Die approbierte Originalversion dieser Dissertation ist an der Hauptbibliothek
der Technischen Universitdt Wien aufgestellt (http://www.ub.tuwien.ac.at).

The approved original version of this thesis is available at the main library of
the Vienna University of Technology (http://www.ub.tuwien.ac.at/englweb/).

TECHNISCHE
UNIVERSITAT
WIEN

Vienna University of Technology

DISSERTATION

Experimental and computational
micromechanics of mineralized tendon
and bone

Under supervision of

Professor Philippe K. Zysset

Institute of Lightweight Design and Structural Biomechanics
at Vienna University of Technology
Department of Mechanical and Industrial Engineering

by

Ewa M. Spiesz, MSc

Vienna, October 2011 Ewa M. Spiesz



Acknowledgments

Colleagues, external partners, my family and friends gave me a lot of
support during my stay in Austria and encouraged me in my work on this
thesis. My sincerest thanks go to all of them, but I would like to address
some people in particular.

First of all, I would like to thank my supervisor Prof. Philippe Zysset
for his his enthusiasm and interest in this work. Together with his strong
expertize and comprehension in the field of bone biomechanics, it makes him
the best teacher.

I would like to thank Dr. Paul Roschger from the Ludwig Boltzman
Institute of Osteology for his help with the qBEI measurements, as well as
his advise and commitment to preparation of the manuscripts resulting from
this thesis.

Part of the work of this thesis was conducted during my stay at the
University of Washington in Seattle, WA, where I was supervised by Prof.
Werner Kaminsky, who not only hepled me in the scientific way, but also
made my stay in the US very interesting and comfortable, which I am very
grateful for.

I am also grateful to Prof. Peter Fratzl for evaluating this thesis and for
his helpful advise in the early stages of this work.

I would also like to express my gratitude to my colleagues in the ILSB
in Vienna for the great working atmosphere and prompt support.

Finally, I would like to thank my husband Przemek and my Parents for
the continuous support.



Abstract

In-depth understanding of morphology and micromechanics of bone is im-
portant in prediction and treatment of bone metabolic diseases, like oste-
oporosis - a disease causing high morbidity and mortality among the el-
derly population. In this thesis, an extensive experimental and computatio-
nal research program has been achieved in order to better understand the
structure-function relationships of mineralized tissues.

Mineralized turkey leg tendon (MTLT) was used in the study, as a me-
chanical model of mineralized collagen fibers, also present in bone. Quanti-
tative backscattered electron (qBEI) and light microscopy images revealed
two morphology zones in this tissue. The zones differed in mineralization,
amount of organic phase, size of the mineralized fibers and microporosity,
as well as stiffness. A mean field homogenization model applied in predic-
tion of the indentation stiffness as compared to the measured one, helped
in interpretation of some features of the two phases that were not accessible
experimentally, like the distribution of mineral between the collagen fibrils
and the extrafibrillar space. Indentation modulus of MTLT was measured
using different final indentation depths, contributing to the knowledge about
the indentation size effects in mineralized tissues. The measurements were
performed in dried and re-hydrated state, providing insights in the elastic
anisotropy of unidirectionally oriented mineralized fibers in different hydra-
tion states. Additionally, a multiscale verification of stiffness in MTLT was
performed. At the macroscale, stiffness obtained with uniaxial tension te-
sts was compared to the one predicted with a micro finite element models.
The same samples were tested at the microscale, where the experimentally
measured indentation modulus was compared with the one predicted with
the mean field model, based on morphological parameters measured in the
sites of indentation.

As the arrangement of collagen fibers in bone is complex and not fully
understood, a technique allowing its assessment was adapted in this thesis to
provide quantitative information on the collagen out-of-plane angle in bone
sections. The technique employing circularly polarized light was calibrated
on the uniaxial MTLT samples in order to provide quantitative information
normalized to sample thickness and wavelength of the probing light to enable
a universally applicable assessment.
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This collagen arrangement assessment technique - the quantitative pola-
rized light microscopy (qPLM) was applied to osteons of human mid-shaft
femurs, along with a site-matched mineralization assessment (qBEI), na-
noindentation and the mean field homogenization method of indentation
modulus prediction. A weak correlation between the measured and predic-
ted indentation moduli revealed that additional factors that contribute to
the tissue stiffness, like nanoporosity, collagen cross-links or non-collagenous
proteins, need to be taken into account.

Generally, in the course of this thesis new protocols and techniques help-
ful in assessment of the structure-function relationships were developed con-
tributing to a better understanding of the elasticity of mineralized tissues.
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Zusammenfassung

Ein detailliertes Verstandnis der Morphologie und Mikromechanik von Kno-
chen ist wichtig bei der Vorhersage und Behandlung von Knochen- Stoff-
wechselkrankheiten, wie Osteoporose - eine Krankheit, die hohe Morbiditét
und Mortalitat bei der dlteren Bevolkerung hervorruft. In dieser Arbeit wer-
den umfassende experimentelle und theoretische Anstrengungen unternom-
men, um ein besseres Verstandnis der Struktur-Funktions-Beziehungen von
mineralisierten Sehnen und lamellare Knochen zu erreichen.

