.1 — MCF spatial orientation during Raman spectra acquisition with marked out-
of-plane (6) and in-plane (¢) angles. Set of Raman spectra collected at different incident
laser polarization on MTLT. Highlighted characteristic collagen bands: amide III (1215 —
1300cm~", N-H bending and C—N stretching of the peptide backbone) and amide I (1600 —
1700cm™"', C=0 stretching). Polar plots: polarization dependence of [amide I/ [amide III
with theoretical prediction and simplified fit to the experimental data (1) for two assumed
orthogonal MCF orientations.

The theoretical calculations of amide I over amide III ratios at different laser polarization
are in good agreement with the experimental data for 0° and 90° out of plane fibril angle as
shown in figure 3.1.1 and Appendix A1.2. For the quantitative measurement of polarization
anisotropy of a given set of polarized experiments in a single ROI, we used the simplified

description proposed by [225]:

f (o, 9) =Acos® (o + @) + Bsin? (4 ¢) . (3.1.1)

Where « is the polarization angle of the laser, % the introduced parameter of anisotropy

(% — 1 for isotropic sample), and ¢ the in-plane rotation angle for fibrils with respect to the
laser polarization. The parameter of anisotropy % depends on the out-of-plane fibril orienta-
tion, the exact relationship was determined by calibration on the MTLT samples. The Raman
spectra with highlighted amide peaks and output polar plots with theoretical predictions and
fit to the experimental data (1) for axial (parallel to the incident laser beam) and transverse

(orthogonal to the incident laser beam) collagen fibrils orientation are shown in figure 3.1.1.
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To assess the variation in bone mineralization, the ratio of the secondary phosphate
(v2P0O4, 370 — 500cm ™) over the amide III integrated intensity was analyzed. Following
the study of Roschger et al. [226], the mineral to matrix ratios (vPO4/amide III), can be
correlated to the Ca content. For each ROI, the mineral to matrix ratio was averaged over 19
spectra. The mineral crystallinity [158,159,227,228] was assessed from 1/FWHM of the pri-
mary phosphate (v{POy4, 920 — 1000cm ") and averaged over all laser polarizations for each
ROL. To assess the variation of the non-collagenous proteins (NCP) content, the C-H bending
at 1360 — 1500cm " was analyzed, to which both collagen and NCPs contribute [229]. Since
amide III is polarization-independent and almost exclusively representative of the collagen
phase, following the reasoning of Katsamenis et al. [230], the Raman integrated intensity
ratio of amide III / CH-bending was used to quantify the relative concentrations of collagen
versus NCPs.

3.1.2.3 Independent verification of MCF orientation

Small Angle X-ray Scattering (SAXS) experiments were performed on MTLT samples
to validate fibril alignment after sample fabrication. SAXS experiments were performed
with a Bruker Nanostar instrument (Bruker AXS GmbH, Karlsruhe, Germany). The instru-
ment was equipped with a pinhole collimation system, a micro-focused X-ray Cu source
(wavelength Cu Kot = 1.5406A) and a 2D MikroGap technology-based detector (VNTEC-
2000 with 2048 x 2048 pixels and 68 x 68 um each pixel size) along with a custom built
semi-transparent beam stop. The beam size at sample position was about 400um in diam-
eter. The instrument provided a resolvable scattering vector modulus q in a range between
0.06 —2.1nm ! for a 107¢cm sample to detector distance (SDD). The scattering frames were
recorded for 1800s at room temperature in moderate vacuum condition of about 10~2mbar to
reduce air scattering. Prior to the experiments, the SDD was calibrated with standard silver

behenate powder samples.

The misorientation width and true orientation of MCF with respect to the sample and
holder surface in the MTLT samples was estimated from the streak-like diffuse scattering
in 2D SAXS profiles. This streak is produced by extended scattering objects (i.e. colla-
gen fibrils) along the fiber axis of the fibrous materials [231,232]. The true orientation of
collagen fibrils was determined by averaging the center values obtained from fitting the ex-
tracted azimuthal scans (q-range of 0.356 — 0.783nm ™! with step size of 0.036nm ™) with
a Lorentzian function (see Appendix Al.4). The collagen fibrils misorientation width was
calculated using the Ruland streak method [233,234]. In this method, the azimuthal broad-
ening of intensities along the streak axis is evaluated and linked to the fibril misorientation
(Appendix Al.4).
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Micro-computed tomography (micro-CT) scans of the bovine bone specimens (UCT
100, SCANCO Medical AG, Switzerland) were collected on each of the bovine bone sam-
ples to access osteon orientation after sample preparation. Samples were scanned at a spatial
resolution of 4.9 um with 45kV p energy, 200 A tube current and 2x400ms integration time.
The spatial orientation of the osteons was estimated using ImageJ 1.52v [235] and BonelJ
1.4.3 [236] as a screening step to choose osteons for later qPRS analysis. Firstly, the global
sample tilt of each sample scan was corrected using the Untilt Stack plugin. Secondly, the os-
teons of interest were located and isolated by combining optical microscopy with micro-CT
images. Output stacks were binarized using Otsu’s threshold clustering algorithm. Prior to
calculations, Haversian canals were checked for irregularities: only the top segments without
branching or sudden changes in orientation were used. Using the Moment of Inertia plugin,
three orthogonal principal axes were automatically determined for each Haversian canal and
the rotation matrix in reference to the stacks main axis was constructed. The out-of-plane
orientation of each osteon was taken as the angle between the principal axis along the Haver-
sian canal and the z axis of stacks. The angle was extracted from the rotation matrix and
correlated later with the polarized Raman measurements. For more details see Appendix
AlS.

3.1.2.4 Mechanical testing and analysis

Bone micropillars were fabricated using a focused ion beam workstation (Tescan Lyra, Czech
Republic) with a well-established three step protocol described elsewhere [167,179]. Within
each bovine bone sample, 5 osteons were selected for compression tests. Depending on the
osteonal morphology, 2 to 3 pillars were fabricated. Each pillar had a diameter of approxi-
mately 5 wm and an aspect ratio of 2, as determined from HRSEM imaging (Hitachi S-4800,

Japan). Examples of fabricated micropillars are shown in figure 3.1.2 C.

A self-developed ex situ indenter setup was used in this study. The system is based
on commercial hardware for actuation, sensing, and electronics (Alemnis AG, Switzerland).
The experiments were conducted in displacement control to keep the strain rate constant even
after the yield point. The system included an optical microscope to visualize the sample sur-
face and to locate micropillars for compression tests and a custom environmental chamber.
The relative humidity was controlled using a continuous gas stream from a humidity gener-
ator (WETSYS, Setaram, France) and feedback from a relative humidity sensor inside the
chamber. The overview of the indenter setup and the schematic of the experiment are shown
in figure 3.1.2 A.

Compression experiments were performed at ambient temperature and pressure, the rela-
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A R el JE T €
Figure 3.1.2 — Schematic of micropillar compression test. (A) Indenter setup with controlled
humidity sample chamber. (B) Sketch of the micropillar compression configuration. (C)
HRSEM image of fabricated micropillars. (D) Stress-strain curve with marked output pa-
rameters: elastic modulus E, calculated as the slope of the stress-strain curve during the partial
unloading segment; yield stress ¢”, defined as stress at 0.2% inelastic deformation; ultimate
stress 6 - maximum stress value; plateau stress 67 stress value at 0.08 strain.

tive humidity was set to 93% for at least 44 prior to the compression experiments, ensuring
hydration equilibrium of the sample. Pillars were compressed with a flat punch indenter
tip with a diameter of 20 um. The micropillar compression was performed in displacement
control up to a maximum depth of 1 um (10nm/s loading rate) corresponding to a strain rate
of 10735~ ! with an intermittent unloading segment in the elastic region, which was used for

the calculation of the elastic moduli (figure 3.1.2 D).

As micropillar compression features uniaxial loading, the stress-strain data was assessed
from the load-displacement curves after frame compliance and pillar sink-in corrections
[237]. The elastic modulus values were extracted from the loading/unloading cycle in the
elastic region and the yield stress was computed as the stress that is needed for a plastic
deformation of 0.2%. These properties were determined for every pillar using a custom Mat-
lab code (R2018a, MathWorks Inc., Natick, MA, USA). After compression, the micropillars
were imaged with a HRSEM.

3.1.2.5 Mechanical modeling
Apparent elastic modulus E,,, was modeled as a function of collagen fibril orientation
(Appendix A1.6):

4(0) sin* (0 1 v
Eupp = cos” (6) 4 om (6) +(— —2—“) cos> (0)sin” (0) . (3.1.2)
. \ Eq E; Ma  Eq ) o .
Elastic moduli were extracted from micropillar compression tests and fibril orientation

from PRS measurements, where E, and E; are the axial and transverse elastic modulus val-
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ues accordingly, v, and V; the Poisson ratios and u, the shear modulus.

Yield stress was modeled as a function of collagen fibril orientation using the Tsai-Hill
composite failure criterion (Appendix A1.6) [238]. For unidirectional fiber-reinforced com-

posite materials subjected to in-plane stress, the failure criterion is given by:

o (250 - (PEmlely (Y (i)
3)

where o, is the stress applied along the loading axis; X, ¥ and S symbolize the(1(5ngi—

1
2

tudinal, transversal and shear strength of the composite. Here, bovine cortical bone yield
strength was expressed as a function of MCF angle by fitting equation 3.1.3 with individual
strengths obtained from micropillar compression tests and fibril orientation assessed from
PRS.

3.1.2.6 Statistical data analysis

All data manipulations were performed using Python v3.6 [221] and MATLAB R2019b
(MATLAB, 2018). Measurements are reported as mean + standard deviation. All non-linear
curve fittings reported in this study were done using least squares regression (scipy.optimize,
Python v3.6). The goodness of the non-linear fit was estimated from the coefficient of de-
termination R? (sklearn.metrics) at p < 0.05, R> = 1 being the best possible score. Multiple
linear regression analysis was performed using Python (sklearn.linear_model, statsmodels),

the criterion for significance was p < 0.05.

3.1.3 Results

3.1.3.1 qPRS calibration on MTLT and validation study on bovine cortical bone lamella
Polarized Raman spectra were collected from the MTLT samples with known out-of-plane
MCEF angles 68 measured by SAXS. For each MCF orientation 19 PRS measurements were
taken on 5 to 8 ROI. The anisotropy parameter %, describing the maximum variation of the
amide I/ amide III integral area as a function of incident laser polarization, was calculated
for each of the samples by fitting equation 3.1.1. The anisotropy parameter % was then cor-
related with the fibril out-of-plane angle 6, taken from the SAXS measurements (figure 3.1.3
A).

SAXS measurements were used for structural analysis of MCF in tendon samples cut at
five angles between 0° and 90°. To correlate the average MCF orientation in the sample

measured by SAXS with the local MCF orientation measured by PRS, the SAXS measure-
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Figure 3.1.3 — (A) Anisotropy of MTLT collagen bands at different out-of-plane fibril orien-
tation 6; (B) Anisotropy of bovine cortical osteonal bone collagen bands at different osteon
orientation, fitted with the calibration function from the MTLT study. The coefficients of de-
termination R? are 0.98 and 0.82, respectively.

ments report the mean MCF out-of-plane angles 6 together with the misorientation width
of MCF determined by the Ruland method. From the azimuthal broadening of SAXS scat-
tering intensities along the streak axis, the mean MCF out-of-plane angles 6 were found to
be close to the initial sample cutting angles: 2.88° +0.06°, 19.06° +0.05°, 47.28° +0.08°,
63.43° +0.06° and 88.76° +-0.04°. Following the Ruland streak method, the misorientation
width of MCF was found to be higher for the higher out-of-plane angles 6, ranging from 15°
to 27° (for more details see Appendix Al.4).

Theoretical calculations were used to determine the functional dependence of the anisotropy
parameter % on the MCF out-of-plane orientation, see Appendix Al.2 for further details. We
found that a function of the form 3.1.4 is well suited to reproduce the theoretical prediction

and retains the 180° periodicity (R?> = 0.99, Appendix A1.2).

£(8) = Cy+Cysin® (0) + Cysin (0) (3.1.4)

The average anisotropy parameter % from the PRS measurements on each of the MTLT
specimens was fitted with equation 3.1.4 versus the fibril out-of-plane angle (coefficient of
determination R> = 0.98). The out-of-plane angular error in figure 3.1.3 A represents the fib-
ril misorientation width, as determined from the SAXS measurements. From the MTLT fit,
the following parameters of the calibration function 3.1.4 were found: Cy = 1.04, C; = —0.02
and C4 = 0.59. The qPRS out-of-plane angles were compared to the SAXS out-of-plane
MCEF angles and the standard error of the estimate (SEE) was taken as the angular uncer-

tainty resulting in an error estimate of 8¢ = 9.7° (Appendix A1.2).
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Next, polarized Raman spectra were collected on 26 bovine cortical bone osteons with
different orientations from 0° to 90°, as measured by micro-CT. figure 3.1.3 B shows a cor-
relation between the anisotropy parameter % for bovine cortical bone and the out-of-plane
angles of the osteons. The data was compared to equation 3.1.4 with the parameters deter-
mined from the MTLT calibration and the osteon angles taken for 6 (coefficient of determi-
nation R? = 0.82).

The out-of-plane MCF angles 0 are extracted numerically from function 3.1.4. By ex-
tracting both the out-of-plane angle 8 (equation 3.1.4) and the in-plane angle ¢ (equation
3.1.1) from the PRS spectra, a quantitative 3D orientation estimation of the MCF is possible.

For further mechanical parameter analysis, we focused on the out-of-plane MCF angles 6.

3.1.3.2 Micropillar compression of bovine cortical bone lamella with known fibril ori-

entation

Microscale compression tests were performed on FIB manufactured micropillars with known
collagen fibril orientation measured by qPRS. A total of 44 micropillars were fabricated in
13 osteons on the bovine cortical bone samples, from which two had irregularities in geom-
etry and were therefore excluded from the study, three were lost due to operator errors and
three were excluded from the batch analysis due to excessive noise in the force-displacement
data. The remaining micropillars (N = 36) were used for the actual testing and analysis. As
a result, 2 to 3 micropillars were tested for each collagen fibril orientation (N = 13). Repre-
sentative stress-strain curves as a function of the fibril angle, determined by qPRS, and the

images of corresponding micropillars after compression are shown in figure 3.1.4.

The collected stress-strain curves for different MCF orientations (figure 3.1.4 A) demon-
strate a clear dependency of the mechanical response on the fibril angle. This dependence
is even more pronounced in figure 3.1.5, where elastic moduli and yield stress, extracted
from the stress-strain curve, are plotted versus the out-of-plane MCF angles, known from
previously performed qPRS measurements. The elastic modulus of lamellae with collagen
fibrils parallel to the loading direction is more than 3.8 times higher than the modulus of
lamellae with fibrils orthogonal to the loading direction. Similar behavior was observed for
the yield stress, where axially aligned samples show a yield stress almost 2.5 higher than
transverse samples. For further fitting, the mean values of the elastic moduli for each of
the fibril orientation were used. The apparent elastic moduli were fitted as a function of
MCF angles with the analytical expression for the apparent modulus in axial direction of a
transversely isotropic compliance tensor rotated around one axis from the transverse plane

(equation 3.1.2). For the analysis, the axial elastic modulus E, was taken as the maximum
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Figure 3.1.4 — Stress-strain curves and HRSEM images after pillar compression of bovine
cortical bone lamella with different mineralized collagen fibril orientation, scale bar 1 yum.

value found from the micropillar compression tests and the transverse elastic modulus E;
was calculated as the average measured modulus of compression experiments of micropil-
lars with a fibril angle > 60°. The remaining free parameters V;, W, were determined using
a least-squares fit of the fibril angle dependent data. The mean values of the yield stress for
each of the fibril orientation were fitted with the Tsai-Hill composite failure model 3.1.3.

The resulting optimal parameters determined from the fitting procedures are collected in ta-
ble 3.1.1.
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Figure 3.1.5 — Elastic modulus and yield stress dependence on the collagen fibril out-of-plane
orientation. The coefficients of determination R? are 0.50 and 0.61, respectively.
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Table 3.1.1 — Output parameters from the apparent modulus 3.1.2 and yield stress 3.1.3 fit.

Compliance tensor  Axial elastic modulus (E,) 27.65 GPa
Transverse elastic modulus (E;) 7.28 GPa
Out-of-plane Poisson ratio (Vv,) 0.7
In-plane Poisson ratio (Vv;) 0.3*
Shear modulus () 8.22

Tsai-Hill Strength along axial direction (X) 318 MPa
Strength along transverse direction (Y) 111 MPa
Shear strength (S) 206 MPa

x from [239]

3.1.3.3 Other parameters affecting microscale mechanical properties of bone

Besides MCF orientation, other factors like the degree of mineralization and overall variation

in biochemistry may affect the mechanical properties of bone lamellae.

For all tested bovine osteons, a relative standard deviation of about 7% was observed for
the mineral to matrix ratio, which was not sufficient to detect a significant correlation with
the mechanical parameters (p = 0.6 for both elastic modulus and yield stress). The relative
standard deviation of mineral crystallinity did not exceed 1% and no significant correlation
with the elastic modulus (p = 0.3) nor with the yield stress (p = 0.2) was observed. Al-
though the Raman intensity ratio of amide I/ CH bending has been reported to quantify the
relative concentrations of collagen versus NCPs [230], it was found to be strongly dependent
on the sample orientation (R* = 0.68, p < 0.01). We therefore used the Raman intensity
ratio of amide III/ CH bending instead to quantify the relative concentrations of collagen
versus NCPs, as it showed a trend but no significant dependence on the collagen orientation
(p =0.1). Around 4% of relative standard deviation of the collagen versus NCPs relative
concentrations (amide III/ CH) was observed for the tested osteons. Moreover, a moderate
dependence was found between the Raman intensity amide III/ CH ratio and the measured
mechanical properties (R = 0.5, p = 0.01 for both elastic modulus and yield stress). For

further details, see Appendix Al.3.

3.1.3.4 Post-yield behavior and failure modes

The stress-strain curves from the micropillar compression show softening for small MCF
angles and hardening with the MCF orientations close to the transverse direction. To quan-
titatively analyze the softening/hardening behavior, the relative change of stress after the
yielding point R was evaluated with the following ratio:
(0"~

oY

R= (3.1.5)
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where o”' signifies the stress value at the plateau region taken at 8% strain and ¢ is the
yield stress (figure 3.1.1 D). Negative values of the ratio correspond to strain softening and
positive to hardening behavior, respectively. The transition between softening and harden-
ing post-yield behavior was found for the MCF orientations at 0 = 48° — 54°, as marked in
figure 3.1.6. Relative change of stress after the yield point R (equation 3.1.5) was then fitted

with a hyperbolic tangent function (equation 3.1.6), as it reflects well the behavior of the data.

R(8) =0.21tanh (9.79 (6 —49°)) —0.10 (3.1.6)
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Figure 3.1.6 — Post-yield behavior and failure modes encountered in compression tests of
micropillars with different out-of-plane MCF angles 6. Failure modes were analyzed visu-
ally based on HRSEM images, the representative HRSEM images of each failure mode with
marked stress concentration regions are shown at the bottom (white arrows point to the verti-
cal cracks, grey arrows point to the oblique cracks, and black arrows point to the horizontal
cracks). Softening/hardening behavior was estimated from the relative change of stress af-
ter the yielding point R (equation 3.1.5) and fitted with hyperbolic tangent function (equation
3.1.6). The coefficient of determination R> = 0.72, scale bar 1 pm.

From the HRSEM images, different failure modes were encountered during compression

tests: axial cracking (figure 3.1.6 A), mushrooming (figure 3.1.6 B), shear localization (fig-
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ure 3.1.6 C), homogeneous deformation (figure 3.1.6 D) and a combination of above. As
demonstrated in figure 3.1.6, the majority of micropillars, which demonstrated softening be-
havior, failed in a localized shear crack, whereas those micropillars showing a hardening

behavior deformed in a more homogeneous manner.

3.1.4 Discussion

The goal of this study was to assess the orientation dependent mechanical properties and
deformation mechanisms of the basic building block of bone, the lamella. To this end, we
developed and calibrated a procedure allowing to measure quantitatively the out-of-plane
angle of MCF using qPRS with a high spatial resolution of ~ 0.3um>. We then performed
a large number of uniaxial compression experiments in hydrated conditions (N = 36) on mi-
cropillars with known fibril orientation. Elastic modulus and yield stress were extracted and
fitted using analytical models. Based on HRSEM images, the failure modes were identified
as a function of fibril orientation. Finally, the post-yield behavior was extracted and related
to the local fibril angle and observed failure mode. The different aspects of the study will be

discussed in detail in the following paragraphs.