Mineralisierte Truthahnbeinsehne (MTLT) wurde in der Studie als me-
chanisches Ersatzmodell fiir mineralisierte Kollagenfasern von Knochen ver-
wendet. Quantitative Riickstreuungs-Elektronenmikroskopie (¢BEI) und Licht-
mikroskopieaufnahmen ergaben zwei Morphologiezonen in diesem Gewebe.
Die Zonen unterschieden sich hinsichtlich der Mineralisierung, des Anteils
der organischen Phase, der Grofle der mineralisierten Fasern und der Mikro-
porositat. Ein mikromechanisches Modell wurde zur Vorhersage der Inden-
tationssteifigkeit eingesetzt, welche mit der Gemessenen verglichen werden
konnte. Dieser Vergleich erlaubte eine indirekte Bestimmung der Verteilung
des Minerals zwischen den Kollagenfibrillen und der extra-fibriliren Ma-
trix. Der Einfluss der Indentationstiefe auf die gemessene Indentationsteifig-
keit wurde mit MTLT-Gewebe untersucht und fiir mineralisiertes Gewebe
verallgemeinert. Die Messungen wurden in getrocknetem und rehydriertem
Zustand durchgefiihrt. Einblicke in die elastische Anisotropie der unidirek-
tional orientierten mineralisierten Fasern in unterschiedlichen Umgebungs-
bedingungen wurden gewonnen. Zuséatzlich wurde eine Untersuchung der
Multiskalensteifigkeit durchgefiihrt. Auf der Makroebene wurde die Stei-
figkeit mit einem einachsigen Zugversuch gemessen und mit den Ergebnis-
sen eines passenden Mikro-Finite-Elemente-Modells verglichen. Die gleichen
Proben wurden auch auf der Mikroskala getestet. Der experimentell ermit-
telte Indentationsmodul wured mit einem, mittels eines Modells errechne-
ten, Indentationsmodul verglichen. Die numerische Vorhersage basierte auf
morphologischen Parametern, die exakt an den Indentationstellen ermittelt
wurden.

Da die Anordnung der Kollagenfasern in Knochen komplex und noch
nicht vollstandig verstanden ist, wurde eine Technik entwickelt um die durch-
schnittliche Kollagenanordnung quantitativ zu erfassen. Die Technik verwen-
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det zirkular polarisiertes Licht und wurde auf den unidirektionalen MTLT
Proben kalibriert. So konnten quantitative Daten, normiert auf Probendicke
und Wellenléange des Lichts, gewonnen werden.

Diese Methode zur Messung der Kollagenanordnung - die quantitative
Polarisationsmikroskopie (qQPLM) - wurde auf Osteonen aus dem mensch-
lichen Femurschaft angewandt, zusammen mit einer Messung der Minerali-
sierung (qBEI) und des Indentationsmoduls an exakt uebereinstimmenden
Messorten. Mit Hilfe der qPLM und gBEI Daten wurde mit dem mikro-
mechanischen Modell ein numerischer Indentatonsmodul errechnet und mit
dem Gemessenen verglichen. Eine schwache Korrelation zwischen dem ge-
messenen und vorhergesagten Modul zeigte, dass zusatzliche Faktoren, wel-
che die Gewebesteifigkeit beinflussen, wie Nanoporositat, Kollagenvernet-
zung oder nicht-kollagene Proteine, berticksichtigt werden miissten.

Im Allgemeinen werden im Rahmen dieser Arbeit neue, hilfreiche Pro-
tokolle und Techniken zur Beurteilung der Struktur-Funktions-Beziehungen
in Knochen entwickelt, um so ein besseres Verstandnis der Elastizitdt von
mineralisierten Geweben zu erreichen.
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Chapter 1

Introduction

1.1 Motivation

In the aging populations of industrialized countries, bone metabolic diseases
represent significant health care costs. Diseases such as osteoporosis cause
high morbidity and mortality among the elderly population.

In a report presented recently on the burden of the osteoporosis in the
European Union (Stroem et al., 2011) it was stated that the economic burden
of this disease has increased in the last decade. The related health care costs
in 2010 were estimated for 30.7 billion Euro, which corresponds to 3.5% of
the total health care costs. In Europe’s five largest countries and Sweden,
the death rate attributed to fragility fractures was as high as eighty people
per day.

Better understanding of fragility fractures could have a considerable im-
pact on improving treatments and prediction of the diseases.

The mechanics of bone is well understood at the macrolevel. Large
number of experimental and numerical approaches have been applied to un-
derstand bone in terms of its global composition (mainly fraction of the
mineral) and geometry. Less is known about the underlying micromechan-
ics that result is such an exceptional performance of healthy bone at the
macroscale.

In this thesis, a multiscale experimental and computational approach
was employed in order to understand the micromechanics of mineralized
collagen fibers present in bone. As the organization of these fibers in bone
is complex and not fully understood, a simpler tissue - mineralized turkey
leg tendon - was used as a model of mineralized collagen fibers.
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1.2 Structure-function relationships in mineralized
tissues

1.2.1 Morphology
Bone

Bone is an organ that belongs to the connective tissues family and its main
function is providing the stiffness for the action of muscles, protection of
the vital organs, but also homeostasis of calcium and phosphorus, as well
as hematopoiesis. Bone tissue possesses a complex hierarchical structure, as
shown in Fig. 1.1.

Looking at it on the nanoscale, bone comprises a network of collagenous
molecules interpenetrated by a calcium phosphate phase. About 90% of
the organic matrix of bone consists of collagen (Knott and Bailey, 1998).
Collagen molecules are deposited in the extracellular space by the osteoblasts
and later assemble into fibrils (Fratzl and Weinkamer, 2007). A specific
packing of the tripe-helical, about 300nm long collagen molecules in the
fibrils is characterized by a staggered arrangement along the axial direction
by approximately 67 nm, that creates a characteristic “gap-overlap” pattern
as suggested by Hodge and Petruska (Hodge and Petruska, 1963; Landis
et al., 1996). The pattern is visible in transmission electron microscopy
images as a banded structure. A newer model of the fibril arrangement was
proposed by Burger et al. (2008) that suggests lateral packing of mineral
crystals in collagen fibrils as an irregular stacks of platelet-shaped crystals,
intercalated with layers of collagen molecules. The structure is connected
with collagen cross-links - strong, stable chemical bonds that likely control
the space available within the collagen fibrils, and may limit the number of
mineral crystals that can be accommodated in the intrafibrillar space. The
packing of collagen molecules within a fibril appears therefore to be a critical
factor determining bone calcification (Glimcher, 2006).

The mineral phase of bone consists of calcium phosphate phase, often
referred to as non-stoichiometric hydroxyapatite. The content of calcium
in bone mineral is lower that the one in a synthetic, highly crystallized hy-
droxyapatites, which is reflected in its properties (Glimcher, 2006). The
calcium is partially replaced with sodium ions and the phase contains signif-
icant amounts of carbonate and hydrogen phosphate groups (LeGeros et al.,
1969; Glimcher, 2006). At this scale, bone mineral forms plate-like nanocrys-
tals with thickness of 1.5 - 4.5 nm as measured using transmission electron
microscopy and small-angle X-ray scattering (Fratzl and Weinkamer, 2007;
Fratzl et al., 2004; Rubin et al., 2004). The mineral platelets placed within
collagen fibrils seem to be arranged mostly parallel to each other and along
the fibrils long axis. A certain fraction of mineral may be placed in the
extrafibrillar space. The fraction of mineral deposited within the fibrils (de-
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Figure 1.1: An overview of the hierarchical structure of bone. Image modi-
fied from Rho et al. (1998).

noted as mineral distribution parameter «, Reisinger et al. (2010)) is con-
siderably discussed in the literature, as discussed in Chapter 2. The degree
of mineralization in bone was studied using quantitative electron backscat-
tered imaging (Roschger et al., 1998) or microradiography (Boivin, 1984).
Additionally, Raman and Fourier transform infrared (FTIR) spectroscopies
were used for compositional investigations (Boskey and Pleshko Camacho,
2007; Gamsjaeger et al., 2010; Paschalis et al., 2011; Camacho et al., 1999).

Additional minor constituents of bone are proteoglycans (decorin, osteo-
glycan, fibromodulin), glycosaminoglycans - GAGs (hyaluronan), glycopro-
teins (osteonectin, osteopontin, sialoproteins) and others. Not all roles of
those constituents are clearly understood, but they are thought to play a
role in the remodeling of bone, the mineralization process, as well as, in the
fibrils assembly.

The mineralized collagen fibrils are assembled into fibril arrays (or fibers),
which in turn form planar structures - lamellae - a complex arrangement
of the fibers. A few models of the possible arrangement of the collagen
fibers within lamellar planes were proposed. Most of the models assume
uniaxial arrangement of the fibers within one sublamella and a certain rota-
tion angle of the collagen arrangement between the consecutive sublamellae
(Gebhardt, 1906; Ascenzi and Bonucci, 1967, 1968; Weiner et al., 1999; Wa-
germaier et al., 2006). Details of the models are described in Chapter 3. No
final agreement on that issue was reached so far and as the arrangement of
the fibers is of possible influence on mechanical properties of the composite
- bone, one of the objectives of this study was to develop a quantitative
method of collagen arrangement evaluation.

Next level of hierarchy is represented by bone structural units: osteons
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(in dense cortex or compact bone) and trabecular packets (in the porous,
sponge-like trabecular bone). Osteons are cylindrical structures built up by
lamellae, that are arranged around blood vessels (Haversian channels). The
wall thickness of these structures is about 40-60 pm and they are a result
of the bone turnover - a coordinated action of the bone resorbing cells -
osteoclasts and bone forming calls - osteoblasts. Different types of lamellae
morphotypes were presented in in the literature. A common assumption is
differentiating three types: transverse, longitudinal and alternating lamel-
lae(Ascenzi et al., 2003). The types are characterized by the average collagen
arrangement, with the longitudinal lamellae with fibers mainly arranged in
parallel to the osteon axis, transverse ones with the fibers arranged in a
circumferential manner around the Haversian channel and the alternating
lamellae with fibers arranged at average in 45° to the osteons axis.

As the arrangement of collagen fibers in lamellar bone is not clearly
resolved and likely very complex, in this study a tissue with simply, uniaxial
arranged mineralized collagen fibers was used.

Mineralized tendon

Mineralized turkey leg tendon (MTLT) is a tissue generally similar in com-
position to bone, consisting mainly of mineral, collagen and water. 90-95%
of the organic matrix consists of collagen type I, with the rest of collagen
type V and XII, as well as, proteins including osteopontin, sialoproteins,
osteocalcin and proteoglycans (Glimcher et al., 1979; Landis, 1986). The
non-mineralized and mineralized parts of turkey leg tendons show different
distribution of proteoglycans. In the non-mineralized sites the proteogly-
cans can be found throughout the fibers, while in the mineralized parts only
between the fibers (Liu and Kuboki, 1996).

The tendons of the avians mineralize naturally over time, starting at
10-14 weeks of animal age (Landis et al., 1996; Landis and Silver, 2002),
which makes them attractive models for studying the mineralization process.
MTLT could be also used as a model to study mechanical properties of
mineralized fibers (for details see Chapter 2).

Different tendons extracted from wild or domestic turkeys (Prostak and
Lees, 1996; Knott et al., 1997; Lees et al., 1994; Landis et al., 1996; Silver
et al., 2001, 2000; Traub et al., 1989; Landis and Silver, 2002; Siperko and
Landis, 2001; Kohler et al., 1995; Arsenault, 1988) were used. Most fre-
quently the digital tendons (Bigi et al., 1996; Gupta et al., 2004) or Achilles
gastrocnemius tendons (Landis et al., 1996; Silver et al., 2001, 2000) were
used. In this study digital tendons of domestic turkeys were used and ex-
tracted as schematically shown in Fig. 1.2.

The mineralization patterns in MTLT is likely to be different than the
ones in bone, as the already existing collagenous matrix is mineralizing over
time, unlike in bone where the mineralization begins faster after the col-
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Figure 1.2: A scheme of extraction of the digital tendons from domestic
turkey’s legs.

lagenous network is laid down. The cells of tendons called tenocytes or ten-
donoblasts (Landis and Silver, 2002) remain viable in lacunae surrounded
by mineral, which is similar to osteocytes in the mineralized matrix of bone
(Landis and Silver, 2002). The mineralization process can occur in two lo-
cations simultaneously: within collagen fibrils, resulting in highly organized
mineralization patterns, and in the extrafibrillar space, resulting in ran-
domly dispersed mineral crystals in radially shaped clusters (Landis, 1986;
Arsenault, 1988).