3.1.4.1 Quantitative Polarized Raman spectroscopy (qPRS)

gPRS is a non-invasive method for tissue composition and MCF orientation investigations
with a high spatial resolution. In the past, it has been employed for quantitative analysis of
MCF in-plane orientations [160]. Moreover, PRS was applied recently to resolve 3D orienta-
tion of MCF in rat tail tendons [203] and human cortical bone [204]. However, the reported
studies on spatial MCF organization using PRS were mainly qualitative. To our knowledge,
we are the first to report a method that allows applying PRS for quantitative estimation of
bone MCF orientation in 3D. For this we performed PRS calibration on mineralized turkey
leg tendon, a model material with highly aligned mineralized collagen fibrils, and validated

it on bovine cortical bone.

Our calibration study followed the general methodology of Spiesz et al. [199], where a
calibration function for quantifying MCF out-of-plane orientation was determined based on
measurements performed on MTLT samples with a known uniaxial fiber orientation. Polar-
ized light microscopy is a relatively fast and well-known technique, however it requires thin
sample cuts at a fixed thickness over which the signal is integrated. This can pose signifi-
cant problems if osteons are not oriented parallel to the light beam. In the present study, the
application of PRS gives us significant advantage in the spatial resolution, since we use a

confocal system and collect the signal from a ~ 0.3um?> volume. In case of bovine cortical
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bone osteons with lamellar thickness of several microns, the Raman focal volume is small
enough to collect information from locally aligned MCF. Even in the case of human cortical
bone osteons, where each lamella (thickness ~ 7 um) is composed of several sub-lamellae
(thickness ~ 1 um) [30], the resolution should be sufficient to supply information on the lo-
cal MCF orientation, even though some averaging effects are likely to occur when the sample

is misaligned with the laser beam [204].

In comparison with other available methods of MCF spatial orientation analysis, such as
SAXS/WAXS and nano-CT, gPRS does not expose the sample to a high energy X-ray beam.
With the qPRS parameters used throughout this work, no structural modifications of the
sample were observed (Appendix A1.2). Moreover, qPRS does not require additional time-
consuming sample preparation, as in the case of e.g. TEM imaging (Rubin et al., 2003). The
spatial resolution of gPRS is defined by the Raman setup, for example the objective numeri-
cal aperture or the incident laser wavelength. In this study, the focal spot size was estimated

to be ~ 0.4 um in diameter, which is suitable for the lamellar scale investigations.

PRS measurements on MTLT were in good agreement with the theoretical prediction
(figure 3.1.1 and Appendix A1.2). The function from the theoretical prediction (equation
S8, Appendix A1.2) was found to be not suitable for the MCF angle 6 extraction due to the
interdependency of the output parameters. We therefore used a simplified fitting function
3.1.1 following the methodology proposed by Bao et al. [225] to extract the output Raman
parameters, including the parameter of anisotropy %. The simplified fit precision was com-
parable to the theoretical prediction (for both, R> > 0.99). The angular uncertainty of the
gPRS method 0" = 9.7° (Appendix A1.2). While this error is not negligible, the applica-
tion to bovine bone showed that the method is precise enough to extract meaningful data for

studying microscale structure-property relationships.

Prior to the validation study on bovine cortical bone, polarized Raman line maps were
collected on three bovine bone osteons to quantify the variation of fibril orientation within
each osteon (Appendix A1.2). The out-of-plane MCF angle 0, averaged across the osteon,
was different from the micro-CT measurements: 11+ 9° for the 6° osteon and 8 +7° for
the 4° osteon, resulting in an average disagreement of 4 — 5° between the different methods.
This is well below the angular uncertainty of both methods and therefore may be neglected.
On average, a standard deviation of +7° was found for the MCF alignment within each os-
teon. Again, as this standard deviation is below the experimental uncertainty of the proposed
gPRS procedure for fibril out-of-plane angle estimation, it may be neglected. Therefore, we

collected only one set of 19 polarized Raman spectra per osteon.
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Micro-CT scans were used for osteonal orientation determination. With ~5 um reso-
lution, this technique is suitable to locate the Haversian canals together with osteonal and
interstitial zones of cortical bone, but does not have sufficient contrast and resolution to dis-
tinguish between individual bone lamellae. Osteonal angle, as determined from micro-CT,
was used to screen the osteons on each sample to reach a homogeneous distribution of fibril

orientations and to cross validate with qPRS.

Previously reported PRS studies on bone employed another experimental design using
an additional analyzer plate in the path of the scattered light. There, the theoretical depen-
dence of the Raman scattering on light polarization was calculated from four experimental
configurations of polarizer/analyzer parallel and orthogonal alignments [160,240]. In more
recent works [172,203,204], the collection of the scattered light for a range of incoming
laser polarization angles was proposed. In the present study, we established a method for
quantitative estimation of MCF spatial orientation by determining a calibration function be-
tween polarization anisotropy and MCF out-of-plane angle on mineralized turkey leg tendon,
a model material with a very similar composition and ultrastructure to bone featuring highly
aligned collagen fibrils. The approach proposed in this study requires a higher number of
measurements than the former, however, it increases the robustness and accuracy, as the col-
lected scattered light has higher intensities due to the absence of an analyzer leading to an
increased signal to noise ratio (SNR). Furthermore, the influence of data scatter due to nat-
ural variability and experimental artefacts is reduced due to the employed fitting procedure,
which analyzes the best fit of many experiments rather than relying on the direct determina-
tion of the Raman tensor from a limited number of measurements, which is more sensitive

to experimental artefacts.

In this work, the newly proposed qPRS method is used to evaluate the orientation of
collagen fibers based on polarization dependence of amide Raman bands. However, alter-
native polarization dependent Raman bands may be used. We specifically acknowledge the
possibility to use the amide 1/ voPO,4 for MCF orientation estimation, following the same
spectra acquisition and data processing protocols. Detailed analysis is presented in the Ap-
pendix Al.2. We demonstrate an excellent correlation between the two Raman band inte-
grated intensity ratios for MTLT samples (R* = 0.98, p = 0.01). Moreover, we calibrated
the anisotropy parameter %, extracted from amide I/ v,PO4 polarization dependence, with
the fibril out-of-plane angle 6, taken from the SAXS measurements (R> = 0.99). Conse-
quently, the parameters of the calibration function for amide I/ v,PO4 (equation 3.1.4) are:
Co =1.09, C; = —0.05 and C4 = 0.76. These parameters can be used as an alternative for

estimating the out-of-plane MCF angle based on local measurement of amide I/ v,PO4 Ra-
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man band integrated intensity ratios. In the present work, all of the collected spectra had a
high background fluorescence, overlapping with the v,PO4 band intensity, as can be seen,
for example, from the raw spectra presented in the Appendix Al1.2. We therefore chose to
use the amide I and amide III bands for the qPRS method, as they both were not affected by

the sample fluorescence.

Besides MCF orientation, we also investigated the effects of mineral to matrix ratio, min-
eral crystallinity, and relative NCP content of the bovine cortical bone osteons. All of these
parameters have a low relative standard deviation, which indicates the homogeneity of the

tested tissue.

A clear limitation of the proposed method is related to the isotropy of the polarization re-
sponse of both axially aligned and randomly oriented fibrils. As no polarization dependence
exists for the integral area ratio of the collagen peaks of interest, special care needs to be
taken to distinguish between these two types of fibril orientations. We have not encountered
such a situation during this study, as we used model bone materials with a simplified, mostly
uniaxially aligned microstructure. For future measurements, we propose, as a possible rem-
edy, to collect additional spectra while tilting the sample by a known angle or to include

amide I intensity into the analysis.

3.1.4.2 Mechanical testing
Here, we performed for the first time microscale compression experiments on the length

scale of single bone lamellae in hydrated state for a broad spectrum of known local fibril
orientations. The elastic modulus and strength nonlinearly decreased with the increasing
MCEF angle. The theory of linear elasticity for transversely isotropic materials and Tsai—Hill
criterion were found to describe well the variation of these properties with the fiber orienta-
tion (figure 3.1.5). The found non-linear behavior as a function of MCF angle on the single
lamella level of bone is comparable to what has been observed in other short fiber reinforced
polymer composites [241]. In the majority of previously reported studies, the microscale
mechanical properties of bone were investigated for two assumed MCF orientations: axial
(6 = 0°) and transverse (6 = 90°). However, no means of quantification of the true fib-
ril angles existed. Here, the mechanical compression experiments were performed on bone
lamellae with 13 known MCEF orientations in the range from 0° to 82° (figure 3.1.5). This
provides a unique dataset for identifying the structure-property relationships of bone on the
lamellar scale through a combination of micropillar compression and MCF orientation de-

termination using non-invasive qPRS.

Fibril misalignment is a common phenomenon for natural materials, such as bone, and

it significantly affects the accuracy of measured mechanical parameters. When it comes to
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clinical investigations of bone strength as a function of age, gender, disease, or treatment, it
becomes especially important to separate the respective contributions of macroscopic bone
geometry and density, which are clinically assessed today [105], from the intrinsic tissue
properties that depend on microstructural factors, like local degree of mineralization or fib-
ril orientation distribution [94]. Multiscale structural organization and mechanical prop-
erty analysis of bone biopsies may be used in the future for studying the changes in tissue
organization and mechanical properties related to bone metabolic diseases like osteoporo-
sis [124,197,242]. In preclinical osteoporosis and bone research, different large and small
animal models are used as a model for human bone [13,243]. For different species (e.g. hu-
man, canine, mice) the collagen fibrils in osteonal lamellae have been reported to feature an
offset angle with respect to the bone’s long axis in a range of 20 — 30° [30, 160, 199, 244]. In
this study, a variation of the MCF out-of-plane orientation of up to 16° was observed within
the osteonal regions of the bovine cortical bone sample. This variation in fibril orientation
is an intrinsic property of bone in different species that leads to considerable data scatter in
mechanical experiments and warrants further investigation. Especially when analyzing mi-
cromechanical experiments, it is of high interest to employ methods for quantifying the local
MCEF orientation and degree of mineralization in the region of interest to reduce apparent

data scatter and identify structure-property relationships with high fidelity.

As expected from the micropillar compression experiments, the highest value of elastic
modulus was found for the axial MCF orientation (E, = 27.65GPa, 6 = 0°) and the lowest for
transverse orientations (E; = 7.28GPa, 6 > 60°). This tendency is in good agreement with
previously reported data on the mechanical experiments on bone, collected in table 3.1.2.
The axial elastic modulus value is greater than the majority of values reported in literature for
both micro- (21 —23GPa, [245-247]) and macro-scale compression experiments (~ 20GPa,
[248, 249]). The first may be due to the natural variations in MCF orientation in cortical
bone specimen that has been shown to be present in different species [30, 160, 199, 244].
As previous studies on microscale cortical bone mechanical properties did not verify the
MCEF orientation, the reported data is likely averaged over a MCF misorientation range of
up to 30°, which can explain the reported lower average elastic modulus values. At the
macroscale, the mechanical response is averaged over large regions with different degrees of
mineralization and fibril orientation and includes the effect of Haversian porosity, therefore

also from these experiments a lower apparent modulus can be expected [250].
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Table 3.1.2 — Reported mechanical anisotropy values and experimental details.

Elastic Plastic anisotropy ~Characteristic ~ Conditions Method Sample Ref.

anisotropy values specimen size

values

% =3.8 % =2.54 5 um Hydrated, Compression Bovine Present
> 93% RH work

i?é&;i; =1.6 7821?&8 83 1.64 Smm Ambient Compression Bovine [248]

fgg&ig; =1.6 78:}2&8 8?; 1.13  S5mm Ambient Compression Bovine [249]

%g—'g =12 350 nm Ambient Indentation Bovine [251]

B3 =15

Tt =15 rwge =151 Tum Ambient Indentation Ovine [167]

ﬁg&}g; =1.6 82?&8 (1)33% =1.18 7um I—I.zld.rated, %iq- Indentation Ovine [167]
uid immersion

?é g&?g; =19 828&8 (1)23 =1.63 5um in vacuo Compression Ovine [167]

81;&8 8%3 =131 5um Hydrated, liqg- Compression Ovine [179]

uid immersion

ey =21 17.5 um Ambient Indentation MTLT [217]

fosiire =18 6.3 um Ambient Indentation MTLT [217]

Sotios) =45 17.5 um Hydrated Indentation MTLT [217]

?7) ééﬁ é; =1.75 1.8 um Ambient Indentation Human [31]

?‘71 ;Eﬁ ;; =14 5.6 um Ambient Ind;ntati(?n and Human [252]

orthotropic
% =27 stiffness  tensor

model [253]

Elastic anisotropy values: E,/E; ; plastic anisotropy values: H,/H, for indentation and o, /0] for compression tests; all reported mechanical values are in
GPa; characteristic specimen size calculated as 7x(penetration depth) for indentation, pillar diameter for compression.
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The measured transverse elastic modulus is lower than the previously reported values
from both macro- and micro-scale mechanical tests on bovine bone [248, 249, 251, 254].
This leads to higher elastic anisotropy values (E,/E;), compared to previously reported data
in the literature (table 3.1.2). This could be related to the fact that we are testing bundles
of aligned collagen fibrils in the transverse direction, a situation not encountered during
macroscopic experiments, where the tested volume contains a variety of fibril orientations.
It should be noted, however, that our setup is likely prone to sample surface swelling artifacts
in hydrated conditions. Similar behavior was already reported for hydrated ovine [167,179],
bovine [214] and MTLT [217] samples, where observed anisotropy ratios increased up to 2.5
times in comparison to dry experiments. Such anisotropic response to hydration might be
a result of MCF structural changes. As was shown by Andriotis et al. [255], during single
collagen fibril hydration, the stiffness will exhibit a fourfold higher reduction in transverse
direction than in the axial direction, due to the different collagen packing density. In mi-
cropillars with fibrils aligned in axial orientation, the surrounding fibrils enforce a constraint
on radial fibril swelling, therefore this effect is diminished. However, in transverse speci-
mens, the radial swelling of fibrils at the top surface is not inhibited, which could lead to
substantial artifacts in the mechanical measurements, as these surface fibrils are likely to be
significantly more compliant and, from a mechanical perspective, arranged in series with the

remaining micropillar.

In this work, the yield stress values measured in both axial and transverse directions
(04 = 329.97MPa, o; = 131.63M Pa) are higher than previously reported from macroscale
compression tests [248,249]. When compared to experiments performed on the same char-
acteristic specimen size (5 um) on ovine cortical bone lamella, the values are also higher
than those from hydrated tests in buffered solution [179] but lower than the data obtained in
vacuo [167]. Overall, bone hydration is one of the important parameters affecting bone me-
chanical properties [256,257]. In our study, the bone samples were measured in a humidified
atmosphere, with relative humidity above 93% to mimic physiological conditions. Prior to
the measurements, samples were kept in a hydrated atmosphere for at least 44, to ensure the
sample equilibration. We verified that the measured values of the elastic modulus and yield
stress were constant within each day of experiments (see Appendix A1.6) therefore assuring
that the specimens had reached an equilibrated hydration state prior to the measurements.
We assume that the micropillar swelling affects the measured yield stress, as the micropillar
geometry, used for stress and strain calculations, was assessed prior to mechanical testing.
For future mechanical testing it is recommended to estimate the swelling effects on specimen
geometry in humidified atmosphere. For this, high-resolution techniques, such as environ-
mental SEM [258], atomic force microscopy [255] or SAXS [259] could be used.
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Remarkably, the yield stress values observed for the MCF orientations from 0° and up
to 25° are nearly constant. This was also reported for microscale tensile and compres-
sive strength modelling of ovine cortical bone [213]. Such tolerance to the MCF small
angle variations is in line with the natural variability in MCF orientation found in differ-
ent species [30, 160, 199, 244], which could act as one of the bone’s toughening mecha-
nisms [260,261].

Besides MCF orientation, osteonal bone lamellation and overall variation in biochem-
istry may affect microscale mechanical properties of bone. In present study, the degree
of mineralization and the mineral crystallinity did not show significant correlations with the
mechanical data due to their small respective variations. However, we found a weakly signif-
icant dependence of the observed mechanical properties with variations of collagen/ NCPs
relative concentrations. Indeed, the spatial arrangement of NCPs within bone matrix may
determine bone’s mechanical properties including toughness [57,262,263]. It is therefore
recommended to include alternative analysis methods for NCPs content and biochemistry
screening for the future studies on bone microscale mechanical properties. Structural in-
homogeneity in the volume of a single micropillar may be introduced due to the lamellar
structure of osteonal bone. As was experimentally verified by Raman line scans taken in
several osteons on the bovine bone specimen, MCF were highly aligned with the osteon axis
with a standard deviation of 7° (Appendix Al.2) in contrast to the 30° average variation,
that has been observed in human secondary osteons [30]. This suggests that the osteonal
bone in our bovine specimen consisted mainly of primary osteons with highly aligned MCF

uniaxially oriented in the osteon direction in each lamella.

3.1.4.3 Post-yield behavior and failure modes

As demonstrated in this study, post-yield behavior and failure modes of bone micropillars de-
pend on MCF orientation. According to the stress-strain curves from the microcompression
experiments (figure 3.1.4 A), a clear strain softening is observed for the MCF close to axial
orientation and strain hardening for transverse MCF orientations. The same was observed in
previously reported micropillar compression experiments on ovine cortical bone [167,179].
Closer examination of the post-yield behavior (figure 3.1.6) revealed two plateau regions of
the relative change in stress ratio (equation 3.1.5). The first one corresponds to the softening
observed at lower MCF angles (6 < 30°). Interestingly, this plateau in softening ratio also
coincides with the range of constant yield stress, demonstrating that the inelastic behavior of
bone lamellae remains mostly unchanged for misalignment angles below 30°. The second

plateau at higher MCF angles (8 > 50°) resembles post-yield hardening behavior. For the
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intermediate MCF angles, a steep change from softening to hardening is observed, featuring
a transition not only in the post-yield behavior, but also in the failure mode, which suggests

a change in deformation mechanisms between axial and transverse specimens.

The structural complexity of bone leads to hierarchical and coupled deformation mecha-
nisms (fibril - extrafibrillar matrix, mineral - collagen) down to the nanoscale [260]. A variety
of failure modes occurred at 6 € (0°,50°). At the angles close to axial (0° < 6 < 25°), MCF
orientation is moderately aligned with the loading direction and most of the load is carried
by the fibrils. In this case, axial cracking along the length of the pillars (figure 3.1.6 A) or
localization at the top of the pillars (mushrooming, figure 3.1.6 B) is observed. The pro-
posed deformation mechanism that could be directly tuned by the MCF misalignment with
the loading direction is the fibril-extrafibrillar matrix (EFM) interfacial sliding [262]. Such
deformation occurs due to interface failure between fibrils, e.g. axial cracking along the
length of the pillars or mushrooming. Similar damage behavior for axially aligned MCF was
observed in the work of S. Li et al. [248]. When the bone is compressed beyond the yield
point, critical interfacial shear strength between the fibril and the matrix is exceeded. When
this happens, matrix flows past the fibrils, resulting in frictional losses and de-bonding of the
fibrils and extrafibrillar matrix [262]. The thin fibril-EFM interface then flows past the fibrils,

resulting in frictional losses, similar to the shear lag model for tensile loadings [216,264].

With the increase in MCF angle, localized shear cracks are observed. Interestingly, at
the lower angles of MCF, the shear plane was steeper than at higher angles, which suggests
the existence of a correlation between the MCF and shear plane orientations. This is in line
with the notion of fibril-EFM interface failure for angles below 50°. For MCF orientations
6 > 50°, the main failure mode occurring in this work is homogeneous deformation. We
believe that when the MCF angles reach the softening threshold of 48° — 54°, the shear load
applied to the tilted fibril-matrix interface is not sufficient to cause deformation in localized
shear zones, due to the high normal force and, therefore, an increased frictional compo-
nent. The deformation is assumed to happen in the extrafibrillar matrix and homogeneously
spread throughout the pillar volume, which is compacted so that frictional hardening occurs.
Moreover, the nanogranular friction from mineral-mineral interparticle interactions may ad-
ditionally influence the post-yield bone deformation mechanisms, especially in compression.
As was shown in the work of Tai et al. [265], at the nanoscale, bone exhibits a pressure sen-
sitive plasticity. Similar to other nanogranular materials, bone features a nanoscale poros-
ity [266,267], which leads to a plastic contraction under compressive loading. This, together
with the fibril-extrafibrillar interfacial sliding, would lead to a cohesive frictional sliding with

tunable softening/hardening behavior depending on the shear flow instabilities.
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3.1.4.4 General limitations

The techniques used in this study analyze different volumes of interest. QPRS provides struc-
tural and compositional information from ~ 0.3um> volume. For both MTLT and bovine
cortical bone lamellae, such volume would include several MCFs. At the same time, SAXS
beam size at sample position was about 400 um in diameter, which integrates over thousands
of MCFs. However, we could combine these two techniques on the MTLT sample because
of its extremely aligned ultrastructure, made up of densely packed MCEF, therefore locally

and globally the orientations are highly correlated [215-217].