1.2.2 Micromechanics

One of the main interest of the study was to assess the contribution of the
hierarchical structure described above on elastic properties of the mineral-
ized tissues. Mechanics of whole bones were studied widely over last decades
and are reasonably well understood, but the underlying micro- and nanome-
chanics are still not fully resolved. Some investigations at lower length scales
involved bending, tensile or torsion tests of compact and trabecular bone
specimens. High importance of the vascular and lacuno-canalicular porosity
was noted in bending tests of compact and trabecular bone microspecimens
(Liu et al., 1999). Scanning acoustic microscopy studies shower that microp-
orosity was the main factor determining elasticity in human cortex (Granke
et al., 2011). Microscale tensile tests were also performed on bone specimens
(Rho et al., 1993; Bini et al., 2002). On the lower length scale, mechanical
properties of single osteons were measured (Ascenzi et al., 1994). Numerical
compression experiments on single osteons of different morphotypes were
performed recently, giving insights of the possible explanation of the distri-
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bution of the osteons type in lamellar bone (De Micheli and Witzel, 2011).
Shear strength of the interfaces between single osteons was tested in mi-
croscale push out tests performed on different osteon morphotypes (Bigley
et al., 2006).

Recently nano- and microindentation is becoming more and more used
in accessing elastic properties of mineralized tissues at nano- and microlevels
(Hengsberger et al., 2002b; Oyen, 2006; Ebenstein and Pruitt, 2006; Franzoso
and Zysset, 2009; Wolfram et al., 2010a; Zhang et al., 2010; Reisinger et al.,
2011). This technique involves local material deformation under controlled
force applied with a stiff diamond tip, which allows for high resolution of
the stiffness assessment needed for testing of heterogeneous materials. Single
osteons were tested with this technique and the degree of elastic anisotropy
was quantified (Rho et al., 2001; Franzoso and Zysset, 2009; Reisinger et al.,
2011). Some approaches have been made in order to be able to test bone
specimens in physiological conditions, as the sample hydration level is re-
flected in the measured stiffness.

A study employing synchrotron diffraction (small angle X-ray scattering,
SAXS) for evaluating the sub-micrometer deformation mechanisms in miner-
alized tendons was performed by Gupta et al. (2004). Strains in MTLT tissue
were measured as the changes in axial periodicity of collagen molecules with
applied loads. Splitting of peaks in the diffraction spectra was attributed
to the inhomogeneous fibril deformation, with a part that is relaxed to the
unstressed length and a part that reminds stretched. The behavior was
attributed to the mineralized and non-mineralized parts of MTLT in the
tendons of 24 weeks old turkeys. The degree of inhomogeneity in the fibril
deformation was decreasing with animal age (so also the extent of mineral-
ization).
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1.3 Methodology

1.3.1 Nano- and microindentation

As described above, a few techniques have been employed for evaluation of
elastic properties of mineralized tissues at the microscale. For this project,
nano- and microindentation were chosen as the techniques validated for the
use on mineralized tissues (Hengsberger et al., 2002b; Oyen, 2006; Ebenstein
and Pruitt, 2006; Donnelly et al., 2006; Lewis and Nyman, 2008; Franzoso
and Zysset, 2009; Wolfram et al., 2010a; Zhang et al., 2010; Reisinger et al.,
2011; Zysset et al., 1999; Zysset, 2009). The aim of this work was performing
a site-matched combination of techniques allowing for measurement of mor-
phological (mineralization and collagen fibers arrangement) and mechanical
data. In this context, an additional advantage of using indentation was the
fact that the required sample preparation was compatible with requirements
of the other techniques used in the study (see Sections 6.3.2 and 6.3.3).

Indentation is a technique using contact mechanical testing (Oyen, 2011;
Fischer-Cripps, 2002), which measures local properties, therefore it has
found many applications in testing of inhomogeneous composite materials,
including mineralized tissues.

The technique is based on pressing a stiff probe (indenter, most often
made of diamond) with known shape onto a plane surface of a tested mate-
rial. During indentation, the load and the displacement are monitored and
the process can be controlled with load or displacement.

The indenter shape used most frequently for mineralized tissues is the
three- sided pyramid Berkovich indenter (shown schematically in Fig. 4.2).
An imprint made with such a tip in mineralized tendon sample is shown in
Fig. 1.3. For softer tissues, a spherical indenters are often used in order
to minimize the stress concentration, minimize the plastic deformation and
damage accumulation (Ebenstein and Pruitt, 2006). A mechanism of decon-
volution of elastic modulus and hardness of an elastic-plastic material was
published by Oliver and Pharr (1992). It became very popular and nowadays
is incorporated in many commercial indentation software (eg. TriboScan,
Hysitron, USA or CSM Instruments Indentation software, Peseux, Switzer-
land) and widely used. The so called Oliver and Pharr method assumes that
the unloading part of the indentation curve is purely elastic. The reduced
modulus of the contact E, can be related to the unloading stiffness S via:

B = YT S
T 2\/2

The probe-sample contact area is defined with a calibration function A(h.),
where h, is the contact depth. Contact area A(h.) is calibrated on a reference
material with a fixed E, (most commonly fused silica) solving Equation 1.1
for a range of contact depths h., in order to account for the non-perfect

(1.1)
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Figure 1.3: An indentation imprint of a Berkovich indenter in axial direction
of MTLT sample imaged with the indentation tip used in scanning probe
microscopy mode of the Tribolndenter, Hysitron, USA.

loading

unloading

. h )
Displacement, h maz

Figure 1.4: An exemplary indentation curve involving a loading, holding
and unloading phases.

shape of the probe. The contact depth is defined as:

he = hmax — 0.75@ , (1.2)

S
where P« is the maximal load and hpax the maximal displacement. In the
Oliver and Pharr method the three parameters: Pax, Amax and the S are
directly obtained from the loading-unloading indentation curve (as shown
in Fig. 1.4). For isotropic materials the reduced modulus is directly related
to the Poisson’s ratio of a sample v and the indenter v4,, as well as, the
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Young’s modulus of the indenter Fy;,:

1 _1—u2+1—u§p
E, E Eup

(1.3)

where the indentation modulus of an isotropic material is related to its
Young’s modulus only with the Poisson’s ratio:

E

ind
B —
1—12

(1.4)

For anisotropic materials (as for example bone or mineralized tendon), the
interpretation of the indentation data is more complex, but the following
equation was developed by Swadener and Pharr (2001) to relate the indenta-
tion modulus with the stiffness tensor S and the direction of the indentation

as:
47
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where B(t(7),S) is the second order Barnett-Lothe tensor taking into ac-
count material’s elastic properties. Equation 1.5 degenerates into Equation
1.4 for isotropic materials.

Recently, an inverse procedure to the one of Swadener and Pharr (2001)
was proposed by Franzoso and Zysset (2009). The procedure allows iterative
estimation of a stiffness tensor of an anisotropic material from indentation
moduli obtained in two indentation directions, for transverse isotropic, and
three, for orthotropic materials.

In the procedure described in detail in Franzoso and Zysset (2009), the
micro-structural fabric-based elasticity model was used to describe the elas-
tic anisotropy of lamellar bone using a second-order fabric tensor M:

ndp(S, ag) = (1.5)

where m; are the eigenvalues and m; the eigenvectors of M, (Franzoso and
Zysset, 2009).

Using the fabric tensor M, a locally orthotropic fabric-based elastic com-
pliance tensor E(M) can be defined as (Curnier et al., 1995):

3

3
S wenn) - X 2w
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The following assumptions need to be made in order to estimate a compli-
ance tensor E(M) depending on the six parameters (e, v, f10, M1, M2, M3).
First, the eigenvectors of the M are oriented along the principle material
directions. Then,

tr(M) = 3 (1.8)

provides that the constants (g, vg, o) have the physical meaning (Young’s
modulus, Poisson’s ratio and shear modulus of a virtual isotropic material,
respectively). Additionally equation:

€0
= 1.9
M= 9+ ) (19)
holds and values of vy and m; are fixed (vy = 0.32, m; = 0.747986), (Fran-
zoso and Zysset, 2009).

The procedure involves normalization of the compliance tensor E(M)
by setting €y to 1 and computing the indentation moduli in two directions
(axial and transverse; mg, mg) for a varied parameter mso.

For a given indentation direction, the relation between the normalized
(" E, orm) and measured indentation moduli (”‘dEexp) is given by:

indEexp(mQ) = 6Omd-E‘norm(Tn27 m2) (110)

deea:p(m?)) = eodenorm(m% m?)) (1'11)

From the ratio of equations 1.10 and 1.11, msy can be solved, which
allows calculation of ¢y. Those two values put into the equation 1.7 allow
construction of an estimated compliance tensor (Franzoso and Zysset, 2009).

1.3.2 Quantification of the mineral content

Mineral phase of bone is one of the three major components of bone, next
to collagen and water, as mentioned above. It is also the stiffest of the
components, with Young’s modulus of 110.15 GPa (Yao et al., 2007) and is
therefore often treated as the main factor determining the bone stiffness. As
the overall correlations of mineral content to stiffness show only a limited
success (Raum et al., 2006; Hengsberger et al., 2002a; Boivin et al., 2008;
Follet et al., 2004; Zebaze et al., 2011), especially in describing local trends,
some other factors as microporosity or arrangement of the organic matrix,
are being investigated, as described later on.

Some techniques of quantifying the mineral content at the microlevel are
available. Quantitative backscattered electron imaging (qBEI) is a state of
the art technique frequently employed for quantification of mineralization of
bone matrix. This technique quantifies electrons backscattered from a thin
layer (~ 1.5 um) of a polished sample under the beam of an electron scanning
microscope, see Fig. 1.5. The grey-levels of such a backscattered electrons
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Figure 1.5: A scheme of the electron beam (PE - primary electrons) interac-
tion with a sample surface resulting in backscattering of the electrons (BSE
- backscattered secondary electrons). a) beam interaction with a standard
hydroxyapatite material and the grey levels difference between the resin and
mineral. b) bone tissue with a distribution of the grey values. Image from
Roschger et al. (1995)

image are related to the atomic number and amount of atoms in the material
scanned. As calcium possesses the highest atomic number among the bone
constituents, it is dominating the response. Calcium weight fraction (weight
percent) was calibrated to the grey scales observed using standard materials
of aluminum and carbon (Roschger et al., 1995, 1998). These relations were
used for mineral concentration evaluation on bone, see Fig. 1.6. The method
proved to be successful for comparison between treated and untreated bones
or bone metabolic diseases, for example by Roschger et al. (2001); Grabner
et al. (2001); Valenta et al. (2005); Blouin et al. (2009); Fratzl-Zelman et al.
(2010); Paschalis et al. (2011).

Here, it is important to mention that while qBEI evaluates the mass frac-
tion of mineral phase, it is the mineral volume fraction that actually triggers
the mechanical properties of mineralized tissues. In this sense, volumetric
methods seem to be more suitable. Microradiography provides this type of
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Figure 1.6: An example of calcium weight fraction evaluation on a human
bone. Image adapted from Roschger et al. (1998).

information and was systematically applied to bone (Boivin, 1984), but it
requires complicated sample preparation. Sample fixation involving dehy-
dration in graded alcohols solutions and resin infiltration is recommended in
order to obtain uniform thin bone sections. Such sections are not suitable
for indentation and therefore this technique was not used.