In this study we combined qPRS and micropillar compression on bovine cortical bone
samples. While gPRS gives structural information on the length scale of several MCF, the
latter provides mechanical data on the lamellar scale (characteristic micropillar size 5 pm).
However, we could show experimentally by Raman line scans taken in several osteons on
the bovine bone specimen that MCFs in primary bovine osteons are highly aligned with the
osteon axis (7° standard deviation) and that no plywood-like variation in MCFs was present
(Appendix Al.2). It was furthermore verified that there is a clear correlation between os-
teonal and MCF angles (figure 3.1.3 B). This, together with the low scatter in the collected
mechanical data for different MCF orientations, suggests a well aligned MCFs arrangement
as determined by qPRS. We therefore assume that the tested micropillars were made up of
homogeneously aligned MCFs, which is corroborated by our findings. In the future studies,
when applying these techniques to a tissue with a more complicated microstructure such as
human lamellar bone, care has to be taken to better match the tested volumes of the two
methods, e.g. by scanning the focal spot through the micropillar and acquiring several qPRS

measurements.

gPRS was not performed on each micropillar in this study because of the incompati-
ble specimen fabrication steps. In order to fabricate micropillars on the bone surface the
sample needs to be sputtered with conductive material (Au, 11 nm), which reflects the in-
coming laser beam and therefore significantly decreases the spectrum quality. Therefore,
MCEF orientation was measured before micropillar production in each osteon. As we found
that MCFs are highly aligned and show little variation within an osteon, we could correlate
the micromechanical properties to the average MCF orientation. However, for future studies
combining these two methods on more complex tissues like human bone, another method
should be used for micropillar preparation. A suitable approach would be employing fem-
tosecond laser ablation [192], which does not require sputtering of a conductive film and

therefore results in specimens suitable for local gPRS measurements.
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3.1.5 Conclusion
The focus of this study was to investigate the effect of local microstructure, especially MCF

orientation, on the microscale mechanical properties of isolated bone lamellae. In order to
achieve this, a polarized Raman spectroscopy based method was developed that allows mea-
suring local MCF angle with an angular uncertainty < 10°. The combination of polarized
Raman spectroscopy and micropillar compression made it possible to detect changes in me-
chanical properties with the MCF angle. This allowed us to measure a unique spectrum of
microscale mechanical compression data for MCF orientations ranging from 0° to 82°. We
could demonstrate a strong dependence of the microscale compressive mechanical properties
of bone on the MCF orientations. On the other hand, the degree of mineralization and the
mineral crystallinity did not show significant correlations with the mechanical data due to
their small respective variations. A high degree of anisotropy was found for both the elas-
tic modulus (E,/E; = 3.80) and the yield stress (0, /0; = 2.54). Moreover, the post-yield
behavior was found to depend on the MCF orientation with a transition between softening
to hardening at 6 = 48° — 54°. Measuring the local microstructural (such as MCF angle,
mineralization) and mechanical properties in a site-matched fashion allowed us to reduce the
apparent scatter in the collected mechanical data and to reliably determine structure-property
relationships of bone at the lamellar level. This is a prerequisite for developing and validat-

ing multiscale models predicting bone failure in the future.
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Abstract

Preclinical studies often require animal models for in vivo experiments. Particularly in den-
tal research, pig species are extensively used due to their anatomical similarity to humans.
However, there is a considerable knowledge gap on the multiscale morphological and me-
chanical properties of the miniature pigs’ jawbones, which is crucial for implant studies and
a direct comparison to human tissue. In the present work, we demonstrate a multimodal
framework to assess the jawbone quantity and quality for a minipig animal model that could

be further extended to humans.

Three minipig genotypes, commonly used in dental research, were examined: Yucatan,
Gottingen, and Sinclair. Three animals per genotype were tested. Cortical bone samples
were extracted from the premolar region of the mandible, opposite to the teeth growth.
Global morphological, compositional, and mechanical properties were assessed using micro-
computed tomography (micro-CT) together with Raman spectroscopy and nanoindentation
measurements, averaged over the sample area. Local mineral-mechanical relationships were
investigated with the site-matched Raman spectroscopy and micropillar compression tests.
For this, a novel femtosecond laser ablation protocol was developed, allowing high-throughput

micropillar fabrication and testing.

At the global averaged sample level, bone relative mineralization demonstrated a signif-
icant difference between the genotypes, which was not observed from the complementary
micro-CT measurements. Moreover, bone hardness measured by nanoindentation showed
a positive trend with the relative mineralization. For all genotypes, significant differences
between the relative mineralization and elastic properties were more pronounced within the
osteonal regions of cortical bone. Site-matched micropillar compression and Raman spec-
troscopy highlighted the differences between the genotypes’ yield stress and mineral to ma-

trix ratios.

The methods used at the global level (averaged over sample area) could be potentially
correlated to the medical tools used to assess jawbone toughness and morphology in clinics.
On the other hand, the local analysis methods can be applied to quantify compressive bone

mechanical properties and their relationship to bone mineralization.

Keywords: Animal model, Miniature pig, Mandible, micro-CT, Raman spectroscopy,
Nanoindentation, Femtosecond laser ablation, Micropillar compression, Structure-property

relationships.
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3.2.1 Introduction

Clinical assessment of the jawbone quality. Bone quality is often referred to as the de-
termining parameter for dental implant studies. The term bone quality stands for the com-
bination of various bone physiological, compositional, mechanical, and structural parame-
ters [268,269]. All of these bone properties are responsible, to a different extent, for bone
fracture resistance and implant stability [270]. While the direct assessment of bone quality
has not been established yet due to the complicated interrelationships between the bone pa-
rameters, indirect estimation of bone quantity in clinics relies to a greater extent on the bone

mineral density measurements [271,272].

Jawbone mineral density is often assessed during preoperative imagining techniques like
intraoral or panoramic radiographs [273-275] and quantitative computed tomography [276,
277]. A variation of the latter, cone beam computed tomography is emerging as the most
common imaging method employed in clinical practice [278-282]. Another method for the
estimation of the bone mineral density is dual-energy X-ray absorptiometry (DXA). While
it is widely used in bone density assessment at the spine, hip, and/or lower arm sites, it has

been used solely in experimental settings for jawbone density evaluations [273,283].

Despite the recent advances in imagining techniques, the most widely used approach for
jawbone quality assessment in clinics still follows the grading system introduced by Lekholm
and Zarb [284]. According to their classification, the bone quality is graded from 1 to 4 based
on the tactile sensation of the surgeon during drilling. This subjective approach is often
combined with imaging techniques and/or other methods related to primary and secondary
implant stability, like the torque force measurements during the implant insertion [285-288].
There is a potential need to support this grading system with less invasive and quantitative
methods [289].

Laboratory methods used in the current study to assess jawbone quality. Defining
other possible bone biomarkers describing bone quality would improve the current clinical
methods used for bone quality assessment. Laboratory-based techniques like nanoindenta-
tion, micropillar compression, microscale computed tomography, and Raman spectroscopy
are attractive experimental techniques that allow the mechanical, morphological, and com-

positional analysis of microscale bone volumes.

Nanoindentation is an accepted method to probe local elastic properties, where a hard and
sharp tip (typically made of diamond) with a well-defined shape is driven into a flat surface
of the sample while tip displacement and reaction forces are being measured. The hardness

and elastic modulus of the material can be extracted following the pioneering work of Oliver
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and Pharr [185]. The nanoindentation technique was first applied in dental research on hard
tissues like enamel and dentin in the early 1990s [290,291]. Twenty years later, nanoin-
dentation was used in jawbone characterization near implant sites, and recently in quality

assessment in mice jawbone [292].

Micropillar compression is a relatively new experimental technique introduced by Uchic
et al. in the early 2000s [189]. The methodology is similar to nanoindentation, but instead of
a sharp tip, a flat punch compresses a small volume of material with a defined geometry. This
produces a uniform stress field in the tested volume so that both elastic and yield properties
of the material can be extracted, giving insights into the plastic deformation behavior of the
material. The first micropillar compression of bone was done in the mid-2010s [167, 179]
on ovine tibial bone. More recently, this method was also applied to the human bone biop-
sies [84,181]. Using a portable micro-indenter setup further allows to combine it in a multi-
modal approach including synchrotron radiation providing information on multiple length
scales [183].

Similar to computed tomography used in clinics, microscale computed tomography (micro-
CT), developed in the early 1980s [293], is commonly used to visualize and analyze sample
morphology and mineral density. However, clinical CT scanners can typically resolve about
1 mm, while micro-CT systems can reach resolutions of 1-5 u m [294,295]. This allows
for studying bone mineral density and morphology at a high spatial resolution. Recently
phase-contrast nanometer computed tomography was employed to image single mineralized
collagen fibers at a voxel size of (20nm)3. The high sensitivity of the technique for light
elements as found in biological materials allowed it to distinguish features down to the fibril
level [296].

Raman spectroscopy is a well-known technique in bone and dental research. In princi-
ple, Raman spectroscopy allows the detection of frequency shifts of inelastically scattered
light coming from the specimen exposed to a monochromatic light source, commonly a laser.
These Raman shifts are assigned to characteristic chemical bonds, giving information on the
material composition. Since the first report of Raman spectra of a tooth in 1974 [297], this

technique was used extensively in scientific studies of enamel and dentin [298-300].

Animal models. It is common nowadays to investigate biological phenomena on ani-
mal models, due to practical, ethical, and economical reasons [301]. Animal models pro-
mote the research in bone tissue engineering and modelling [302], as well as bone metasta-
sis [303,304] and repair processes [14]. Pig species exhibit many anatomical and physiolog-

ical similarities with humans, making them an attractive choice for preclinical experimenta-
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tion in various medical and biomedical fields [305-307]. In particular, miniature pig species
(minipigs) were specifically developed for research purposes and are now extensively used
for in vivo experiments prior to translation to humans [308-310]. While keeping the resem-
blance to humans, minipigs have convenient body dimensions and well-controlled genetics,
which facilitates the handling and maintenance of these animals in the laboratory [306,308].
Miniature pigs were first used in dental research several decades ago [311]. The facial and
oral regions of minipigs exhibit similar physiology and development as that of humans [312].
Moreover, miniature pigs possess both permanent and deciduous sets of teeth and perform
both chewing and biting jaw actions, like humans [311]. All of this, together with the low
purchase and maintenance costs, makes minipigs an excellent animal model for various stud-
ies in dental research [312-314]. Miniature pig models are already reported in bone regen-
eration [313], osseointegration [315], and bone fracture healing during implantation [316].
Nevertheless, there is a considerable knowledge gap on the multiscale morphological and
mechanical properties of the miniature pigs’ jawbones, which is crucial for implant studies

and a direct comparison to human tissue.

Study outline. Here, we report a multimodal approach to assess jawbone quantity and
quality at the microscale. For this, we used an established animal model for dental research:
the miniature pig. Three minipig genotypes were examined: Yucatan, Gottingen, and Sin-
clair. Through the combination of laboratory-based methods, we assessed bone mineraliza-
tion, morphology, and mechanical properties on the local and global average levels. Mi-
croscale computed tomography, Raman spectroscopy, and nanoindentation were employed
for sample characterization at the global level, averaged over the sample area. Nanoindenta-
tion gave assess to the elastic properties of the cortical jawbone, while micro-CT and Raman
spectroscopy to bone morphology and mineralization. To the best of our knowledge, this
is the first study where Raman spectroscopy was applied to investigate the jawbone relative
mineralization. At the local level, micropillar compression was used for the first time on the
compact jawbone, to extract yield and elastic bone properties, which are critical in dental re-
search. For the first time, micropillar compression tests were carried out on laser-fabricated
bone micropillars, which enables high throughput mechanical characterization. Following
our previous study [161], we combined Raman spectroscopy and micropillar compression
measurements in a site-matched manner to estimate the mechanical properties of bone in
correlation with the local bone mineralization level, giving access to structure-property rela-

tionships at the microscale.
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3.2.2 Materials and Methods

3.2.2.1 Sample preparation
Jaw samples from skeletally mature minipigs of three genotypes (Yucatan, Gottingen, and

Sinclair) of age between 23 and 27 months were obtained from Institut Straumann AG
(Basel, Switzerland). The samples were obtained from dental studies after their comple-
tion and stored in formalin before further preparation. In total, three animals per genotype
were used (N=9). The coronal cross-section of the mandibular premolar region was dis-
sected from the rest of the jaw with a diamond band saw under constant water irrigation
(Exakt, Norderstedt, Reichert-Jung). The cortical bone region, adjacent to the inferior bor-
der of the mandible, was further sectioned from the jawbone slice. The resulting bone pieces
of about 3 mm in height and 4 x 4 mm in width x depth were mechanically cleaned and dried
at ambient conditions for 24 h. The pieces were then glued onto an aluminium SEM stub
with a 2-component epoxy resin adhesive (Schnellfest, UHU, Germany) so that the sample
top surface followed the coronal plane from the mandibular cross-section. Finally, the ex-
posed specimen surfaces were polished with progressive grades of silicon carbide paper and
finished manually on a soft cloth with a 1 um diamond suspension followed by a 0.04 um

SiO, suspension.

3.2.2.2 Micromechanical characterization
Nanoindentation

Nanoindentation maps were carried out using a Hysitron Ubi-1 nanomechanical testing
system equipped with a Berkovich diamond tip. Measurements were performed at room
temperature and ambient pressure and humidity. Nanoindentation maps consisted of 2x3
indents with a 20 4 m step size, avoiding indentions in the vicinity of the deformation zone
while being placed within the zones of interest, specifically osteons. Each indentation was
performed under load—control mode with 10 mN maximum load and the following segment
times: 20 s loading, 30 s holding at peak-load, and 20 s unloading segment. An additional
60 s waiting time was added between each indent to reduce instrument drift. Indentation
maps were located either in the osteonal, interstitial, or plexiform regions. In total 10 maps
for each region of interest were collected per animal sample resulting in 120-180 indents per
sample. Indentation maps were distributed across the sample surface, consequently provid-

ing information on average elastic bone properties at the whole sample level.
Micropillar fabrication via femtosecond laser ablation

A novel laser ablation protocol was developed based on femtosecond (fs) laser ablation

to prepare a micropillar array on each of the bone samples [192]. Fabrication of micropillars
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on the sample surface was done using a femtosecond-pulsed laser (SATSUMA HPII, Ampli-
tudes Systemes) at 515 nm wavelength with 320-350 fs pulse duration and 3 kHz repetition
frequency, with an average laser power of 12 mW. The resulting laser pulse energy and peak
fluence were 3.96 uJ and 5.14 J/cm? accordingly. The ablation was done in a unidirectional
scanning mode at 15 mm/s, enabling low heat accumulation (Appendix 1). An array of 5x5
micropillars was ablated on each sample surface for further mechanical testing (figure 3.2.1).
The dimensions of the micropillars were estimated from high-resolution scanning electron
microscopy (HRSEM) images taken at an acceleration voltage of 1.5kV (Hitachi S-4800,
Japan). On average, the pillar diameter was 24 + 3 um with an aspect ratio of 2.3 + 0.3 and
a taper angle of 15° £2°.

Y m—— B

@ ~24 um
2.3 aspect ratio

~159

PR i : PR TR W I
Figure 3.2.1 — Schematic of the laser ablation of bone in a unidirectional scanning mode
with marked micropillar array positions (A) and the output micropillar geometry (B); optical
overview image of the sample top surface with femtosecond laser ablated micropillar array
(C); close-up SEM image of the micropillar array (D).

Micropillar compression

Micropillar compressions were performed using an ex-situ indenter setup developed in-
house based on commercial hardware for actuation, sensing, and electronics (Alemnis AG,

Switzerland) [161,317]. Experiments were performed at ambient temperature and humidity
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with a flat punch indenter tip (60 um diameter). Samples were compressed uniaxially us-
ing a quasi-static displacement-controlled loading protocol at a strain rate of 10~3s~! and
up to 15% of engineering strain. Two types of protocol were used: (i) monotonic and (ii)
cyclic loading. The latter included repetitive segments of 750 nm loading and 250 nm par-
tial unloading. The typical stress-strain curves for two testing protocols are presented in the
graphical abstract. From both protocols, yield stress and strain were extracted, whereas from
the cyclic loading protocol the elastic moduli were additionally extracted from the unloading
segments, prior to the yield point. Yields stress in each stress-strain curve was computed as
the stress that is needed for plastic deformation of 0.2%. On average, 20 micropillars were

tested per animal sample, of which 5 were cyclically loaded.

Data analysis was done in Python v3.8 using an in-house script following the methodol-
ogy of Schwiedrzik et al. [167] with the modified Sneddon approach of Zhang et al. [237]
for substrate compliance corrections. The influence of the taper angle on the output me-
chanical properties was corrected using finite element simulations in Abaqus/CAE (Dassault
Systemes Simulia Corp., Johnston, Rhode Island, USA) [318]. Compressions of two mi-
cropillar geometries were simulated: tapered, with the micropillar geometry matching the
one used in the actual experiments, and ideal, where the diameter of the micropillar was con-
stant over its length. A displacement of 10% of the micropillar height was applied from the
top. A part of the substrate below the micropillar was also included in the model to account
for substrate deformation. The von Mises plasticity model was used with input values based
on the experimental results from a former study [161]: Young’s modulus was set to E =27.65
GPa, yield stress was set to 0,= 0.318 GPa, and the Poisson’s ratio to v = 0.3. The effect
of the taper on the elastic modulus, yield stress, and strain was expressed with the help of
taper correction coefficients, representing the ratio of the apparent yield stress estimated for
the ideal geometry divided by the one of the tapered micropillar geometry. Further details

on the finite element simulations can be found in Appendix 2.

3.2.2.3 Morphological and compositional analysis
Micro-CT

Microscale computed tomography (micro-CT) scans of the samples were collected using
microCT 100 (SCANCO Medical AG, Switzerland). Scanning was done at 55 kVp energy,
200 pA tube current, 400 X 2 ms integration time, and a voxel size of 6.6 um. Micro-CT
scanner was calibrated using hydroxyapatite phantoms with known density (-15, 100, 210,
415 and 790 mg/ cm?). Following the reconstruction, image processing was done using an
in-house Matlab script. The sample scans were segmented with a fixed threshold of 711.11

mg/ cm? (averaged value of each specimen-specific threshold, automatically detected by
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OTSU’s method). For each sample average tissue mineral density (TMD) and bone volume
ratio (BV/TYV, bone volume vs. the total volume) were extracted. The main alignment of the
sample pores was evaluated using an in-house Python script from an orthotropic fabric tensor
with the mean surface length method as described by Hosseini et al. [319]. Consequently,
the degree of anisotropy (DA) and the spatial orientation of the sample pores (out-of-plane

angle) were calculated.
Raman spectroscopy

Raman spectra were acquired in ambient conditions using an upright Raman microscope
(Nova Spectra, ND-MDT, Russia) equipped with a 633 nm laser. Spectra were collected
through the 600 g/mm grid and 50x objective with a numerical aperture of 0.75. The resul-
tant laser spot size was ~0.5 um in lateral and 1.6 um in axial direction [220]. The laser
power at the sample surface was ~11mW. For the whole-sample-level measurements, spectra
were collected from interstitial (N=10) and osteonal (N=10) zones, as well as from plexiform
zones (N=10) for the Gottingen samples. Raman spectra give local information on the com-
position, and by uniformly distributing the measurement locations over the sample surface,
global information per sample could be extracted. For each cortical bone zone, 10 spectra,
60 s integration time each, were collected approximately 5 um underneath the bulk surface,
resulting in 20-30 spectra per sample. Additionally, Raman measurements were carried out
on the bone micropillars. An average of three spectra, 30s integration time each, were col-
lected approximately 5 pum underneath the pillar top, providing the local information on the
mineral to matrix ratio. Spectra processing was done in Python, detailed analysis steps with
corresponding figures are shown in Appendix 3. All spectra where background-subtracted
and peaks of interest representing mineral and collagen content were further analyzed. The
ratio of the secondary phosphate (v,PO4) over the amide III bands was used as an indirect
estimation of the bone mineralization level [226]. Both peaks were fitted with a double
Lorentzian function using a least-square scheme and the ratio of the integral areas provided

the mineral to matrix ratio (Mineral/Matrix).

3.2.2.4 Statistical analysis

All statistical analysis was performed using R [320], rstatix package [321]. The Shapiro-
Wilk test was used to test for the normality of variables. Significant differences between
paired datasets were then tested using the Wilcoxon rank-sum test to account for the non-
normally distributed data, and the significance threshold was chosen as p < 0.05. Results for
the normally distributed datasets are reported as mean + SD, where SD stands for the stan-

dard deviation. Results for the non-normally distributed data are reported as median (IQR),
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where IQR stands for the interquartile range, i.e. the difference between the first and third

quartile. Correlation analysis was done through linear regression analysis (Imtest package).