1.3.3 Quantification of the organic matrix arrangement

The arrangement of collagen fibrils and fibers in bone is a matter of consid-
erable dispute. A few models of the arrangement of the fibers in lamellar
bone were proposed and are reviewed in Chapter 3. There are a few meth-
ods that were employed to quantify the collagen orientation, for example
scanning small angle X-ray scattering (SAXS) and wide angle X-ray diffrac-
tion (WAXD), (Wagermaier et al., 2006). A combination of this techniques
allowed obtaining quantitative information of local crystallite orientation of
several osteons. Assuming that the arrangement of the crystallites is com-
pliant with the arrangement of the collagen fibers, conclusions about the
organics matrix arrangement may be drawn. This assumption appears to
be a downside of this approach, as there is possibly mineral that is placed
within the extrafibrillar matrix in bone (Fritsch and Hellmich, 2007; Sasaki
et al., 2002) and its arrangement may be different to the intrafibrillar one.
Another disadvantage is the limited volume of a sample tested.

Acoustic microscopy was another technique used for quantification of the
collagen arrangement in intact, decollagenized and demineralized bone by
Turner et al. (1995) by measuring the elastic anisotropy of bone, mineral
and collagen, respectively. The assumption that the elastic symmetry of
bone reflects its fundamental structure was used. Interestingly, the results
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Figure 1.7: Birefringence patterns of osteons with different morphotypes.
Letters in the top corners contain the original scale by Martin (Martin et al.,
1996). The bottom corners contain the updated scale by Skedros et al.
(2009). Image from (Skedros et al., 2009).

depicted a certain misalignment of collagen and mineral in bone. Mineral
was oriented along the long axis of osteons and collagen was aligned at a
angle of 30° to the long axis. Authors have drawn a conclusion that there
must be a certain amount of the extrafibrillar mineral in bone and that it is
likely arranged in a different manner, as compared to the intrafibrillar one.

Polarized light techniques were used before to investigate the collagen
arrangement in bone in a qualitative manner. First attempts were made by
Gebhardt (1906), Ascenzi and Bonucci (1976), Martin and Ishida (1989) and
Boyde and Riggs (1990), with some modifications by Martin et al. (1996),
(Bromage et al., 2003) and Skedros et al. (2009). The general idea was to
relate the observed birefringence of a bone sample under a circularly polar-
ized light to the average collagen arrangement in a section. Martin et al.
(1996) proposed a scale including six types of the secondary osteons, see Fig
1.7. The morphotypes were defined based on the appearance of the periph-
eral lamellae (the brighter outer ring) and the distribution of the “bright”
lamellae throughout an osteon. The scale was later updated by Skedros et al.
(2009). The information about the collagen arrangement was not quanti-
tative in those attempts, but allowed for general characterization of the
preferred fiber orientation in for example human femurs (Goldman et al.,
2003) and apes femurs (Kalmey and Lovejoy, 2002) or equine metacarpal
bone (Martin et al., 1996).

Bromage et al. (2003) introduced the idea of calibration of the polarized
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Figure 1.8: Schematic representation of the circular and linear polarizers
set-up. Light source in red, CP - circular polarizer, ¢ - extinction angle, in
blue - a sample, LP - linear polarizer, a - angle of the polarizer orientation.

light technique using uniaxial oriented fibers of MTLT cut at two orthogo-
nal planes. The proposed method required a uniform sections transparency,
thickness and uniformity of the illuminating system, which limited the pos-
sibility of an universal use of the method.

One of the scopes of the thesis was filling the gap in universality of the
circularly polarized light technique, as well as its calibration that would
provide possibilities of quantitative collagen arrangement assessment, nor-
malized to the sample thickness and the wavelength of the probing light.
Calibration and normalization procedure using MTLT is described in detail
in Chapter 3.

The experimental set-up used for the calibration study was composed of
the following parts (see Fig. 1.8):

e light source

e interference filter

e circular polarizer (linear polarizer + quarter wave-plate)
e sample

e image multiplexer

e CCD camera with four linear polarizers at angles a: 0°, 45°, 90° and
135°.

The intensity of light passing through this system is measured by the CCD
camera and is given by:

g %10(1 + sin2(as — ¢)sing) (1.12)
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where: [ - transmission intensity, «; - discrete polarizer angles, ¢ - extinc-
tion angle (orientation of the slow axis) and 0 - phase factor. A combination
of four polarizers at angles a: 0°, 45, 90° and 135° was used to obtain
quantitative information of phase factor § (related to the birefringence, as
described in detail in Chapter 3) and the extinction angle. In the calibration
study presented in Chapter 3 the phase factor was measured on MTLT sam-
ples cut a variety of angles and related to the out-of-plane collagen fibers
angle, sample thickness and wavelength of the probing light, resulting in
an universally applicable relationship allowing quantification of the average
collagen arrangement in bone sections.

1.3.4 Modeling of mineralized tissues
Micromechanical modeling

Micromechanical modeling is based on derivation of the mechanical proper-
ties of a composite from the properties of the composite’s components, as
well as their spatial arrangement. A few continuum mechanics (homogeniza-
tion theory) models of bone at different lengthscales were proposed before
(Sevostianov and Kachanov, 2000; Hellmich and Ulm, 2002). For bone, as
mentioned in Section 1.2.1, the main components are mineral, collagen and
water /pores. In the previous modelling attempts, the mineralized collagen
matrix was treated as mineral reinforced collagen matrix (Jaeger and Fratzl,
2000) or as a mineral matrix with collagen inclusions (Hellmich and Ulm,
2002), or a combination of the both approaches at different length scales
(Fritsch and Hellmich, 2007; Reisinger et al., 2010).

The Mori-Tanaka homogenization method was used in this study. The
scheme was designed to model elasticity of composites with a matrix-inclusions
topology (Mori and Tanaka, 1973). In the model all field quantities, such
as strain and stress are described in terms of volume averages of the cor-
responding phases. The phases of mineralized collagen fibril array were
modeled as unidirectional aligned Eshelby-type spheroidal inclusions that
were randomly distributed in space and perfectly bonded to the matrix
(Reisinger et al., 2010). The model predicts the stiffness tensor of a fibril ar-
ray, containing mineralized collagen fibrils, mineralized extrafibrillar matrix
and micropores. Input data of the model are mechanical and morphologi-
cal parameters of mineralized collagen fibrils and mineralized extrafibrillar
matrix, like elastic moduli of the phases, degree of mineralization, mineral
distribution between the phases and others.

The model presented in Chapter 5 was adapted from Reisinger et al.
(2010). At the nanoscale the mineral reinforced collagen matrix system was
modeled (see Fig. 1.9 a). At the microscale, the collagen (or internally
and partially mineralized collagen) inclusions in the mineral (or “mineral
foam”) matrix were modeled, see Fig. 1.9 b. The isotropic “mineral foam”
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Figure 1.9: The homogenization scheme involving two levels of tissue hierar-
chy: first step of homogenization involves modeling of a mineralized collagen
fibril and the extrafibrillar matrix. Than the two are assembled in order to
model a mineralized collagen fibril array. Image from Reisinger et al. (2010).

may seem counterintuitive, as a certain anisotropy of mineral platelets is
known, but as this is the extrafibrillar mineral, a random arrangement of
the platelets is likely, as suggested for example by Turner et al. (1995).

A uniaxial arrangement of the mineralized collagen fibrills in the ex-
trafibrillar mineral matrix was modeled in order to help understanding the
elasticity of the transverse isotropic structure of MTLT. The stiffness ten-
sor predicted with this model at microscale was used in assigning elastic
properties of finite element models of MTLT at macroscale.

Finite element method

The finite element (FE) method consists in dividing a sample in simple
geometric elements connected by a finite number of nodes. The material
properties of an element are described by constitutive laws. The local formu-
lations are assembled to a global equation characterizing the whole sample
(Varga, 2010). Following the equilibrium principle and knowing the stress-
strain relationships for the elements, after applying a specific load case on
the sample, the global displacements can be calculated.

The FE was first applied in orthopedics in 1972, as reported by Huiskes
and Chao (1983). Since then it was more and more successfully employed
in modeling of prostheses, but also in investigation of the fundamental laws
governing the musculoskeletal structures. The method was widely used for
trabecular bone (Van Rietbergen et al., 1996; Kabel et al., 1999; Bayraktar
and Keaveny, 2004). Different anatomical sites were investigated with this
method including vertebral bodies (Chevalier et al., 2007; Wolfram et al.,
2010b; Dall’Ara et al., 2010a), distal radius (Varga and Zysset, 2009; Varga
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Figure 1.10: An example of von Mises stresses distribution in a sample of
MTLT tested in tension.

et al., 2009, 2010; Pistoia et al., 2002) and femur (Verhulp et al., 2006; Keyak
et al., 1993; Keyak, 2000, 2001; Orwoll et al., 2009).

In this work the uFE method was employed. At the mesoscale, which for
the mineralized turkey leg tendon means the scale of a tendon, the method
was used to model the stiffness of the tendons in uniaxial tension tests. This
method involves high resolution pCT (micro computed tomography) scans
that can be converted to finite element meshes directly. The loading case for
this simulations was based on the experimental setup used for uniaxial ten-
sion tests of the MTLT samples in the elastic region (as described in Chapter
5). Elastic properties of the elements were assigned using information from
the microlevel experiments on one hand (two-directional indentation), and
micromechanical modeling, on the other.
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1.4 Objectives of the thesis

The global objective of the thesis was a multi-scale, site-matched combina-
tion of the degree of mineralization, collagen arrangement and stiffness in
mineralized tendon and lamellar bone. The hypothesis was that stiffness of
mineralized tendon and lamellar bone can be predicted with morphological
parameters like arrangement of the phases and their volume fractions.

In the course of this thesis, experimental protocols for checking the hy-
pothesis were developed and validated with modeling approaches. The in-
vestigation of the influence of the morphological parameters on the resulting
stiffness at micro- and macrolevels was performed.

Specific goals

e Improving the morphological investigation methods of mineralized tis-
sues by bringing the polarized light microscopy technique, formerly
used in a non-quantitative way, to an applicable quantitative stage.
This technique, after calibration on uniaxial mineralized turkey leg
tendons, could be systematically applied in investigations of collagen
arrangement in bone sections. Information gained with this technique
could improve the general understanding of the fiber arrangement in
bone and improve the modeling possibilities of mineralized tissues.

e Validation of an experimental scheme comprising measurements of
morphology of the phases and their arrangement, using modeling ap-
proaches at different scales of the mineralized tendon and application
of the scheme to lamellar bone.

e Quantification of the degree of elastic anisotropy in MTLT. This uni-
axial tissue is assumed to have the highest degree of anisotropy among
the mineralized tissues, but this hypothesis was not tested experimen-
tally.
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1.5 Outline

Introduction

Provides an overview of the morphology of mineralized tendon and bone
and their micromechanics. State of the art investigation methods of the
structure-function relationships in these tissues are briefly reviewed. The
techniques chosen for the investigation in the course of this thesis are de-
scribed in Chapter 1.

Investigation of the morphology of mineralized turkey leg tendons
(MTLT)

Chapter 2 describes the morphology of mineralized turkey leg tendons (MTLT)
as seen by (polarized) light microscopy and quantitative backscattered elec-
tron microscopy (qBEI). The tendons from domestic turkeys investigated in
the course of this thesis showed two zones of morphology not described in
the literature before. Additional goal of the study was to understand the
differences between the zones in terms of their morphology and elasticity.
Mean field homogenization model was instrumental for interpreting the dif-
ferences between the zones, in the lack of direct experimental evidence at
nanoscale.

Calibration of the quantitative polarized light (qPLM) technique

Chapter 3 describes the procedure leading to calibration of a polarized light
technique using MTLT sections for quantitative universal assessment of the
average collagen out-of-plane angles, as well as its application in quantifying
the collagen arrangements in human osteons.