3.2.3 Results

3.2.3.1 Whole sample level analysis
The visual analysis of the sample surfaces showed a discrepancy between observed zones

of the cortical region. Similar to the human cortical bone morphology, osteonal and inter-
stitial zones are observed on all three minipig genotypes (marked in the figure 3.2.1 insets).
Moreover, circumferential lamellae are observed on the outer side of the Yucatan and Sin-
clair samples. A large area of the plexiform bone is observed for all Gottingen minipigs, as

marked in figure 3.2.2.

Yucatan Géttingen Sinclair

» »
B e

Zones:

[1 Osteonal
| Interstitial
[ Plexiform

I Circumferential
lamellae

1mm

1mm

Figure 3.2.2 — Optical images of the representative samples’ top surfaces of each genotype
with the marked plexiform zone (indigo) and the circumferential lamellae (green), as well as
the osteonal (rose-colored) and interstitial (aquamarine) zones marked in the insets.

Micro-CT data showed that Gottingen minipigs had the highest tissue mineral density of
1229 + 168 mg/cm3 as well as the bone volume fraction of 98.1 &+ 0.5 %, while the Yucatan
genotype demonstrated the lowest values: 1143 + 163 mg/cm® and 96.3 & 1.4%. Sinclair
minipigs had a tissue mineral density of 1175 + 161 mg/cm?® and a bone volume fraction
of 97.8 + 0.7 %. However, no significant difference between the genotypes was found for
bone morphology, mineral density, and degree of anisotropy (figure 3.2.3). Moreover, the
averaged out-of-plane orientation of the pores within the sample, including the Haversian

canals, was 55° with 2° variation between the samples.

A significant difference (p< 0.01) was observed in the mineral to matrix ratio between
all cortical bone zones within each of the three genotypes, except the osteonal and plexiform
zones of Gottingen minipig. For all three genotypes, values were higher for interstitial zones
than osteonal with the highest values for the Goéttingen minipigs: 0.81 (0.13) for intersti-
tial and 0.66 (0.12) for osteonal zones, although not significantly different from the Sinclair

minipigs (figure 3.2.4). Yucatan genotype showed the lowest mineral to matrix ratio (0.74
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Figure 3.2.3 — Tissue Mineral Density (TMD), Bone Volume fraction (BV/TV), and Degree of
Anisotropy of Haversian porosity (DA) of the cortical region of the jawbone of three minipigs
genotypes.

(0.15) for interstitial and 0.57 (0.09) for osteonal zones), with a significant difference to the
Gottingen minipigs for both zones. While this trend is similar to the mineral density data
collected from micro-CT, a comparison between the two methods showed no significant cor-

relation.

Indentation revealed higher elastic modulus and hardness for the interstitial zones of all
genotypes compared to the osteonal and plexiform zones (figure 3.2.5). Gottingen and Sin-
clair samples showed a significant difference in elastic properties between the zones. Yucatan
minipigs exhibited the highest variation of the mean values within the zones, however, the

hardness was still significantly different between the interstitial and the osteonal zones.

Correlation analysis was performed to check the dependence between the average bone
elastic properties measured via nanoindentation and average bone mineralization, as assessed
through two techniques: micro-CT (TMD) and Raman spectroscopy (Mineral/Matrix ratio).
No significant dependence was observed between the tissue mineral density and both elastic
modulus and hardness. Moreover, no correlation was detected between the elastic modulus
and the mineral to matrix ratio, while a significant positive trend was found between the

hardness and the mineral to matrix ratio for pooled cortical bone zones (figure 3.2.6).

3.23.2 Site-matched micropillar compression and Raman spectroscopy
At the microscale level, significantly different mineralization was observed between the three

genotypes, as assessed via the mineral to matrix Raman band ratio (figure 3.2.7). Géttingen
and Yucatan genotypes exhibit the highest and the lowest mineral/matrix ratio accordingly.

Observed alterations of bone mineralization at the microscale match the mineral/matrix ratio
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Figure 3.2.4 — Mineral to matrix ratios as estimated at interstitial, osteonal, and plexiform
zones of three minipigs genotypes. Statistical significance asterisks: * — p < 0.05, sx —p <
0.01, xx%x — p < 0.001, ***x —p < 0.0001.
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Figure 3.2.5 — Young modulus (E) and hardness (H) as estimated at interstitial, osteonal, and
plexiform zones of three minipig genotypes: Yucatan, Gottingen, Sinclair. Statistical signifi-
cance asterisks: * — p < 0.05, xx — p < 0.01, x*xx — p < 0.001, **x*xx — p < 0.0001.
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Figure 3.2.6 — Bone Young modulus (E) and hardness (H) versus bone mineral to matrix ratio.

variations at the whole sample level (figure 3.2.4).

Micropillar compression revealed the highest mean value of the Young’s modulus for the
Sinclair minipigs, although only the difference with the Yucatan minipigs was significant
due to the scatter of the Young’s modulus data of the Sinclair minipigs. No significant differ-
ence was observed between the Young’s modulus mean values of the Yucatan and Gottingen
genotypes. The mean yield stress values follow the genotype mineralization, with the Got-
tingen and Yucatan minipigs demonstrating the highest and the lowest values, respectively.
However, the yield strain mean values were not significantly different between the Gottin-
gen and Sinclair genotypes, but both were significantly lower than the ones of the Yucatan

(p<0.0001).

Site-matched micropillar compression and Raman spectra collection allowed us to assess
the relationship between the genotype relative mineralization and the local mechanical prop-
erties. The correlative analysis showed no significant dependence between the local elastic

and the yield properties versus the mineral to matrix ratio (figure 3.2.8).

Three distinct micropillar failure modes were observed after compression. Axial crack-
ing, where the fracture followed the main micropillar axis (figure 3.2.9 A), was the most
common mode followed by shear (figure 3.2.9 C) and mushrooming (figure 3.2.9 B), where
the major deformation occurred at the micropillar top. The correlative analysis showed no
dependence between the failure modes and the mechanical properties or relative mineraliza-

tion.

70



3.2. Assessing minipig compact jawbone quality at the microscale (Journal of the Mechanical
Behavior of Biomedical Materials 134, 2022)

E (GPa)

1.75 *x "
*kk
*kkk 254
1.50 . T
9 .
®
< 1.25 =20
2 x
]
= Q
=
E 1.004 W 154
(]
=
=
0.751
10+
0.501
Y G S Y G S
Genotype Genotype
* *kkk
*
*kkk
500+
g
= 4001 < 0.104
Py 2
7] w
£ o
300 2
ko] >
Q o
< H
- [ ]
2001 0.05
* //
»
100 . . . ; ! :
Y G S Y G S
Genotype Genotype

Genotype
- Yucatan
E3 Gottingen

E3 Sinclair

Figure 3.2.7 — Microscale bone properties of three minipigs genotypes. Statistical significance
asterisks:x — p < 0.05, % — p < 0.01, xxx — p < 0.001, *x*x*xx —p < 0.0001.

25 600
0.12 * « .
500 .
20 — ot o . ° .
[\ L] ~ . . . .
o Lo L} o
24001 o« e S £0.09 — .
. ] 3 . j .
15 . . § e . ® | Genotype
. . . e c 5 A - % R * Yucatan
e ol . o 300 LA B . - . . * Géttingen
* e ° ° e oot . 0.067 r 0 Sinclair
. . 2 AL .. Ve . B
10 * . ° >- ° . d . . .. . . .
o 200 . oo :
. . MR YA
0.03 L
5 100
0.7 0.8 0.9 06 07 08 09 10 11 06 07 08 09 10 1.1

Mineral/Matrix ratio

Mineral/Matrix ratio

Mineral/Matrix ratio
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sessed for three minipig genotypes.
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o 4 ¢ NG M
Figure 3.2.9 — Observed fracture modes of compressed micropillars. A — axial cracking, B —
mushrooming, C — shear.

3.2.4 Discussion
This study presented the framework for the multimodal characterization of the jawbone in an

animal model that could be further extended to humans. It is the first report on the jawbone
properties at the microscale level for the three minipig genotypes: Yucatan, G/"ottingen, and

Sinclair, all commonly used in dental research due to their anatomical similarity to humans.

3.2.4.1 Whole sample level analysis
At the whole sample level measurements, the micro-CT technique was used to shed light on

potential differences between the genotypes both in mineralization and bone volume frac-
tion. No statistically significant differences were observed between the genotypes, most
likely due to the very low pore volume fraction and variation in zonal properties within the
samples. Testing a larger number of regions of interest per mandibular bone would improve
the comparison between the genotype. It is of high interest to investigate several sections
within each mandibular in the future, to account for the inherent variations of compositional
and, consequently, mechanical properties within the whole bone volume. Surprisingly, tissue
mineral density, extracted from the micro-CT, did not correlate with the Raman mineral to
matrix ratio as reported in the study of Indermaur et al. [84], which might be rationalized by
the relatively low number of samples (N=3 per genotype) together with the small range of

mineral to matrix ratio.

Since the jawbone has irregular morphology with highly-porous alveolar and dense com-
pact bone regions, the available data on the jawbone mineralization could not be compared to
the measurements on the compact mandibular bone from the current study. However, inves-
tigated bone regions exhibited clear zonal morphology with low porosity, similar to that of
other types of human cortical bone. Indeed, the Raman mineral to matrix ratio of examined
minipig jaws was within the range of the reported values for the human femoral midshafts:
0.57-0.81 for the minipig jaws examined in the current study and 0.3-1.5 for the human fe-
mur [226]. Moreover, the TMD values of investigated minipig jaws were at the lower border

of the reported TMD range for the human femoral cortex, measured at a similar voxel size:
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1128-1260 mg/cm? for the minipigs and 1200-1600 mg/cm? for the human femur [76]. Since
only the cortical part from the inferior jawbone border was examined, the bone volume frac-
tion was high for all tested minipigs jaws samples, with only 2-4% porosity. These values

are close to those of the other animal species (5-6%) [322,323].

A clear difference between the interstitial and osteonal zones was visible for both Raman
and nanoindentation measurements. This is similar to what is usually observed in the cortical
parts of other skeletal bones, with the interstitial zone exhibiting higher mineralization and
hardness [176,324]. Interestingly, a significant difference between the genotypes was more
pronounced between the osteonal regions of cortical bone. This might be a result of constant
jawbone turnover, during which the interstitial zones rapidly reach the saturated mineraliza-

tion levels [325], which are comparable between the three genotypes.

An increase in mineral to matrix ratio accounted for the jawbone hardness increase but no
dependence was observed for the elastic moduli. Since elastic modulus is more sensitive to
the alterations in the underlying sample morphology, other factors like structural anisotropy
and microporosity may have a comparable influence on the elastic properties thereby con-
cealing a possible correlation with mineral to matrix ratio. Moreover, the large variations
of the elastic modulus values within the Yucatan genotype might have faded the possible

correlation between the elastic modulus and the relative mineralization.

3.2.4.2 Site-matched micropillar compression and Raman spectroscopy

To date, microscale compression experiments on bone were solely performed on focused
ion beam (FIB) milled micropillars [84, 161,167,179, 183,317]. In the current study, bone
micropillars were fabricated using ultrashort pulsed laser ablation, drastically decreasing
the time costs for micromachining and simultaneously enabling high throughput analysis.
However, we had to compromise the output micropillar geometry: the micropillars were ap-
proximately 5 times bigger in comparison to previous studies on micropillar compression.
Moreover, laser-fabricated micropillars had a taper, which affected the stress distribution and
hence also the measured apparent yield point of the compression experiments. A possible
remedy for the pillar taper would be additional FIB milling atop a fabricated pillar, similarly
to the study of Groetsch et al. [183], however, this approach would be still time-consuming
(~1h per pillar). We, therefore, kept the laser-ablated micropillars with geometrical flaws
and accounted for the deviation from the ideal cylindrical shape by finite-element simula-
tions. This way we were able to keep the high throughput of microscale compression ex-
periments, meanwhile correcting the output mechanical properties for the micropillar taper.

Since laser ablation was done at the normal atmospheric pressure and relative humidity, we
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reduced the crack formation at the sample surface, which is commonly observed after high
vacuum exposure during FIB milling. Another advantage of the laser-ablated micropillars
is the possibility to carry the site-matched Raman spectra collection. This was not possible
earlier with the FIB milled micropillars due to inevitable sample sputtering with a conductive

metal, which hinders the Raman signal.

From the micropillar measurements, we were able to detect significant differences be-
tween the genotypes’ mineralization and yield properties. While local measurements of rela-
tive mineralization followed those at the global level, the differences between genotypes were
more pronounced at the local level. Surprisingly, neither elastic nor yield mechanical prop-
erties of jawbone micropillars showed a correlation with the bone relative mineralization.
Such correlation was previously observed by Indermaur et al. [84] in human transilliac os-
teonal bone. However, the micropillars dimensions used in the current study were five times
bigger and thus contained a higher number of lacunae inclusions and lamellar interfaces. As
was shown by Casari et al. [213], the increase in the size of the microscale specimen leads to
lower strength rationalized by the higher probability of finding flaws in a critical orientation.
The dominant failure mode of micropillars in our study was axial cracking. As was demon-
strated in other studies on micropillar compression of the ovine and bovine bone [161,317],
such failure mode is most likely driven by the axial alignment of the mineralized collagen
fibrils.

Overall, we observe large variations of mechanical properties within the minipig geno-
types, both for the nanoindentation and micropillar compression measurements. This is
likely caused by the inherent structural variations at different locations in the jaw as well
as between the animals of the same genotype. Besides, the mineralized collagen fibrils ori-
entation within the tested local volumes was assumed to match the overall orientation of
Haversian canals within the sample volume. For future experiments, the quantitative polar-
ized Raman method can be applied for the simultaneous mineralized collagen fibrils orien-

tation estimation and compositional characterization [161].

3.2.4.3 Study limitations

The current study was carried out on the premolar region of the mandible, opposite to the
teeth growth. It is, however, of high interest to investigate the alveolar bone, due to its rel-
evant location for implant placement and other dental manipulations. The samples used in
the current work were collected after the completion of other dental studies, for which the
alveolar bone was already extracted. Yet, we hypothesize that the mandibular part of the jaw

opposite to the teeth growth may be of interest for future studies using CT imaging because
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it is not affected by the intensity of artifacts coming from metallic implants, crowns, or fill-
ings [326,327]. Nevertheless, the proposed framework for the bone quality assessment can

be applied to the alveolar region of bone in the future.

All samples were stored in formalin before any preparation steps. It is accepted that
fresh bones represent the in vivo conditions better than formalin-fixed ones. Nevertheless,
formalin-fixed specimens are frequently used in biomechanical testing due to the lack of
fresh bones. Chemical fixation with formalin affects the organic fraction of the bone, in par-
ticular, the collagen cross-links [328,329]. In the current study, we abstain from any direct
analysis of the organic bone components, but future analysis of the fresh bone samples fol-
lowing the proposed framework can be done through Raman spectroscopy. As was shown in
the study of K. J. Burkhart et al., formalin-fixed human diaphyseal bone exhibit higher stiff-
ness (about 14% after 6 weeks of conservation) but no differences in bone mineral density
values [330]. Similarly, S.J. Edmondston and colleagues stated that formalin fixation may re-
sult in a slight increase in compressive strength but this does not appear to be associated with
a systematic change in mineral density [331]. Considering that earlier reported mechanical
experiments were performed at the macroscale, we expect a higher effect of formalin fixation
at the microscale mechanical properties of mandibular bone. However, the sample storage
and preparation steps were consistent between the samples of all genotypes, allowing us to

detect the differences between the inherent genotypes’ properties.

3.2.5 Conclusion

We report the jawbone’s mechanical and morphological properties together with relative
mineralization at the microscale. Three minipig genotypes were examined: Yucatan, Got-
tingen, and Sinclair, all commonly used in preclinical dental research. Raman spectroscopy
proved to be a perspective method for relative mineralization estimation, highlighting the
differences between the mineral to matrix ratios of the minipig genotypes. A novel laser-
ablation protocol for micropillar fabrication allowed a high throughput analysis of the mi-
croscale compressive properties of the jawbone. Site-matched micropillar compression and
Raman spectroscopy then gave access to the bone structure-property relationships. Observed
variations in the output mechanical parameters, both at the local and averaged global levels,
may be attributed to the structural and compositional heterogeneity of the samples. Mea-
suring local compositional and mechanical properties in a site-matched fashion can shed
light on structure-property relationships of bone at the microscale. However, to extend the
analysis, mineralized collagen fibril orientation and structural defects like hidden osteocytes

and microvascular channels need to be taken into account explicitly in the future. Overall,
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the methods used at the whole sample level could be potentially correlated to the medical
tools used to assess jawbone toughness and morphology in clinics. At the same time, the
site-matched characterization methods can be applied to specify the local mechanical and

mineralization properties of the jawbone.
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Chapter 4

High-throughput laboratory analysis of the bone

quality in humans

In this chapter, previously developed multimodal bone characterization methods are applied

to human bone biopsy specimens. This study is based on the following manuscript:

Tatiana Kochetkova, Markus S. Hanke, Michael Indermaur, Alexander Groetsch, Stefan Re-
mund, Beat Neuenschwander, Johann Michler, Klaus A. Siebenrock, Philippe Zysset, Jakob
Schwiedrzik; "Comparing microscale compact bone properties of patients who underwent

hip arthroplasty: influence of age and gender" (In preparation) $

$As of 25 September 2023, the revised version of this manuscript was accepted in the Bone journal:
T. Kochetkova, M.S. Hanke, M. Indermaur, A. Groetsch, S. Remund, B. Neuenschwander, J. Michler, K.A.
Siebenrock, P. Zysset, J. Schwiedrzik "Composition and micromechanical properties of the femoral neck com-
pact bone in relation to patient age, sex and hip fracture occurrence” Bone, 177, 116920, 2023
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Abstract

Metabolic bone diseases like osteoporosis lead to increased bone fragility and consequent
implications for the patient lifestyle and health expenses. In the present aging society,
fragility fractures pose significant health and economic burden. Current clinical methods
to assess bone health status fully or to a great extent depend on bone mineral density (BMD)
measurements. However, these methods bear considerable errors in predicting bone strength
and are often only carried out after the occurrence of the fracture. This study aims at assess-
ing bone parameters other than BMD, which can potentially improve the current fracture risk

prediction approaches.

Femoral neck samples from 42 patients who underwent hip arthroplasty were collected
together with anonymous clinical information about age, gender, and primary diagnosis
(coxarthrosis or hip fracture). The femoral neck cortex from the inferomedial region was
analyzed ex vivo in a site-matched manner using the combination of the micromechanical
testing techniques (nanoindentation, micropillar compression) together with micro-CT and
the recently developed quantitative polarized Raman spectroscopy method for both morpho-

logical and compositional characterization.

All of the investigated bone properties were found to be independent of the patient’s gen-
der and diagnosis. Mechanical properties as well as the sample-level mineral density were
nearly constant over age. Only compositional properties demonstrate dependence on the pa-
tient age: the mineral to matrix ratio was found to decline with age (p=0.02, R?> = 0.13, 2.6%
per decade), while the amide I sub-peak ratio I.1¢60/ I~1683 increases (p=0.04, R?>=0.11,
1.5% per decade). A clear zonal dependence between interstitial and osteonal cortical zones
was observed for compositional and elastic bone properties (p<0.0001). Site-matched mi-
croscale analysis confirmed that all investigated mechanical properties except yield strain

demonstrate a positive correlation with the mineral fraction of bone.

Logistic regression classification was further applied to the final dataset of measured bone
properties with the patient’s clinical information. The analysis showed that indentation hard-
ness, mineral to matrix ratio and micropillar yield stress are the most relevant parameters for
bone fracture risk prediction. The presented data and analysis approaches may be used in the
future to improve the prediction of fracture risk in the elderly. What is more, this knowledge
may help to form a better understanding of the mechanisms through which bone tissue is

affected by aging.

Keywords: Hip fracture, coxarthrosis, aging, nanoindentation, quantitative Polarized Ra-

man spectroscopy, femtosecond laser ablation, micropillar compression, logistic regression.
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4.1.1 Introduction

Bone fragility poses a significant socioeconomic burden on modern societies worldwide.
With increased longevity, bone fractures are bound to increase in number. According to the
International Osteoporosis Foundation, fragility fractures in Europe are projected to increase
by 23%: from 2.7 million in 2017 to 3.3 million in 2030 [4]. Accordingly, the resulting
annual fracture-related costs are expected to increase by 27%. Accounting for much of the
health care expenditures and mortality, hip and vertebral fractures are the two most serious
types [4,332].

Fragility fractures result from low-energy trauma, arising from the reduced load-bearing
capacity of bone. Such fractures are considered the main consequence of osteoporosis
[333,334] — a skeletal disorder characterized by low bone density and structural deterioration
of the bone tissue [2,4,194,335,336]. Osteoporosis is referred to as a "silent disease" since

it is often left undertreated and undetected until it manifests in the form of fracture [337,338].

Bone strength depends on both bone quantity and quality. The first is also known as the
bone mass or bone mineral density (BMD) and it is the most common predictor for clinical
fracture risk assessment [339]. Current clinical methods to assess bone health status fully
or to a great extent depend on BMD measurements. However, BMD can only act as a sur-
rogate of bone strength, and methods to assess BMD are usually carried out only after the
occurrence of the bone fracture [340]. On the other hand, evidence is emerging suggesting
a significant influence of tissue quality on whole bone strength [70—72]. Bone quality is a
cumulative term that includes various parameters like metabolism, composition and microar-
chitecture excluding BMD, that contribute to the overall fracture resistance [268, 341-343].
Most of the recent research on bone quality was carried out using laboratory-based methods,

which allow precise analysis of the hierarchical structure and its constituents.

Bone is a fascinating biological material, able to achieve superior strength and fracture re-
sistance characteristics beyond its individual constituents. At the lowest level, bone is made
of organic and mineral phases (mainly of collagen type I and hydroxyapatite crystals) with
water inclusions. Both mineral and organic bone constituents contribute to the mechanical
properties of bone tissue [239,344]. The mineral part of bone largely determines its stiffness
[22], while the collagen part together with bound water and non-collagenous ptoteins are
primarily responsible for bone toughness, i.e. the ability of bone to dissipate energy during
failure [61,345]. Besides the influence of the individual bone components, bone possesses a
unique hierarchical arrangement, which contributes drastically to its outstanding mechanical

and morphological properties [124,346,347].
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Although more and more parameters linked to bone quality are investigated, to date there
is no universally accepted bone quality characteristic that can be used to predict the risk of
fragility fracture. Accordingly, the aim of the current study was (i) to assess both bone quan-
tity and quality at the femoral neck sites of the patients who underwent a hip arthroplasty
and (ii) to test which of the investigated bone properties may be the most relevant for fracture

prediction.

4.1.2 Materials and methods
4.1.2.1 Sample preparation

Human femoral neck slices were collected during total hip arthroplasty at the University
Hospital of Bern and Tiefenau Hospital. A double osteotomy was done to extract a femoral
neck slice of about 10 mm thickness. After extraction, samples were rinsed with Ringer’s
solution, dab dried, and stored in the freezer at —20°C. The collection of samples together
with the corresponding patient information was done following the Ethical approval 2018-
01815 of the Kantonale Ethikkommission Bern. Patient information in pseudonymized form
was securely stored in the SharePoint server of the University Hospital of Bern. In total,
59 femoral necks were collected, of which 42 had intact inferomedial regions and therefore

were suitable for the current study.

A schematic of the sample preparation is shown in figure 4.1.1. Pieces of bone cor-
tex from the inferomedial part of the femoral necks were cut manually with a hand saw.
The extracted bone pieces of about 3-10 mm in height and 5x5 mm width x depth were
mechanically cleaned with a scalpel and ultrasonic cleaner. Samples were then embed-
ded in 10% phosphate-buffered formalin solution at room temperature for at least 2 days,
dehydrated with increasing ethanol concentrations (70-100%), followed up by xylol and
methylmethacrylate+dibutylphtalate (80%+20%) solutions in the course of 7-10 days. Fi-
nally, samples were embedded in MMA (80% methylmethacrylate + 20% dibutylphtalate +

1% perkadox) and left for polymerization at room temperature for at least 2 days.

The upper part of the embedded bone piece, closer to the femoral shaft, was further sec-
tioned with a diamond-coated saw. The resulting bone pieces of about 2 mm in height and
5x5 mm? area were then fixed onto an aluminum SEM stub with a 2-component epoxy resin
adhesive (Schnellfest, UHU, Germany). Finally, the exposed specimen surfaces were ultra-
milled (Polycut E, Reichert-Jung, Germany) and consequently polished with 1000 grid sili-
con carbide and paper cloth with 0.3 um Al, O3 lubricant.
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Shaft axis

&

Human femoral neck Inferomedial region of the neck slice

Figure 4.1.1 — Bone sample extraction and orientation schematic.

4.1.2.2 Micromechanical characterization

Nanoindentation

Indentation maps were performed using a Zwick Roell nanoindenter system (ZHN Nanoin-
denter, ZwickRoell GmbH & Co. KG, Ulm, Germany), equipped with a Berkovich diamond
tip. In total, 20 bone structural units (BSU) per patient, distributed across the sample surface
were measured (figure 4.1.2), of which 10 were within osteonal and 10 in the neighboring
interstitial regions. In each BSU, a 2x3 indentation map was carried out. For each indent,
a trapezoidal load control protocol was used [167] consisting of a loading segment at a rate
of 1.5 mN/s, reaching up to 15 mN maximum force with about 1-1.2 yum penetration depth,
holding for 5 s, and unloading at 3.75 mN/s. As output, hardness and elastic modulus were
calculated following the Oliver-Pharr method [185] with an assumed Poisson ratio of 0.3.
Measurements were performed at room temperature and ambient pressure and humidity.
Indentation maps were distributed across the sample surface, consequently providing infor-

mation on average elastic modulus and hardness at the whole sample level.

Micropillar compression

Regular arrays of bone micropillars were prepared on the sample surfaces following a previ-
ously developed femtosecond (fs) laser ablation protocol [193]. Micropillar fabrication was
done using a 515 nm laser (SATSUMA HPII, Amplitudes Systemes) with 320-350 fs pulse
duration, 3 kHz repetition frequency and 12 mW average laser power. Since each sample
presented a unique cortex morphology, different combinations of micropillar arrays were
fabricated across the sample surface: 5x9, 5x5, 4x5, 3x5, 3x10, 5x6 and 3x3. As a result,
each sample contained 45 to 65 bone micropillars, of which less than 8% were a priori defec-
tive (fabricated fully or partially on Haversian canals or other pores). Micropillar geometry
was assessed from each array on each sample via an optical profilometer (S Neox, Sensofar
Metrology, Spain). On average, micropillars were 62 + 2 um high with a 26 = 1 um top
diameter and 14 + 2° taper (N=1441).
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Micropillar compression experiments were performed using an ex-situ indenter setup
developed in-house based on commercial hardware for actuation, sensing, and electronics
(Alemnis AG, Switzerland) [161,317]. Experiments were performed at ambient temperature
and humidity with a flat punch indenter tip (60 um diameter). Samples were compressed
uniaxially using a quasi-static displacement-controlled loading protocol at a strain rate of
1073571 and up to 13% of engineering strain. As output, yield stress and strain values were
extracted at 0.2% plastic deformation. Per each sample, 30 to 50 micropillars were tested
(figure 4.1.2).

Data analysis was done in Python v3.8 [221] using an in-house script following the
methodology of Schwiedrzik et al. [167] with the modified Sneddon approach of Zhang
et al. [237] for substrate compliance corrections. The influence of the taper angle on the
output mechanical properties was corrected using finite element simulations in Abaqus/CAE
(Dassault Systemes Simulia Corp., Johnston, Rhode Island, USA) [318] following our pre-

vious work [193].

Bone Structural Units ~ v— Nanoindentation #* - gPRS
7 = Polarization angle
,,,,,,,,,,,,,,,,,,,,,,, P ; I ——
= aP g
] dh >
2857 I:I : : : B amide Il amide |
o Z T — h”m . . .
- [?I D =R Indentation depth (h) 40 60 A0 1000 1200 1400 1600 1800
; D ;ﬂ )D : "‘.Dv Raman shift (cm™)
) i 5 3
s Bone micropillar compression
s :nm yield

indenter

Stress (o)

¢4 Strain (g)

Figure 4.1.2 — Microscale analysis methods and their schematic location on the sample surface.
The whole sample volume was scanned with micro-CT. Structural unit analysis on interstitial
(Int) and osteonal (Ost) zones included nanoindentation maps and quantitative polarized Ra-
man spectroscopy (QPRS) measurements on the mapping area. A typical indentation curve
together with polarized Raman spectra are shown at the top right. A schematic of the bone mi-
cropillar compression is shown at the bottom. Compression tests were site-matched with qPRS
measurements on each pillar. A typical stress-strain curve from the micropillar compression
experiment is shown at the bottom right.
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4.1.2.3 Morphological and compositional analysis

Micro-CT

Hydroxyapatite-calibrated micro-computed tomography (micro-CT) scans of the samples
were collected (microCT 100, SCANCO Medical AG, Switzerland). Scanning was done at
55 kVp energy, 200 tA tube current, 300 ms integration time, with a resulting voxel size of
17.2 um. Following the reconstruction, image processing was done using in-house Matlab
code (Matlab R2019a). A schematic of the image processing steps is shown in figure A3.1.
For each sample, cortical bone mineral density (BMD), tissue mineral density (TMD) and

bone volume ratio (BV/TYV, bone volume vs. the total volume) were extracted.

Quantitative polarized Raman spectroscopy (qPRS)

Raman spectra were acquired in ambient conditions via an upright Raman microscope (Nova
Spectra, ND-MDT, Russia) with a 633 nm laser. The linear polarization of the exciting laser
was adjusted with a motorized A/2 plate. No analyzer plate was included in the light path
after the sample. Spectra were collected using a 600 g/mm grating and 50 x objective with a
numerical aperture of 0.55. The resultant laser spot size was ~0.7 um in the lateral and 4.2

um in the axial direction [220]. The laser power at the sample surface was ~7mW.

Two sets of measurements were collected for each sample. First, two sets of polarized
spectra were acquired after the nanoindentation measurements from bone structural units
within interstitial and osteonal regions, matching the location of the indentation maps (Figure
2). The second set of measurements was done on the bone micropillars before compression
tests, approximately 5 um underneath the pillar top surface. Each set of polarized Raman
measurements consisted of 10 spectra, collected at increasing angles of polarizer from 0 to
180° with a 20° angular step. Following the recently validated gPRS method [161], the local
orientation of the mineralized collagen fibrils (MCF) was estimated. Local in- and out-of-
plane MCF angles were calculated and used for the subsequent correlation analysis. More-
over, traditional information on the bone microscale composition was quantified through the

peak band ratios.

The peaks of interest were chosen based on the principal component analysis [348]. For
this, all spectra were background subtracted and averaged spectra from all samples were
analyzed. The peaks with the highest intensities variation were detected as elements from
the first eigenvector after the dimensionality reduction. The peaks with the highest varia-
tion included primary and secondary phosphate (vi{ POy, v2POy), proteoglycans, and colla-
gen bands (amide I and amide III). Accordingly, the compositional parameters presented in
Table 4.1.1 were extracted from the Raman spectra. The corresponding peaks were back-

ground subtracted and fit with a linear combination of Lorentzian functions, as described

85



Chapter 4. High-throughput laboratory analysis of the bone quality in humans

Table 4.1.1 — Bone compositional and structural parameters, assessed via Polarized Raman
spectroscopy.

Parameters Quantification of the parameters Interpretation
1 Mineral to matrix Integrated area of v{PO4 (410-460 cm~ 1) Relative mineralization level.
ratio over amide III (1215-1300 cm™1) Correlates with Ca content [226]
’ Mineral crystallinity Inverse value of v{ POy full width at Mineral crystallite chemistry,
index half maximum size and shape [159,349]
3 }Amlde/ } sub-pece(l)lilzagtéi)l Intensity ratio of amide I subbands: Collagen helical structure
~1670/ 1~1640, . .
disorder/order ratio L1670/ 11640 disorderliness [350,351]
4 IAmldi § sub-p ?21;?;0 Integrated area ratio of amide | Nonquantitative measure of
~16607 I~1683 subbands: 660/ 11683 cross-link maturity [351-353]

maturity ratio
. Integrated area ratio of amide I
5 1\/11;12 ‘O“n:;jt‘f;‘;"f (1215-1300 cm~") over amide TII MCF spatial orientation [161]
P (1600-1700 em™)

elsewhere [161, 193]. To exclude the polarization dependence from the analyzed parameters
(1-4, Table 4.1.1), the results from each measured ROI were averaged over the laser polar-

izations.

4.1.2.4 Statistical analysis

Descriptive statistics and correlation analysis were performed in R v.4.2 [320] with the rstatix
[321], Ime4 [354], ImerTest and Imtest packages. The Shapiro-Wilk test and QQ plots were
used to verify the normality of variables. To account for the repeated tests per sample and
within the bone structural units (BSU) of each sample, a mixed-effect model was used. For
this, groups (gender, diagnoses, zones) and patient’s age were treated as fixed effects, while
samples and bone structural units (within interstitial or osteonal zones) within the samples
were taken as random effects (equation 4.1.1). The influence of the group, age and their

interaction on the measured variables was accounted for in the model:

variable ~ Group xAge + (1 | Sample) + (1 | BSU : Sample). 4.1.1)

The likelihood ratio test confirmed that the random effects have a significant influence
on the model for all of the measured variables. Differences in the mean between the groups
were tested using the one-way ANOVA test with the mixed model (4.1.2), F-statistic was
computed with Satterthwaite’s method, the significance threshold was chosen as p < 0.05.
Measurements are reported as mean + SD, where SD stands for the standard deviation.
Linear correlation of the measured variables from the patient’s age was combined with the

mixed effect model, similar to the group analysis:

variable ~ Age + (1 | Sample). (4.1.2)
A multiple regression analysis was used to check any possible correlation between mea-

sured bone properties (Python’s NumPy module [355]). For this, Pearson correlation coeffi-
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cients were analyzed in a form of a correlation matrix.

Principal component analysis (PCA) was carried out on the final normalized dataset com-
bining the mean of the measured bone parameters per each sample, combined with the clin-
ical information for each patient. PCA was done in Python v.3.9 [221] via the Scikit-learn
machine learning library [356]. Logistic regression analysis (Scikit-learn) was applied for
the prediction of fractured and non-fractured patients [357]. For this, the final dataset was
transformed to avoid categorical inputs and split into training and test sets with a 0.75 to
0.25 ratio respectively. The model accuracy was calculated as the ability of the classifier to

find all the positive samples, being the ratio of True Positive/ (True positive + False positive).

4.1.3 Results

4.1.3.1 Sample cohort description
In total, 42 patients participated in this study, with the age varying from 45 to 89 y.o. (figure

4.1.3). A fair distribution of patients’ age and genders was observed, with a close number
of female and male patients: 19 and 23, respectively (figure 4.1.3 A). Following the clini-
cal information about the patient’s primary diagnosis, samples were assigned to one of the
two groups: coxarthrosis (N=31), where patients suffered from hip osteoarthritis but had no
clinical record of the metabolic bone disease, and fracture patients (N=11), who had to be
operated due to hip fractures (figure 4.1.3 B). Such fractures in the context of a low-energy
trauma are considered the most serious complication of osteoporosis. While the fracture pa-
tients were not formally diagnosed with osteoporosis, we consider them as patients at high

risk of osteoporosis. Hip fractures were only observed in patients aged 60 years and above.

4.1.3.2 Bone properties in relation to patient gender, diagnosis and age

A summary of measured bone properties depending on the patients’ cohorts is collected in
Table 4.1.2. All of the investigated bone properties were found to be independent of the

patient’s gender and diagnosis (fracture or coxarthrosis).

Zonal dependence between investigated bone structural units was observed for mechan-
ical and some compositional characteristics (figure 4.1.4). Specifically, the mineral to ma-
trix ratio was on average 5% higher in the interstitial zone than in the osteonal (p<0.0001).
Meanwhile, the amide I sub-peak ratio 71670/ I~1640 (collagen disorder/order ratio) was
1.2% higher in the osteonal bone region (p<0.0001). As for the micromechanical properties,
both elastic moduli and hardness of interstitial zones were on average 1.4% and 2.6% higher

than those of osteonal zones (p<0.0001).
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Figure 4.1.3 — Histogram of patients’ gender (A) and primary diagnosis (B) distributions
across the age.

Neither elastic nor yield properties of bone tissue demonstrate any dependence on the pa-
tients’ age (figure 4.1.4). The same is true for the bone mineral densities and the volumetric
ratio. Only local bone composition demonstrates a marginal correlation with the patient’s
age. Particularly, the mineral to matrix ratio declines with age (p=0.02, R?>=0.13, 2.6% per
decade), while the amide I sub-peak ratio I.j660/ 11683, also referred to as matrix maturity
ratio, increases (p=0.04, R?*=0.11, 1.5% per decade).
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Figure 4.1.4 — Compact bone properties in relation to the patient gender, primary diagnosis,
age and analyzed cortical bone zone (interstitial, osteonal). Measured bone propertied from top
to bottom: elastic moduli (E), mineral to matrix ratio (mineral/matrix), I.ig60/ I~1683 (Mmatrix

maturity ratio), tissue mineral density (TMD) and bone volume fraction (BV/TV).

89



Table 4.1.2 — Summary of measured bone properties depending on the patients’ gender, diagnosis or zone. P-values from the one-way ANOVA test with
the nested mixed effect model of the bone characteristics compared within mentioned cohorts of patients. P-values for the group (gender, diagnosis or
zone), age and their interaction are reported.

06

Gender Diagnosis Zone
Method Bone character - —
Female Male p-values Coxarthrosis Fracture p-values Interstitial Osteonal p-values
0.95 (group) 0.35 (group) <0.0001 (group)
Nanoindentation E GPa 22.0£2.3 21.542.3 0.74 (Age) 21.7742.3 21.64+2.3 0.54 (Age) 219424 21.64+2.3 0.79 (Age)
0.65 (interaction) 0.31 (interaction) 0.001 (interaction)
0.99 (group) 0.33 (group) 0.001 (group)
H MPa 716.7+£88.5 | 706.2+90.4 0.38 (Age) 710.7+£89.7 | 711.3£90.0 0.87 (Age) 721.3+£88.3 | 702.3+£90.2 0.36 (Age)
0.81 (interaction) 0.28 (interaction) 0.11 (interaction)
0.41 (group) 0.86 (group)
Micropillar compression Yield stress MPa 263.6+£38.5 | 252.24+41.9 0.11 (Age) 259.3+£41.8 | 251.1£36.8 0.46 (Age) - - -
0.27 (interaction) 0.89 (interaction)
0.11 (group) 0.74 (group)
Yield strain - 0.030-£0.001 | 0.030-£0.001 0.67 (Age) 0.030+£0.001 | 0.030-£0.001 0.73 (Age) - - -
0.10 (interaction) 0.70 (interaction)
0.62 (group) 0.17 (group)
Micro-CT BMD mg/cm? 1000.7£40.4 | 1007.0+41.0 0.42 (Age) 999.4+36.1 | 1019.4+51.0 0.96 (Age) - - -
0.58 (interaction) 0.16 (interaction)
0.75 (group) 0.09 (group)
TMD mg/cm? 1032.4+35.7 | 1035.9+£33.7 0.17 (Age) 1029.3+£29.6 | 1050.2+44.1 0.65 (Age) - - -
0.89 (interaction) 0.24 (interaction)
0.64 (group) 0.99 (group)
BV/TV % 9542 9642 0.42 (Age) 9642 9642 0.29 (Age) - - -
0.25 (interaction) 0.20 (interaction)
0.54 (group) 0.51 (group) <0.0001 (group)
Raman Spectroscopy Mineral/Matrix ratio 0.69+0.12 0.66+0.12 0.026 (Age) 0.69£0.12 0.63+0.11 0.58 (Age) 0.63£0.10 0.60+0.10 0.006 (Age)
0.74 (interaction) 0.62 (interaction) <0.0001 (interaction)
0.57 (group) 0.34 (group) 0.0001 (group)
Mineral crystallinity index | 0.1304+0.001 | 0.1304+0.001 0.75 (Age) 0.130+£0.001 | 0.130+0.001 0.34 (Age) 0.130+0.001 | 0.130+0.001 0.92 (Age)
0.41 (interaction) 0.43 (interaction) 0.009 (interaction)
L1670/ I 1640 0.66 (group) 0.60 (group) <0.0001 (group)
collagen disorder/order 1.7040.09 1.69+0.07 0.38 (Age) 1.7040.08 1.68+0.08 0.12 (Age) 1.67+0.08 1.69+0.08 0.29 (Age)
ratio 0.61 (interaction) 0.78 (interaction) 0.014 (interaction)
L 1660/ 11683 0.22 (group) 0.42 (group) 0.10 (group)
matrix maturity 1.424+0.10 1.42 0.06 (Age) 1.4040.09 1.474+0.09 0.20 (Age) 1.45+0.11 1.434+0.11 0.03 (Age)
ratio 0.20 (interaction) 0.30 (interaction) 0.019 (interaction)
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4.1.3.3 Compact bone structure-properties relationship
Investigated mechanical properties of compact bone exhibited an apparent correlation with

the tissue mineralization levels, as depicted in figure 4.1.5. Average sample hardness and
yield stress showed a positive correlation with bone tissue mineral density (p<0.02). No de-

pendence was observed for the averaged elastic moduli (p>0.6).
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Figure 4.1.5 — Local mineral-mechanical relationships of compact bone in relation to the pa-
tient’s age and primary diagnosis.

The site-matched analysis of microscale mechanical, compositional and morphological
properties sheds light on the local structure-properties relationships of compact bone. Both
elastic moduli and hardness demonstrated a positive correlation with the mineral to ma-
trix ratio (p = 2.9 %1072, R?=0.042 and p = 8% 107>, R?>=0.019 respectively). The cor-
relation coefficient reduces for the patients with hip fractures: p=0.16 for E and p=0.026
for H versus p<0.0001 for both E and H of coxarthrosis patients. Most likely, this is due
to the smaller sample size: 11 patients with hip fractures versus 31 coxarthrosis patients.
The same relation with the mineral to matrix ratio was observed for the local yield stress
(p < 2.2% 10716, R?=0.062). This positive correlation remains for both coxarthrosis (p =
1.9% 10719, R?=0.037) and fracture patients (p = 1.8 % 10~13, R?=0.15) (figure 4.1.5). Be-

sides local mineralization levels, also out-of-plane MCF orientation was measured following
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the qPRS method. Neither elastic nor yield micromechanical properties exhibited a signifi-

cant correlation with the MCF out-of-plane angle (p=0.45, p=0.82 respectively).

4.1.3.4 Overall correlation between measured bone properties

To assess the overall correlation between measured bone properties, a multiple regression
analysis was carried out. Pearson correlation matrix, shown in figure 4.1.6, summarizes the
output correlation coefficients r, where » — 0 for a dismal correlation and r — 1/ — 1 sug-

gests a distinct positive/negative correlation between the parameters.

CORRELATION MATRIX with p-values
Averaged microscale bone properties for all patients

" 050BH8 i

YIELD STRAIN 1.000.530.79 - 075

YIELD STRESS  0.040.030.24 0.51 0,50 Ef:)

OUT-OF-PLANE MCF ANGLE ~ 0.450.840.56 0.97 0.44 ‘§
IN-PLANE MCF ANGLE  0.070.290.08 0.550.95 0.11 [ 0% o
MINERAL/MATRIX RATIO  0.020.270.940.120.140.020.03 - 0.00 §

COLLAGEN DISORDER/ORDER RATIO ~ 0.970.510.820.030.86 0.890.98 0.07 §
MINERAL CRYSTALLINITY RATIO  0.390.200.64 0.010.730.39 0.27 0.000.00 [0 5
MATRIX MATURITY RATIO  0.110.870.950.06 0.11 0.180.580.91 0.54 0.53 - 050 §

BV/TV 0.480.540.660.060.150.610.120.460.140.06 0.84 i _0_750'

BMD 0.750.350.200.070.130.750.010.160.120.03 0.830.00
TMD 0.450.320.130.140.180.500.010.120.190.040.860.02. - -1.00

Figure 4.1.6 — Pearson’s correlation coefficients (r) from the multiple regression analysis of
the measured bone properties.

As shown in figure 4.1.6, local crystallinity demonstrates a strong positive correlation
with elastic moduli (r=0.42) and a moderate correlation with hardness (r=0.26). Moreover,
it increases with the mineral to matrix ratio (r=0.66) but does not correlate with the sample-
level TMD (r=-0.12). Similarly, the mineral to matrix ratio does not correlate with TMD (r=-

0.05). However, both local crystallinity and the mineral to matrix ratio correlate positively
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with the amide I sub-peak ratio 11670/ I~1640 (r=0.77 and r=0.37 respectively), suggesting
a hidden interplay of mineral and organic bone fractions. Mineralized collagen fibrils’ out-
of-plane orientation demonstrates correlation with the mineral to matrix ratio (r=-0.54) as
well as the in-plane MCF orientation (r=0.34), however, this is likely due to the Raman ra-
tios quantification similarities since all of these Raman parameters depend on the amide II1

integral area.

Overall, bone elastic properties demonstrate a strong correlation with the mineral frac-
tion of bone: TMD (r=0.30), mineral crystallinity (r=0.42), mineral to matrix ratio (r=0.30).
However, no dependence on the amide I sub-peak ratio 1660/ I~ 1683 Was observed (r=0.04),
with a marginal correlation to the collagen disorder/order ratio (r=0.22). What is more,
elastic moduli correlate strongly with hardness (r=0.86), as expected from the methodol-
ogy [166].

As for the yielding bone properties, yield stresses correlate positively with the mineral
characteristics of the bone fraction (r=0.37 for the TMD and r=0.37 for the mineral to matrix
ratio), yet it demonstrates a marginally negative correlation with the amide I sub-peak ratio
I 1660/ 11683 (r=-0.22). Yield strain shows a negative correlation with the mineral crys-
tallinity (r=-0.28) and the I 660/ I~ 1683 ratio (r=-0.32). Interestingly, yield stresses correlate
strongly with the elastic moduli (r=0.47).

4.1.3.5 Perspective bone fracture biomarkers
Principal component analysis (PCA) was employed to define a combination of bone parame-

ters measured in this study, which would explain the observed variations in bone properties.
It allowed us to reduce the dimensionality of the collected data by defining linear combi-
nations of bone properties, acting as new eigenvectors (principal components) for our mul-
tidimensional dataset. In total, 8 variables were included in the PCA: patients’ age, bone
hardness, yield stress and strain, mineral to matrix ratio, amide I sub-peak ratios, TMD. Ac-
cording to the PCA (figure A3.2), the first two principal components were able to explain

~ 45% of observed variations between the patients.

Four classification algorithms were tested on the PCA-processed final data with reduced
collinearity: logistic regression, support vector machines, naive Bayes and K nearest neigh-
bor (KKN) models. As a result, with the training-to-test dataset ratio of 0.75:0.25 the first
three models showed matching accuracy scores of 0.7, while KKN was only able to reach a
0.5 score. The logistic regression algorithm was chosen for the final data classification as it
is often considered the standard method for clinical classification problems [357]. Accord-

ingly, the variables that contributed the most to the fracture predictions were the indentation
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hardness, mineral to matrix ratio and micropillar yield stress. Exact scores can be found in
Appendix A3, figure A3.3. Consequently, these bone parameters can be considered potential

bone markers for the future analysis of bone quality in preclinical studies.

4.1.4 Discussion

In this study, microscale elastic and yield mechanical properties, as well as bone compo-
sition and morphology, were assessed in 42 aging patients. All measurements were done
ex vivo using laboratory-based methods for precise morphological, compositional, and mi-
cromechanical compact bone properties assessment. The collected experimental data in-
cluded compact bone tissue mineral density and volumetric fraction, measured via micro-CT.
Compositional properties related to mineral and organic content were assessed via polarized
Raman spectroscopy, and microscale mechanical properties, both elastic and yield, were
measured through nanoindentation and micropillar compression techniques. The output col-
lection of bone properties was combined with the clinical information about the patient’s
age, gender and primary diagnosis, including the incidence of the hip fracture. Statistical
analyses within the collected data frame as well as between the site-matched bone properties
were performed with the aim of better understanding the structure-mechanical property re-
lationships in compact bone at the microscale and identify bone parameters related to bone

fracture.

4.1.4.1 Microscale bone mechanical properties

The elastic moduli of the cortical bone regions of the femoral necks investigated in this
study varied from 15 to 28 GPa between the patients. Similarly, hardness values from
530 to 880 MPa were observed. This is in line with the currently available nanoinden-
tation data on the human femur with approximately 16 to 28 GPa reported elastic mod-
uli values [166, 176, 187, 252, 358] and about 300 to 760 MPa hardness values accord-
ingly [176,359,360].

Microscale bone hardness and elastic moduli did not depend on patients’ age, gender or
diagnosis. A similar absence of correlation between the elastic properties and the fracture
status of the femoral necks was shown by Fratzl-Zelman et al. for the femoral neck samples
from elderly female patients [358]. In another study by Mirzaali and Schwiedrzik et al. [197],
indentation measurements were done on proximal femurs from donors of age 46-99, and mi-
croindentation properties were shown to be constant over age and not gender-dependent. In a
more recent study by Bonicelli et al., lamellar bone hardness of the femoral head was found

to be lower for donors with hip fractures [361].
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While nanoindentation is a commonly used laboratory-based method of bone mechani-
cal properties analysis [166], micropillar compression studies are scarce. Indeed, the mi-
cropillar compression technique requires time-consuming preparation of the bone micropil-
lars [84,161,167,179,181,183,317], in contrast to the plain polished surface that is required
for the nanoindentation measurements. On the other hand, micropillar compression can pro-
vide information not only on bone elastic properties but also on yielding and post-yielding
behavior. In the current study, we employed a recently developed laser ablation protocol
for fast and repeatable micropillar fabrication [193]. This allowed us to carry out a high-
throughput micropillar compression study, approaching the measurement rate of the nanoin-

dentation method.

This is the first study, where high-throughput micropillar compression experiments (N=1441)
were carried out on a large number (N=42) of human cortices. Consequently, we cannot di-
rectly compare measured microscale yielding bone properties at the femoral neck site with
other studies. Observed yield stress values varied from 200 to 300 MPa between the pa-
tients. These values are somewhat lower than available data on femoral condyle trabec-
ular bone (313-327 MPa, 3 um pillar diameter [60]) or iliac crest cortex (~350 MPa, 5
um pillar diameter [63]). However, as was nicely demonstrated by Tertuliano and Greer,
micropillar size affects drastically the output properties, since different levels of hierarchy
are being tested [181]. As a tradeoff for the high-throughput measurements, laser-ablated
micropillars had a bigger size (almost 5 times larger diameter than in previously reported
studies [84,161,167,179,181,317]) and a taper, which influence was accounted for through
the use of FE simulations [193]. Consequently, a larger number of material defects like la-
cunae or lamellae interfaces are present within the micropillar. Even more drastic decrease
in strength values with the specimen size was observed by Casari et al. during microscale

tensile testing [213] .

Microscale yield stress values were consistent between female and male patients across
investigated ages (45-89 y.o.). The occurrence of the hip fracture also seems to not affect the
compressive yield stress and strain at this scale, although the tensile strain is reported to be

lower for the fractured donors at the femoral head trabeculae [361].

4.1.4.2 Bone composition and morphology

Tissue mineral density values assessed in the current work were in line with available stud-
ies (868-1020 mgHA /cm?® [362,363]). Bone volume fraction levels are similar to reported
measurements, reaching up to 99% of BV/TV (1% porosity, [363]). However, we are likely

not able to segment the smaller pores like lacunae with the available resolution (17.2 um
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voxel size). Bone density (BMD, TMD) as well as the bone volume fraction were consistent
between the patients’ cohorts (both genders, both diagnoses) and were seemingly constant
across the investigated patient ages. On contrary, Voumard et al. observed decreased aBMD
as well as the bone volume fraction with the donor’s age [362]. Most probably, we do not
observe any correlation with age because we only measured the inferomedial region of the

femoral neck, in contrast to the whole neck slice [362].

Bone compositional parameters, as assessed via quantitative Polarized Raman spectroscopy,
were in line with previously reported values on human femurs: 0.4-1.6 mineral to matrix ra-
tio [226], 1.35-1.60 amide I sub-peak ratio 11670/ I~1640 [350,351]. Available data on the
Raman 7660/ 11683 ratio is only reported for the young mice models: 1.9-2.5 [352]. We
observed increased mineral crystallinity values (0.13 in comparison to 0.05-0.06 in other
works [197, 324, 364]), which may indicate changes in the strain environment of the lat-
tice possibly caused by the sample fixation and embedding procedure [228]. As anticipated,
clear zonal dependence is present for investigated compositional parameters. More specif-
ically, interstitial bone regions exhibit 5% higher mineral to matrix ratios, similar to other
studies [324, 345]. Averaged mineral to matrix ratios did not correlate with sample level

TMD, most likely due to the small range of both parameters.

In the current work, only bone compositional characteristics were found to correlate with
the patient’s age. In particular, the bone mineral to matrix ratio was found to decrease with
age. This might be an unexpected finding because it is well-accepted that mineralization
generally increases with age [227], or stays constant after reaching skeletal maturity [197].
It is likely that the observed decrease in the mineral to matrix ratio is due to an age-related
increase in bone turnover. Moreover, since both mineral and organic bone fraction contribute
to the mineral to matrix ratio, we hypothesize that it is actually an increase in bone collagen
with age that leads to decreasing mineral to matrix ratio. Indeed, we observe an increasing
with age amide I sub-peak ratio 1660/ I~1683. As was shown in FTIR studies, the ratio of
these amide I sub-peaks provides the ratio of non-reducible (mature trivalent) over reducible
(immature divalent) enzymatic crosslinks [365]. However, it is debatable whether this sub-
peak ratio can be representative of mature to immature crosslink ratio in Raman spectroscopy

measurements [352, 353].

We argue that this interplay of the mineral-organic fractions may smoothen the observed
variations in the mechanical properties versus the patients’ age. As a potential pathway,
extensive collagen cross-linking may increase the stiffness of the organic part thus compen-
sating for the reduced tissue mineralization and keeping the averaged microscale mechanical

properties constant for patients at ages 45 to 89. Similar conclusions were drawn in the work
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of Fratzl-Zelman et al. [358].

4.1.4.3 Site-matched analysis of the bone structure-property relationship

Besides assessing averaged microscale properties of the compact bone, site-matched qPRS
with nanoindentation, as well as micropillar compression, allowed assessing local structure-
property relationship analysis. All investigated mechanical properties except yield strain
demonstrate a positive correlation with the mineral fraction of bone, which is in line with
previous studies [366,367]. On the averaged bone level, the correlation between the yield
stress, elastic moduli and hardness versus TMD (Pearson’s coefficients 0.37, 0.3 and 0.39
accordingly) was comparable to the one at the local site-matched analyses. Interestingly,
the highest correlations for the site-matched local analysis were observed between the yield
stress vs. the mineral to matrix ratio and the elastic modulus vs. the mineral crystallinity
(Pearson’s coefficients 0.37 and 0.42, respectively). This suggests that the yield properties
of bone lamellae depend on both mineral and organic bone portions, while elastic properties
are more strongly influenced by changes in the mineral bone phase. However, as discussed
in section 4.2, it is actually the interplay of organic and mineral phases that affects the me-

chanical properties.

To our surprise, local micromechanical properties were independent of the out-of-plane
MCEF angle. The inclusion of the angle in a multilinear model for the local mechanical prop-
erties versus the mineral to matrix ratio did not improve the correlation. This is striking
since a strong dependence on the out-of-plane MCF angle is expected for this anisotropic
nanocomposite and was demonstrated in earlier studies [161]. A likely explanation for this
discrepancy is the diverging volume of interests of the different measurements. For the
nanoindentation maps, qPRS measurements were carried inside the map yet not within ex-
act indentation spots but rather in between. Since the distance between the indents was 20
um, different lamellae could have been measured. While the polarized Raman spectra from
the bone micropillar were collected within the pillar dimensions, the analyzed volumes from
qPRS (~8.6 um?) and compressions (~90 pum?) were around an order of magnitude differ-
ent. Thus, the MCF orientation within the larger portion of the micropillar volume was not
analyzed. In future studies, care should be taken to strictly site-match measurements and to
choose volumes of interest for the microstructural measurements as close as possible to those
of the mechanical measurements. Yet the microscale mechanical properties demonstrate a
prominent correlation with the mineral to matrix ratio, suggesting that the local composition

1s more continuous at measured volumes.
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4.1.4.4 Potential markers of bone quality

This study provides a framework of laboratory-based methods for the bone composition,
morphology, elastic and yield mechanical properties analysis. Consequently, wide spectra of
bone parameters were measured and correlated with the patient’s gender, primary diagnosis
and age. Another motivation for this study was to find the most perspective bone charac-
teristics, which could be used for fracture risk prediction in the future. For this, we run
the Logistic Regression classification algorithm on the final matrix of collected bone prop-
erties per patient. Logistic regression is a standard method for building prediction models
for a binary outcome and has been extended for disease classification [357,368-370] includ-
ing osteoporosis [371-373]. Here, we apply this algorithm to multimodal characteristics of
bone measured in this study for fracture prediction. As a result, 0.7 prediction accuracy was
achieved, highlighting the perspective variables for bone fracture prediction: the indentation
hardness, mineral to matrix ratio and micropillar yield stress. All of these are often over-
looked and are not included in general patient screening due to the lack of high-precision

low-cost instruments for their measurements.

Nowadays more and more studies emphasize the influence of micromechanical bone
properties on macroscale bone strength and toughness [197]. We can only anticipate the
future bone characterization techniques and their potential impact. Moreover, bone compo-
sitional properties, as assessed via Raman spectroscopy, were also shown to correlate with
bone fracture toughness [350,351]. This is in line with the proposed classification model,
where mineral to matrix ratio demonstrates a high influence on fracture prediction. Surpris-
ingly, patient age did not dominate the fracture prediction model. However, the influence of
age might be indirectly included in the model through compositional variations (e.g. mineral
to matrix ratio, matrix maturity ratio). From the patient cohort analysis, it is evident that
older patients have an increased risk of bone fractures, in line with the clinical fracture risk

questionnaire.

It is important to highlight that the sample size in this analysis is too low to claim a uni-
versal classification model. With the small to moderate sample size, the logistic regression
algorithm was shown to overestimate the odds ratios [374]. However, the proposed analysis
strategy can be applied in further research on combining different bone quantity and quality
parameters for fracture risk predictions. Although difficult to achieve in a clinical setting, a

larger number of patients (N>200) is required.
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4.1.4.5 General Limitations

Collected clinical information from the patients involved in this study was fairly limited and
did not include clinical information about DXA scans for osteoporosis and/ or osteopenia
screening. However, previous bone fractures for the population >50 y.o. is considered one of
the major risk factors for osteoporosis [375]. Therefore, in this study, we consider the cohort
of patients with fractures as patients at a high risk of osteoporosis. What is more, no clinical
record of long-term medication was available. Bisphosphonate drugs have a drastic influ-
ence on bone remodeling and mineralization levels [376] and would certainly have affected
the observed variations in the measured bone properties. Another limitation of the study
was the comparison between coxarthrosis and fracture patients. It is unknown if matrix-
related changes during the development of osteoarthritis are linked to the development of

bone fragility.

As anticipated, femoral neck height and morphologies were not always consistent be-
tween the patients. Nevertheless, the surgeon followed the double osteotomy protocol, aim-
ing to extract approximately 10 mm femoral neck slices from all patients. Originally 59
femoral necks were extracted during the surgeries and further screened using the laboratory-
based micro-CT. In the end, only 42 femoral necks had intact inferomedial regions and were
used in this study. Inconsistent morphology between the samples restricted comparative
morphological analysis. For future study planning, it is crucial to take into account the
morphological variations between the human bone samples, leading to decreased number of

suitable biopsies.

As discussed above, all reported measurements in this study were carried out on the infer-
omedial part of the femoral neck slice. This region carries most of the compressive loading in
the femoral neck site [377,378] and consequently has an abundant amount of cortical bone.
However, it is of high interest to study also the posterior region of the femoral neck, since
most of the hip fractures nucleate from that region. However, several limitations have to be
overcome first. For example (1) scaling down the analysis to match the lower amount of
cortex, and (2) increasing the number of patients since this neck region is often fragmented

and poorly suitable for the analysis proposed in this study.

We would like to highlight that all the samples used in the study were fixed and embedded
due to the biosafety regulations in the testing facilities. This procedure in principle affects
the organic fraction of the bone matrix and slightly modifies the mechanical properties of
the bone: an increase in stiffness and compressive strength is reported [330,331]. However,
all specimens were fixed the same way and, therefore, relative comparison between samples

was possible. For future studies involving compositional analysis, the use of fresh bone sam-
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ples is endorsed.

Finally, yet importantly, there is always room for more study participants and additional
clinical information. Specifically, the number of patients with hip fractures that we analyzed
in this work was almost three times lower than the number of patients with coxarthrosis.
However, the involved number of fracture patients (N=11) was still sufficient following the
a priori statistical power analysis [379]. For statistically significant differences between two
patient cohorts with the available cohort size (N=42), with an « error probability of 0.08, an
allocation ratio of 3, and the effect of size d=0.85, differences in the mean of 10% are de-
tected with a power of 0.8. Moreover, having patients screened for osteoporosis or osteopenia
would have as well improved the final analysis of the potential bone quality markers. Al-
though we consider the hip fracture patient as being at high risk of osteoporosis, additional

clinical screening is mandatory before assigning them to osteoporotic cases.

4.1.5 Conclusion
In this study, bone quality and quantity were assessed at the femoral neck sites of the patients

who underwent hip arthroplasty. A combination of high-throughput micromechanical test-
ing techniques (nanoindentation, micropillar compression) together with micro-CT and the
recently developed quantitative polarized Raman spectroscopy method, allowed us to cre-
ate a unique data frame of the bone properties for each patient. Microscale mechanical and
compact bone level properties were independent of patient gender or fracture occurrence.
Only local bone composition (specifically mineral to matrix ratio and 160/ I~ 1683 ratio), as
assessed via qPRS, varied with age. With the logistic regression algorithms, a classification
model was built for hip fracture prediction at a 0.7 accuracy. Accordingly, the indentation
hardness, mineral to matrix ratio and micropillar yield stress are the most perspective param-
eters for fracture risk prediction. The presented data and analysis approaches can be used in
the future for the prediction of fracture risk in the elderly. What is more, this knowledge may

help to form a better understanding of the mechanisms through which bone tissue is affected

by aging.
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Chapter 5

Overall Discussion and Outlook

5.1 Summary

Aging and disease cause a clear deterioration in the mechanical properties and structural
integrity of bone, leading to an increased risk of fracture. With the increased longevity of
modern countries, bone fractures are bound to increase in number [3]. The loss of bone mass
or quantity is a widely accepted indicator of declining skeletal health status [209]. Conse-
quently, all clinical methods of bone screening depend to a large extent on bone mineral
density measurements [4]. Yet, emerging scientific evidence suggests that not only bone
quantity but also bone quality plays an important role in bone weakening progression and
detection [242,351,380]. Bone quality includes various parameters of metabolism, com-
position and microarchitecture excluding BMD, that contribute to the overall fracture re-
sistance [268]. To date, no universally accepted bone quality characteristic can be used to
predict the risk of fragility fracture. This thesis was focused on developing a laboratory-
based analysis framework to simultaneously assess various bone quality parameters such as
compositional, structural, and mechanical properties of the bone matrix. The ultimate aim
of the presented research was to define perspective bone quality characteristics that can be
useful for bone fracture prediction, besides the well-accepted BMD values. This objective as
well as additional research questions were addressed using novel experimental approaches

in three separate studies. This section summarizes their main outcomes.
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Combining polarized Raman spectroscopy and micropillar compression to study mi-

croscale structure-property relationships in mineralized tissues

Key outcomes: Investigation of the effect of local MCF orientation on the microscale me-
chanical properties of isolated bone lamellae. For this, a method based on polarized Raman
spectroscopy, namely quantitative Polarized Raman Spectroscopy, was calibrated and vali-

dated.

In chapter 3.1, the correlation between the compressive mechanical properties and the
local MCF orientation in the isolated bone lamellae was analyzed. This was done using a
combination of novel laboratory-based methods for bone compositional, structural and me-
chanical characterization at the microscale level: micropillar compression and quantitative
Polarized Raman spectroscopy. By combining these two techniques, a unique spectrum of
microscale mechanical compression data for MCF orientations ranging from 0° to 82° was
collected. The quantitative analysis of the MCF out-of-plane orientation became possible
following the careful calibration and validation of the PRS method using “gold-standard”
techniques (small angle X-ray scattering and micro-computed tomography). With the cal-
ibrated qPRS method we were able to retrieve quantitative rather than just qualitative in-
formation about the out-of-plane angle of the mineralized collagen fibrils with an angular
certainty of < 10°. A strong dependence of the compressive micromechanical properties of
bone on the fibril orientation was found with a high degree of anisotropy for both the elastic
modulus and the yield stress. Moreover, the post-yield behavior was found to depend on the
MCEF orientation with a transition between softening to hardening behavior at approximately
50°.

All measurements were carried out on the animal bone samples: qPRS validation on
mineralized turkey leg tendon and micropillar compression at known MCF angle on bovine
cortical bone samples. Bovine osteonal bone from this study exhibited a relatively low vari-
ation of MCF out-of-plane orientations within osteonal lamellae (< 10°, Section A1, Figure
A1.4). This might not be the case for human cortical bone with experimentally observed
oscillating MCF orientations [30,31,381]. For the forthcoming analysis of microscale me-
chanical properties of human bone, determining the mineralized collagen fibril orientation
before the mechanical testing and incorporating this information into the data analysis may

reduce the apparent scatter in the collected data.

In this study, FIB-milled micropillars were used for the compression tests. This allowed
to pre-select regions of interest for the mechanical tests precisely at the osteonal lamellae.

However, for this pillar fabrication method, a conductive thin film is applied on the sam-
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ple surface for the imaging and milling inside the electron microscope, thus prohibiting the
Raman spectroscopy measurements. Here, the gPRS analysis was done prior to micropillar
fabrication and it bared adequate results since the inherent MCF orientation variation within
bovine osteons was below the angular detection limit of the qPRS technique. Yet, for human
lamellar bone such approach might be challenging. What is more, micropillar fabrication via
FIB is extremely time-consuming (minimum of 2 h per single micropillar). Although other
studies have attempted to make cohort comparisons of human bone biopsies (N=12) using
FIB-milled micropillar compression, it is very demanding to upscale this fabrication method
for a larger number of samples. To address this major limitation, a new method for bone
micropillar fabrication via laser ablation was developed and applied to another animal bone

model in the follow-up study.
Assessing minipig compact jawbone quality at the microscale

Key outcomes: A multimodal framework for bone characterization was developed in an
animal model that could be further extended to humans. This framework included mor-
phological bone analysis via micro-CT, relative mineralization assessment via Raman Spec-
troscopy and mechanical characterization via high-throughput micropillar compression and
nanoindentation. Consequently, jawbone mineralization, morphology, and mechanical prop-

erties were assessed in three minipigs genotypes.

In chapter 3.2, a multimodal approach to assess jawbone quantity and quality at the mi-
croscale was presented. A common animal model for dental research was examined: the
miniature pig. Three minipig genotypes were examined, and samples were extracted from
three animals per genotype. Through the combination of laboratory-based methods, bone
mineralization, morphology, and mechanical properties were analyzed at the local and global
average levels. Microscale computed tomography, Raman spectroscopy, and nanoindenta-
tion were employed for sample characterization at the global level, averaged over the sample
area. Nanoindentation assessed the elastic properties of the cortical jawbone, while micro-
CT and Raman spectroscopy the bone morphology and mineralization. At the local level,
micropillar compression was used, to extract yield and elastic bone properties, which are
critical in dental research. For the first time, micropillar compression tests were carried out
on laser-fabricated bone micropillars, which enables high throughput mechanical character-
ization. Raman spectroscopy and micropillar compression measurements were combined in
a pillar-matched manner to estimate the mechanical properties of bone in correlation with
the local bone mineralization level, giving access to structure-property relationships at the

microscale.
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Using Raman spectroscopy, the differences in relative mineralization levels (mineral/matrix
ratios) were detected within the investigated cortical regions, which was not possible using
micro-CT. Moreover, relative mineralization levels from three genotypes correlated posi-
tively with averaged bone hardness. Site-matched micropillar compression and Raman spec-
troscopy further highlighted the differences between the genotypes’ yield stress and mineral
to matrix ratios. This experimental study highlights the advantages of assessing the mi-
croscale bone properties for the comparison of species with different genotypes. However,
to extend the analysis, mineralized collagen fibril orientation needs to be taken into account
explicitly in the future. The proposed framework is further applied to human bone samples

in the next study.

Comparing microscale compact bone properties of patients who underwent hip arthro-

plasty: influence of age and gender

Key outcomes: Microscale compact bone properties were analyzed for 42 patients who
underwent hip arthroplasty. Gender as well as the occurrence of fracture did not affect mi-
croscale mechanical, compositional, or mesoscale morphological properties of the inferome-
dial compact bone of the femoral neck. Only local compositional properties were influenced
by the patient’s age. Logistic regression classification showed that indentation hardness,
mineral to matrix ratio and micropillar yield stress are the most relevant parameters for
bone fracture risk prediction among the investigated bone properties and available clinical

information about the patients.

This study was carried out on the femoral neck samples from 42 patients who under-
went hip arthroplasty. The cortex from the inferomedial region was analyzed ex vivo in
a site-matched manner using a combination of micromechanical testing (nanoindentation,
micropillar compression) together with micro-CT and quantitative polarized Raman spec-
troscopy for both morphological and compositional characterization. The output bone prop-
erties were correlated with the clinical information about age, gender, and primary diagnosis

(coxarthrosis or hip fracture) of the participating patients.

Patient gender and diagnosis did not influence any of the investigated bone properties.
Moreover, all mechanical properties as well as the sample-level mineral density were nearly
constant over all ages (45-89 y.o.). Only local tissue composition was found to change sig-
nificantly with age: decline in mineral to matrix ratio and increase in matrix maturity ratio.
Site-matched microscale analysis confirmed that all investigated mechanical properties ex-

cept yield strain demonstrate a positive correlation with the mineral fraction of bone.

The large dataset of experimentally assessed microscale bone properties together with the
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available patient clinical information allowed the application of machine learning algorithms
for fracture prediction in silico. Logistic regression classification showed that with a 0.7 ac-
curacy micropillar indentation hardness, mineral to matrix ratio and micropillar yield stress
are the most relevant parameters for bone fracture risk prediction. The presented data and
analysis approaches may be used in the future to improve the prediction of fracture risk in

the elderly.

5.2 Conclusion and Outlook

In the course of this thesis, a unique framework for multimodal assessment of bone qual-
ity was developed and validated on animal models (Chapters 3.1, 3.2) and then applied to
humans (Chapter 4.1). These laboratory-based methods allow for concurrent assessment of

bone structural, compositional and mechanical properties in the micrometer range.

The unprecedented highlight of this thesis is the application of high-throughput micropil-
lar compression on a large number of human samples (N=42). This has only become possible
thanks to the ultra-short-pulsed laser ablation approach for bone micropillar fabrication. The
previous micropillar compression tests on bone were done on the FIB-milled micropillars
under a vacuum. In contrast, laser ablation allows pillar fabrication at normal atmospheric
pressure and relative humidity, thus reducing the strong dehydration effects of exposing the
sample to a vacuum. The heat accumulation during pillar fabrication was estimated to be
below the denaturation point of native hydrated collagen, as well as dehydrated mineral-
ized collagen (Appendix A2). And last but not the least, pillar fabrication via laser ablation
drastically decreases the time costs for pillar micromachining and therefore enables high
throughput micropillar compression tests. The drawback of this method is the geometri-
cal imperfection of laser-fabricated micropillars versus the FIB-milled one. The resultant
micropillar taper angle compromises the stress distributions within the micropillar volume
during compression and thus distorts the output mechanical properties. The effects of the
micropillars’ taper on the elastic modulus, yield stress, and strain were estimated through FE
simulations (Appendix A2) and corrected accordingly. Unfortunately, it was not possible to
analyze the true post-yield behavior due to the prominent hardening induced by the tapered

geometry.

Although the laser ablation protocol developed in this thesis gives arrays of micropillars
with reasonable geometry, there is still some room for improvement. For example, the most
promising direction for the pillar taper reduction would be modifying the laser beam profile

from Gaussian to the top-hat one [382,383]. This would reduce the heating at the sample
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surface while maintaining a “straight” ablation profile.

Furthermore, a method for quantitative collagen fibril orientation estimation based on
polarized Raman spectroscopy (qQPRS) was developed, calibrated, and validated. The cali-
brated PRS method gives quantitative values of the out-of-plane MCF orientation together
with the local compositional information in a non-invasive manner. As was demonstrated
in this thesis, this method can be combined with mechanical testing like nanoindentation
or micropillar compression to assess the structure-properties relationship of bone at the mi-
croscale. qPRS can probe volumes down to the sub-micron quantities (~ 0.5um>). While
it allows precise analysis of small volumes, the scanning of a larger surface area becomes
time-consuming. Future studies on high-throughput structure-properties analysis would ben-
efit from a scaled-up method for MCF spatial orientation. Such a method could emerge from

the Second Harmonic Generation (SHG) spectroscopy (Chapter 2, Section 2.3.2.1).

In contrast to qPRS imaging, SHG microscopy provides high-resolution images of the
collagen fibrils in bone in a record time. This method cannot provide information about
compositional variation, but with the inclusion of the polarizer-analyzer couple, it can vi-
sualize the in-plane orientation of the MCF (Figure 5.2.1). Theoretically, similarly to the
gPRS method, it is possible to calibrate polarized SHG microscopy. Although not yet done
on bone, there are studies on SHG application for quantitative orientation and concentra-
tion analysis of other materials [384-386]. Potentially, a method like quantitative polarized
SHG could analyze a large sample area (mm-range) at a high-speed (~ mm?/min) and a
resolution of up to 30 nm. Such areal mapping of MCF spatial orientation could facilitate

high-throughput mechanical testing on a micro- to the nanometer range.

Another experimental highlight in this thesis was the site-matched nature of the per-
formed measurements. Matching the locations of the nanoindentation and micropillar com-
pression tests with the qPRS gave assess of the underlying relationship between bone tis-
sue composition and output mechanical properties. While there is a number of reported
studies where nanoindentation measurements were spatially matched with the Raman spec-
troscopy [387-389] or even PRS [390], the site-matched compression tests with qPRS anal-
ysis were done for the first time in the course of this thesis. Microscale yield stress properties
were found to correlate with the relative mineral content (mineral to matrix ratio) for all in-
vestigated species (cow, minipig, human). The correlation between yield stress and the MCF
out-of-plane orientation was confirmed in the study on the bovine bone (Chapter 3.1), yet it
was not significant for the human bone tissue (Chapter 3.2). This emphasizes that not only
site-matched but also volume-matched measurements are required for the future analysis of

the structure-properties relationship in human bone tissue.
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overlap . -

Figure 5.2.1 — Left: SHG overview image of the human cortex. Right: SHG images of the
same osteonal region (marked on the overview image) acquired at different analyzer angles
(0°, 45°, 90°) and the overlap image with all angles. Image credit: Dr. Justine Kusch-Wieser
(Scope M, ETHZ).

As a major part of this thesis, a multimodal high-throughput bone quality assessment in
patients was carried out. Although most of the investigated bone characteristics were inde-
pendent of patient age or gender, the tissue composition did vary with age. More specifically,
the collagen cross-link or maturity ratio increased with age, most likely causing the decrease
in the relative mineral to matrix content. Different types of the collagen cross-links were
already reported to correlate with age [38,61,62]. However, a more in-depth analysis of
the collagen post-translational modification as well as the variations in non-collagenous pro-
teome for patients would be of high interest for future studies. For this purpose, Raman
spectroscopy might not be the most suitable method. But the recent developments in tandem
liquid chromatography-mass spectrometry allow to achieve the resolution and robustness to

detect hundreds of proteins within the sub-millimeter volumes of bone matrix [162,391,392].

As a result of the multimodal analysis of human bone tissue, a large dataset of experi-
mentally assessed microscale bone properties was collected. The measured yield properties
in combination with the local compositional variations expand the currently available data
set of bone properties at the microscale. Moreover, bone tissue properties measured in this
study were able to predict fracture occurrence with a 0.67 accuracy. This suggests that the in-
clusion of tissue properties like yield stress, hardness and the patient’s age together with the
BMD values would improve the current clinical predictions of the bone strength and there-

fore the fracture risk predictions. Therefore, further studies combining tissue bone properties
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with clinically measured BMD values and the patient’s medical history are essential for the

development of improved fracture risk assessment.

In conclusion, this thesis highlights the complex interplay of tissue-level bone parame-
ters. The applied multimodal framework for bone tissue characterization sheds light on the
microscale mechanical, compositional and structural properties and their evolution with age.
Assessing bone ECM parameters together with BMD is a perspective approach for fracture
risk prediction in the elderly. The developed multimodal framework for the laboratory-based
analysis of bone tissue properties could be employed in future studies to analyze the effect

of disease and/or treatment on bone performance and skeletal health status.
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Al.1 Details on sample preparation
MTLT samples were fixed in specially designed SEM stubs produced in the lab’s mechan-

ical workshop, shown in Figure A1.1 A. The stubs featured an angular accuracy < 0.1°, so
that after polishing using a special holder, the polished sample surface ways effectively par-
allel to the lower stub surface. PRS and SAXS measurements were performed separately on

the same MTLT samples with fixed out-of-plane orientations.

Bovine cortical bone samples were cut from the medial part of a cow tibia. Three medial
slices were cut radially into smaller sections as shown in Figure Al.1 B. Posterior quadrant
sections with higher osteonal bone content were used for the further processing steps de-

scribed in the main text.

Figure A1.1 - (A) MTLT samples each containing a tendon section cut at 0°, 22.5°, 45°, 67.5°
or 90° to the main tendon axis. (B) Bovine cortical bone rough cuts.

Al.2 Polarized Raman spectroscopy

Spectra analysis
* Figure A1.2 (A) Background (BG) subtraction and cosmic ray removal (CRR) for the

whole spectra (first order polynomial fit for local minima, numpy.polyfit).

* Figure A1.2 (B,C) amide I and amide III peak analysis:

1. additional linear BG subtraction (numpy.polyfit);
2. double-Lorentzian fit (red) of both amide I and amide III, extracting peak param-

eters.

* Figure A1.2 (D) Polar plots of integral area of amide I / amide III vs polarization
angle 6 (red datapoints) fitted with equation 1 from the main text (black solid line)
together with theoretical prediction (orange dashed line) as determined using equation

S8 described in the section bellow.
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Figure A1.2 — Polarized Raman spectra processing steps for the raw data using Python soft-
ware.

Theoretical calculations of polarization-dependent Raman scattering intensity

In classic representation of polarized Raman experiments [393] [394], the scattering intensity
I is proportional to a matrix product between the polarization vectors of the incoming &; and

scattered light & and the Raman tensor R:

I, < |giRe|*. (Al.1)
In our experiments there is no polarizer in the path of scattered light, so the scattering

intensity is a norm of a multiplication vector between the Raman tensor and polarization

vector of the incoming light [395]:
I; o< |Re;|? (A1.2)

g = (cosa,sina,0), (A1.3)
where « is the polarization angle and the Raman tensors R for amide I and amide III
vibrations in the a-helix polypeptide are isotropic in the orthogonal plane with the respective

factors: a = 0.537 and b = 0.707 [396] [397].

Ramidel = (Al 4)

S O R
S R O
R O© O
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b 00
Runigeri=1 0 b 0 (A1.5)
0 0 1

The Raman tensors were rotated around the X axis (out-of-plane, ) and Z axis (in-plane,

@) to align with the assumed MCF direction. The output theoretical predictions for amide I
and amide III scattering intensities for different orientations of the collagen molecule were
calculated using equation A1.2 and are shown below.

Limider = 4 [(a — 1) cos [a] cos [@] sin [6]* sin [@] — sin [q] (cos (0] (acos (6]

. 2 . 2 2
+ sin[6)] >+asm[(p] )}
+ 4 [(a — 1) cos [@] sin[e] sin[6]? sin [@] — cos [a] (acos (0]

+ (acos (6]% -+ sin [e]2> sin [(p]2>]2 +{(a—1)sin[20]sin[o +¢]]> (AL6)

Limigetn = 4 [(b — 1) cos[et] cos [@] sin [6]* sin[@] — sin [a] <COS (0] <bc0s 6]
+ sin [6]2> + bsin [q)]2>] ’

+ 4 [(b — 1) cos @] sin [e] sin [0]* sin [@] — cos ] <b cos [p]*

+ (bcos [6]%+ sin [9]2> sin [<p]2)}2 +[(b—1)sin[26]sin[o + 9] (A1.7)

The output theoretical prediction /; for the present study:

Is = Iamidel/lamidelll (Al 8)
We found that the theoretical prediction function /; (Equation A1.8) was not suitable

for the analytical out-of-plane angle 6 extraction due to the interdependency of the output
parameters and the numerical problems during data fitting that follow. Instead of using the
theoretical function to fit the experimental polarization-dependent intensities, we therefore

proceeded to utilize the simplified function proposed by Bao et al. [225]:

f(a,9) =Acos® (a+ @) + Bsin® (o + ). (A1.9)
We measured the Raman scattering intensity of amide I/ amide III versus the out-of-plane
angle of the MCFs for the model material (MTLT), yielding the theta-dependent ratio A/B.

In order to make an educated guess for the theta dependence of A/B we matched the theoreti-
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cal prediction function (Equation A1.8) to the simplified one (Equation A1.9 (Equation 3.1.1
from chapter 3.1). This was accomplished by fixing ¢ = 0 and comparing the two resulting
intensities for a given set of out-of-plane angles 6 and polarization angles ¢. This allowed
us to correlate the ratio A/B to the out of plane angle theta. However, due to the compli-
cated mathematical form of the theoretical prediction /; (Equation A1.8), we were not able
to obtain a closed and compact expression for A/B as a function of theta. The anisotropy
parameter A/B as a function of out-of-plane angle 6, showed good agreement with equa-
tion A1.10(3.1.4) (R* > 0.99, Figure A1.3). We decided to continue working with equation
A1.10(3.1.4) from the chapter 3.1 as it resembles the theoretical prediction but has a simpli-
fied form. This function was used to fit experimentally collected anisotropy parameters A/B

for the different out-of-plane angles (Chapter 3.1, Figure 3.1.3).

£(8) = Cy+Cysin® (0) +Cysin () (A1.10)

1.9
* Theoretical prediction
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Figure A1.3 — Theoretically predicted anisotropy parameters A/B for different out-of-plane
angles 6. The coefficient of determination R?> = 0.99.

Line-mapping of bovine cortical bone osteon
Polarized Raman line-maps were collected on three bovine bone osteons to check for fibril

orientation variations within each osteon. For each map a set of polarized Raman spectra
were collected along the line with 2um steps going from Haversian canal towards the outer
end of the osteon, as marked in Figure A1.4. The data processing for each step was as
described in Supplementary information A1.2. The values of out-of-plane angles for axial

and in-plane angles for transverse osteons were taken for analysis of fibril alignment along
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the Haversian canal.
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Figure A1.4 — Polarized Raman line-maps collected from axial (A) and transverse (B) osteons.
Top: optical microscope images with out-of-plane osteonal angles as determined from micro-
CT, red line indicates where the scan was taken. Bottom: line-maps for the out-of-plane MCF
angles determined using qPRS, blue line is the guide to the eye.

Sample integrity during Raman measurements

To determine that the imaging parameters (power, integration time) do not cause structural
modifications of the mineralized tissue, we performed time dependent measurements of 50
minutes (five times the time of a usual experiment) and monitored the integral area of the
amide I and amide III peak. For this, a set of polarized Raman spectra was collected from
the same spot of the cortical bone osteon with the fixed laser polarization. Each of 100
spectra was collected for 30s with the setup parameters as used in this work: 785nm laser at
30mW power with 50x objective, NA = 0.80. As can be seen in Figure A1.5, there is a clear
increase of peak integral area for both amide I and III. However, the change of the integral
area is below 5% for the first 20 spectra for both amide I and amide III vibrations, which
corresponds to the time needed to collect a set of polarized Raman spectra in the present
work. We therefore conclude that the sample integrity is preserved during the complete

gPRS measurements.

qPRS angular uncertainty
To estimate the error of the qPRS method, we correlated the real out-of-plane angles of MCF,

determined from the SAXS measurements, with the re-calculated angles, determined from
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Figure A1.5 — Change of amide I and amide III integral areas over time. Blue and orange
line are raw and averaged data, respectively, black dashed line indicates the 5% increase of the
integral area.

the Raman measurements. The standard error of the estimate (SEE) from the linear fit was

taken as the angular uncertainty resulting in 0" = 9.7°.
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Figure A1.6 — Out-of-plane MCF angles, calculated for MTLT using qPRS versus out-of-plane
MCEF angle 6, determined from SAXS measurements.
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gPRS method using amide I/ v,PO,4

The ratio of amide I over v, POy is a possible alternative indicator of MCFs orientation. The
SNR ratio of the amide I/ v,PO4 is comparable to the one of amide I/ amide III and follows
as well the polarization dependence of the amide I band. A possible pitfall would come
up from the variation in the mineral content: while the ratio of amide 1/ amide III corre-
sponds solely to the organic constituents, the ratio of amide I over v,PO4 is dependent on
the level of mineralization. Nevertheless, since our data analysis procedure includes nor-
malizing the output polar plot of the peak ratios vs laser polarization (Figure A1.7 A), the
extracted anisotropy parameter A/B will not be dependent on the tissue mineralization. We
demonstrate an excellent correlation between the two Raman band ratios for MTLT samples
(Figure A1.7 B, R> = 0.98, p = 0.01). Moreover, we calibrated the anisotropy parameter
A/B, extracted from amide 1/ v, PO4 polarization dependence, with the fibril out-of-plane an-
gle 0, taken from the SAXS measurements (Figure A1.7 C, R?> = 0.99). The new parameters
of the calibration function (Equation 3.1.4 from chapter 3.1 are shown in the Figure A1.7
and can be used in the future for correlating the out-of-plane MCF angle with the anisotropy

parameters extracted from amide I/ voPO4 Raman band ratios.

A1.3 Correlation between bone biochemistry parameters and mechan-
ical properties

All of the bovine cortical bone samples used in this study were cut from the same tibia and
underwent identical sample preparation steps. Following the study of Roschger et al. [226],
the mineral to matrix ratios (v, PO4/amide III), determined in this study, can be correlated to
the Ca content. For all of the tested bovine osteons, a relative standard deviation of mineral
to matrix ratios of ~ 7% was observed, which was not sufficient to detect a significant cor-
relation with the mechanical parameters (p = 0.6 for both elastic modulus and yield stress,
Figure A1.8 A,D). To assess the mineral biochemistry of the specimens, we additionally an-
alyzed the mineral crystallinity [227] [158] [159] [228] using the collected polarized Raman
spectra. As a measure of mineral crystallinity, we used the inverse of the primary phosphate
peak width, averaged over different laser polarizations. The relative standard deviation of
crystallinity between the tested bovine cortical bone osteons did not exceed 1% and no sig-
nificant correlation with the elastic modulus (p = 0.3, Figure A1.8 B) nor the yield stress (p
= (.2, Figure S9 E) was observed.

For the qPRS method we employed the polarization dependence of amide I and amide III
Raman bands, which mainly correspond to the collagenous matrix [174]. However, the vari-
ations of non-collagenous proteins (NCPs) content may as well affect the output mechanical
properties. To assess the variation of NCP content, we additionally analyzed the C-H bending
Raman band at 1458cm™ 1, which corresponds to both collagen and NCPs [229]. Although
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Figure A1.7 — Comparison of the amide I/ amide III and amide I/ vo,PO4 Raman band ratios
that can be used for spectral anisotropy A/B calculation and consequent out-of-plane angle
estimation. (A) Polarization dependence for the two Raman band ratios for both axial and
transverse MTLT sample orientation. (B) Correlation between the two Raman band ratios
as estimated for MTLT samples. (C) Anisotropy of amide I/ voPO4 Raman band ratios at
different out-of-plane fibril orientation 6 for MTLT samples. The coefficient of determination

R* =0.99.
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the ratio of amide I/ CH bending has been reported to quantify the relative concentrations of
collagen versus NCPs [230], we found it to be strongly dependent on the MCF orientation
(R> =0.68, p < 0.01, Figure A1.8 G). We therefore used the ratio of amide ITI/ CH bend-
ing to quantify the relative concentrations of collagen versus NCPs, as it has no significant
orientation dependence (p = 0.1, Figure A1.8 H). Around 4% of relative standard deviation
of Amide III/ CH ratios was observed for the tested osteons. Moreover, we found a mod-
erate dependence between the Amide I1I/ CH ratio and the measured mechanical properties
(R2 =0.5, p=0.01 for both elastic modulus and yield stress, Figure A1.8 C,F). We acknowl-
edge that observed variations of collagen/NCPs relative concentrations partially contribute

to the observed variations of the mechanical properties.
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Figure A1.8 — Correlation between bone biochemistry parameters, as assessed by PRS, and
mechanical properties, as measured using micropillar compression.(A-C) Correlation between
the osteonal Mineral-to-matrix ratios (A), Crystallinity (B), Amide III/CH-bending ratios (C)
and the output elastic modulus. (D-F) Correlation between the osteonal Mineral-to-matrix
ratios (D), Crystallinity (E), Amide III/CH-bending ratios (F) and the output yield stress.(G-
H) Correlation between the Amide I/CH-bending (G), Amide III/CH-bending ratios (H) and
the out-of-plane MCFs angle.
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Al.4 SAXS measurements

Orientation analysis of MCF in MTLT
The orientation of MCF were estimated from the azimuthal broadening of intensities along

the streak axis. For this, the azimuthal profiles were extracted in the q range of 0.356 —
0.783nm~! and fitted with the Lorentzian function. The angular position of the maximum
intensity was extracted for each fitted profile with respect to the surface normal vector orien-
tation, obtained from 2D Nanography (Figure A1.9). 2D Nanography was obtained by rep-
resenting the total intensity counts from 0.5 seconds frame on the detector for each 0.01mm
steps sample movement in corresponding x and y direction. The mean out-of-plane MCF
angle O was taken as the averaged position of the profiles maximum intensity. Azimuthal

scans and all the fittings were obtained using Matlab R2019b.

0 =88.76°£0.04°

6 =2.88°£0.06° 8 =19.06°£0.05° 8 = 47.28°40.08° 8 =63.43°10.06°

0 4000
— ’ u’ 3000
- . 2000
- 1000

6 o

X [mm]

4000 0

4000

3000 3000

2000

Y [mm]

2000

1000
1000

2D Nanography

P
a lnm]

2D SAXS

o i - o s N B S Bt Wi i B,
-90 0 90 -50 0 50 100 -45 0 45 90 135 0 50 100 150 150 -100 -50 0
Azimuthal angle (°) Azimuthal angle (°) Azimuthal angle (°) Azimuthal angle (°) Azimuthal angle (°)

Figure A1.9 — 2D Nanography and 2D SAXS profiles with schematically marked g-range and
output azimuthal profiles fitted with the Lorentzian function.

Ruland streak method for MCF misorientation estimation
We applied the Ruland analysis on the streak signal to quantify the alignment of MCF. In

this method, the azimuthal broadening of intensities along the streak axis, which relates to
the anisotropic scattering in the aligned fibrous samples, is evaluated [234] [398]. From the
azimuthal broadening By, the fibril length [ and misorientation width B ,; were obtained
from the following equation:

27
Bops = l—+Bph,~ (A1.11)

q
where the azimuthal broadening B, is def{ned as the full width at half maximum (FWHM)

of the azimuthal profile fitted using the Lorentzian peak function at particular g (bottom of
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Figure A1.9). In this study, azimuthal profiles were extracted in the g-range of 0.356 —
0.783nm~" with step size of 0.036nm~!. The misorientation width was obtained from the
intercept of the B, vs. the inverse scattering vector modulus ¢!

Al.10.

, as presented in Figure
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Figure A1.10 — Azimuthal broadening B, of the streak signal as a function of inverse scat-
tering vector modulus q for MTLT samples presented together with the linear fit according to
equation Al.11 and output misorientation width B,;.

A1l.5 Osteonal angle calculation

The spatial orientation of osteons was estimated using ImageJ 1.52v [235] and BonelJ 1.4.3
[236]. The main analysis steps are demonstrated in the Figure A1.11. All sample scans were
tilt corrected (Untilt Stack plugin) and correlated with the optical image to locate the osteons
of interest. Chosen osteons were cropped and binarized using Otsu’s threshold clustering
algorithm. At the same time Haversian canal of the osteon was checked for irregularities:
only the top segment without branching or sudden changes in orientation was used. Using
the Moment of Inertia plugin, three orthogonal principal axes were automatically determined
for each Haversian canal and the rotation matrix in reference to the stacks main axis was
constructed. The out-of-plane orientation 0 of each osteon was taken as the angle between
the principal axis along the Haversian canal and the z axis of stacks (Figure Al.11, right).
The angle was extracted from the rotation matrix and correlated later with the polarized

Raman measurements.

Al1.6 Mechanical data manipulation

Mechanical modeling

Apparent elastic modulus £,,, was modeled as a function of collagen fibril orientation.
For this, a transversely isotropic compliance tensor (Equation A1.12) was rotated around
one axis from the transverse plane. By fitting the output equation (Equation A1.13), the ap-

parent elastic modulus was expressed as a function of the fibrils angle.
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Figure A1.11 - Osteonal orientation determination steps using using ImageJ and BonelJ. Left:
micro-CT scan of the chosen sample was tilt corrected (Untilt Stack plugin) and correlated with
the optical image to locate the osteons of interest; stacks with the chosen osteon were cropped
and binarized. Right: snapshot of the 3D view on the binarized volume of interest (note:
Haversian canal is shown in white); three orthogonal principal axes (grey lines on the snapshot)
were automatically determined for each Haversian canal using the Moment of Inertia plugin,
the rotation matrix in reference to the stacks main axis (z axis on the figure) was constructed.
The out-of-plane orientation 6 of each osteon was taken as the angle between the principal
axis along the Haversian canal and the z axis of the stacks.

A A L
¢ 1 a
B og - 0 0 0
V, V, 1
—Ya Yo L 0 0 0
e (A1.12)
0 0 0 4 0 0
0O 0 0 © ﬁ 0
o 0 0 o0 o0 Lt
cos*(0) sin*(0) 1 Va 5 5 -
E,,,= + +| ——2— ) cos“(0)sin“ (O Al1.13
app ( E, E, (.LLa Ea) (0) ()) ( )

Elastic moduli were extracted from micropillar compression tests and fibril orientation
from PRS measurements, where E, and E; - axial and transverse elastic modulus values
accordingly, v, and v, — Poisson ratios and y, - shear modulus.

Compliance tensor (Equation A1.12) was estimated based on the output elastic moduli from
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the micropillar compression tests and is reported here for the sake of completeness.

0.13 -0.041 -0.025 O 0 0
—-0.041 0.13 —-0.025 O 0 0
1] = —0.025 —-0.025 0.036 0 0 0
0 0 0 0.061 0 0
0 0 0 0 0.061 O
0 0 0 0 0 0.17

Yield stress was modeled as a function of collagen fibril orientation using the Tsai-Hill
composite failure criterion [238]. For unidirectional fiber-reinforced composite materials

subjected to in-plane stress, the failure criterion is given by:

() G+

where 0, and o; are the normal stresses along the axial and transverse directions of the
composite, respectively, whereas 7 is the in-plane shear stress. X, ¥ and S symbolize the
longitudinal, transversal and shear strength of the composite [238].
Under uniaxial loading, the normal and shear stresses can be defined as a function of the

fiber angle 0, as:

6. = 0ycos’(0)
o; — stinz(e) (A115)
T = 0ycos(0)sin(0)

where o, is the stress applied along the loading axis [238]. For a composite having its
fibers oriented along 6 = 0°, it is possible to express its strength with respect to the uniaxial

loading direction by inserting equations (A1.15) into equation (A1.14) [238]:

o= ((COS;<9>)2_ (M)g (sin;(9)>2+ <M)2>

(Al.16)

~1/2

Mechanical data over measurement time

To assess whether or not an equilibrium state had been reached in terms of hydration of
the micropillars, it was checked whether the measured mechanical properties, i.e. elastic

modulus and yield stress, changed over time throughout the experimental campaign. No
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significant trend was found for elastic modulus or yield stress (p > 0.05) as a function of

time.
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Figure A1.12 — Change of elastic modulus and yield stress within the measurement time.
Values were normalized over the day of measurements.
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A2.1 Estimated heat accumulation during laser ablation
Accumulated heat during laser ablation was estimated following the work of R. Weber et

al. [399,400]. For the unidirectional scanning mode, the finite number of subsequent pulses

on the same spot causes heat accumulation. The temperature fields of each pulse can be

summed up in time and space when the material parameters are taken as constant. Solving

the heat conduction equation for the 3D heat flow leads to the temperature field shown in eq.

A2.17, where the heat residual Qzp define the heat which is released in an infinitely short

time at t = 0.

Where

AT =

bsp =

PCp (4}1:}1()3

Qsp bip (A2.17)

2
—— 1+ 2.61. A2.18
VA fr ( )

The input values used for the calculations are summed up in Table Al. The bone tissue

parameters were taken from S. McPhee and A. Groetsch et al. [401].

Table A2.1 — Laser ablation and bone tissue parameters used for the heat accumulation calcu-

lations.

P, = 0.012 w Average lase power

Jrep= 3 kHz Repetition rate

E,= 4 uJ Pulse energy

wo = 7 pm Spot radius

R = 0.4 Surface Reflectivity

n= 0.5 Absorbed part converted to heat
Vinark = 15 mm/s Laser scanning speed

Dx 5 um Distance between 2 pulses

np = 3 Number of pulses at the same position™
t= 0.001 S Time for np Pulses

p= 2033 kg/m3  Density

cp= 1440 J/kg/K  Specific heat

k= 0.54 W/m/K  Thermal conductivity

K= 1.8E-07 my/s Thermal diffusivity

* The number of pulses is calculated by dividing the beam diameter by the distance between

2 pulses.

As a result, residual heat is estimated to be Qzp=2.4 uJ and the maximum temperature

increase A T = 55.6°C. This temperature is about 10°C below the denaturation point of na-
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tive hydrated collagen, and 100°C below the denaturation point of dehydrated mineralized
collagen [402]. Since the period between two consecutive laser ablations at the same spot
exceeds 2 min, there is no additional heat accumulation between the consecutive ablation
layers. Moreover, these calculations were carried out with several assumptions: (i) energy
input is taken as the point source with instantaneous stationary energy, (ii) surface instead of
volume absorption, and (iii) the surface is assumed to be fully isolated. These simplifications
lead to overestimated heat accumulation. We assume that the real heat accumulations during

ablation are below the calculated ones.

It is important to mention that we used simplified estimations of the pulse to pulse heat
accumulations, as the heating from the pulse itself on a short timescale was not discussed.
This aspect would require additional, more time expensive simulations following the two

temperature model as proposed by S. McPhee and A. Groetsch et al. [401].

A2.2 FE simulations of micropillar taper effect on the output mechan-

ical properties
We determined the effects of the micropillars’ taper on the elastic modulus, yield stress,
and strain by means of finite element (FE) simulations. The average dimensions of the nine
samples (25 micropillars per sample) were determined by HRSEM (Hitachi S4800, Japan).
These average dimensions were used to model the micropillars with and without taper in
Abaqus/CAE (Dassault Systemes Simulia Corp., Johnston, Rhode Island, USA). For the mi-
cropillars without taper, the bottom diameter was set equal to the top diameter. The substrate
below the micropillar was also included in the model to account for substrate compliance.
A displacement of 10% of the micropillar height was applied, which is equal to 10% strain.
Young’s modulus was set to E = 27.65 GPa and Poisson’s ratio to v = 0.3. The standard von
Mises plasticity model was used and the yield stress was set to 6,=0.318 GPa. The Young’s
modulus and the yield stress are based on experimental results from a former study [161].
Hexahedral elements (C3D8) were used to mesh the model and a mesh sensitivity analysis
was conducted. The mesh convergence was achieved when reducing the size of the elements
by half resulted in a change in yield stress of less than 0.1%. The effect of the taper on the

elastic modulus, the yield stress and strain are represented as

E; lof i
kg = ideal 7k0'_ ideal ke — ézdeal

(A2.19)

= = , = .
Eta pered Otapered éta pered
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Stress [MPa]

— Ideal pillar geometry
—— Tapered pillar geometry

0.00 0.02 0.04 0.06 0.08 0.10
Strain

Figure A2.1 — Distribution of von Mises stresses during compression simulations for micropil-
lars with ideal (top) and tapered (bottom) geometries and corresponding stress-strain curves.

A2.3 Raman spectra processing
(A) Background (BG) subtraction for the whole spectra (second-order polynomial fit for

local minima, numpy.polyfit). (B) voPO4 and amide III band analysis:
* additional linear BG subtraction (first order polynomial fit for local minima on both

sides of the band, numpy.polyfit);

* double-Lorentzian fit of vo,PO,4 (blue) and amide III (red); extracting peak integral
areas: 410-460 cm™! for v,PO4 and 1215-1300 cm ™! for amide III [226].
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Raw spectrum
— BG corrected spectrum
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Figure A2.2 — Raman spectra processing steps for the raw data using Python software [221].
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A3.1 Micro-CT data processing

Grey-scale Binary 1st Blurred 1st0.8 Cortical mask Masked
threshold

2nd 0.8
threshold

»._

Figure A3.1 — Steps of the micro-CT image processing.

2nd Blurred

A3.2 Principal Component Analysis (PCA) and Logistic Regression (LR)
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Figure A3.2 — Left: PCA analysis with first two Principal components score distributions for
all 42 patients, colors of the points correspond to the patients primary diagnoses: coxarthrosis —
grey, fracture — aquamarine. Right: top-10 bone parameters from the first Principal Component
with their scores.
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Confusion matrix for Logistic Regression Feature Abs contribution
Accuracy score: 0.70

True label
rS

w

[N]

6 to the model
H 3.20775
Coxarthrosis 6 > Mineral/Matrix ratio 1.50493
Yield stress 1.29860
Yield strain 1.00579
Age 0.77508
e Armde | sub-peak 050215
ratio l~1670/ |~ 1640
) Amide | sub-peak 041052

Coxarthrosis Fracture

Predicted label ratio |"’1660/ |”1683
T™MD 0.04873

Figure A3.3 — Prediction of the bone fracture patients via Logistic regression algorithm. Left:
confusion matrix for the classification. Right: dataset variables (features) sorted per impor-
tance.
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