Two directional nano- and microindentation of mineralized turkey
leg tendons

In Chapter 4 the elastic anisotropy of MTLT was assessed experimentally.
Two-directional indentations were performed in dried and re-hydrated condi-
tions, in order to evaluate sample’s re-hydration effects on the tissue stiffness.
Indentation depth effect - increase of measured indentation modulus with
decreasing sampling volume was tested using two different final indentation
depths.

Experimental validation of the fiber array model of MTLT at two
levels of hierarchy is presented in Chapter 5

The experimental procedure used in this part of work involved microinden-
tation, macroscopic tensile testing, as well as, quantitative backscattered
electron imaging (qBEI), ashing, demineralization and pCT scanning of the
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MTLT samples. The computational part involved micromechanical homog-
enization models and pFE simulations.

A site-matched assessment of mineralization, collagen fibers ar-
rangement, measured and predicted indentation stiffness in lamel-
lar bone

The Chapter 6 combines all the methodologies used and/or validated in pre-
vious chapters, employed to better understand structure-function relations
in human secondary osteons.

Conclusions

Summary of the original contributions, as well as, the general discussion
about the outcome of this study along with the main conclusions is given in
Chapter 7.



Chapter 2

Morphology of MTLT

This chapter describes the morphology of mineralized turkey leg tendons
(MTLT) as seen by (polarized) light microscopy and quantitative backscat-
tered electron microscopy (qBEI).

Based on manuscript:

“Influence of mineralization and microporosity on tissue elasticity. Experi-
mental and numerical investigation on mineralized turkey leg tendons.”

By Ewa M. Spiesz, Paul Roschger and Philippe K. Zysset

Accepted for publication in Calcified Tissue International, 2011.

2.1 Abstract

A combined experimental and numerical study correlating indentation stiff-
ness with mineralization and microporosity was performed on mineralized
turkey leg tendon (MTLT). Two distinct tissue morphologies were distin-
guished by quantitative backscattered electron imaging (qBEI) and called
circumferential and interstitial zones. These two zones showed different tis-
sue organization, microporosity and mineralization. The stiffness measured
with microindentation was also different in the two zones. Mean field method
of modeling of mineralized collagen fibers was employed as an attempt to
explain the differences.

2.2 Introduction

The structure of the mineralized turkey leg tendon is approximately trans-
verse isotropic, with fibers aligned to the long axis of the tendon Lees et al.
(1994), which makes it an attractive model to study mechanical properties
of mineralized collagen fibers. The tendons of avians normally mineral-
ize over time, which additionally makes them attractive models to study the
mechanisms of mineralization Landis et al. (1996); Landis and Silver (2002).
The tendons undergo a gradual mineralization from a point mid-way along

22
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the tendon in the proximal direction, giving possibilities to study different
stages of the process, depending on the distance from the mineralization
front. The cells of the tendon (called tenocytes or tendonoblasts) can be
found in columnar arrangements along the collagen fibers Landis and Silver
(2002). Constituents of MTLT are mainly collagen (90% collagen type I),
hydroxyapatite and water. Mineral content of tendons of 24 weeks old do-
mestic turkeys was reported to be slightly lower than this of human bone
Gupta et al. (2004). The morphology of the MTLT of 12-24 weeks old an-
imals, as seen on quantitative backscattered electron images (qBEI) shows
discrete unmineralized and mineralized collagen fiber bundles Gupta et al.
(2004).

Even though the topographic relation of mineral to collagen fibers in
mineralized tissues was studied for many years, it is still a matter of consid-
erable dispute Fratzl (2008). The two possible locations of hydroxyapatite
are inside the collagen fibrils or between them. The mineral distribution
parameter « defines what fraction of the mineral is placed within the fibrils
Reisinger et al. (2010). There are different views on where the majority
of the mineral is placed. Weiner et al. Weiner et al. (1999) and Gao et
al. Gao et al. (2003) suggest that most of the mineral is placed within
the collagen fibrils, while Fritsch and Hellmich Fritsch and Hellmich (2007)
state that the mineral is mostly extrafibrillar. Sasaki et al. Sasaki et al.
(2002) using atomic force microscopic studies estimated that 77% of the
mineral in bovine femoral cortex is placed outside of the collagen fibrils.
Similar attempt combined with electron microscopy performed by Lees et
al. Lees et al. (1994) resulted in 70-75% of mineral seen in the extrafibrillar
space in mineralized leg tendon of domestic turkey. It was shown that the
extrafibrillar mineralization of the collagen fibrils enhances their mechani-
cal properties, when the crystals adhere strongly to the fibrils Nikolov and
Raabe (2008). The influence of mineral distribution on the stiffness was not
addressed experimentally.

Indentation, next to scanning acoustic microscopy Raum et al. (2005);
Preininger et al. (2011) is a widely-used technique used for accessing the
elastic properties of inhomogeneous materials at the micro- and nanolevel.
In this technique indentation modulus can be evaluated based on elastic
contact theory Oliver and Pharr (1992); Fischer-Cripps (2002), for rate-
independent, elasto-plastic materials. For isotropic materials, the indenta-
tion modulus is directly related to elastic modulus and Poisson’s ratio. For
anisotropic materials, like bone and MTLT, indentation modulus is related
to the stiffness tensor with more complex function, but can be evaluated
using iterative schemes Franzoso and Zysset (2009).

A Mori-Tanaka mean field method that estimates homogenized linear
anisotropic elastic properties of composites, consisting of an inclusion-matrix
topology was used Mori and Tanaka (1973). This type of model with two
hierarchical levels of homogenization was recently proposed to model min-
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eralized collagen fibrils Reisinger et al. (2010). In the model all field quanti-
ties, such as strain and stress, are described in terms of volume averages of
the corresponding phases. Unidirectionally aligned Eshelby-type spheroidal
inclusions are randomly distributed in space and perfectly bonded to the ma-
trix Reisinger et al. (2010). The model predicts the stiffness tensor of a fibril
array, containing mineralized collagen fibrils and mineralized extrafibrillar
matrix. Input data of the model are mechanical and morphological parame-
ters of mineralized collagen fibrils and mineralized extrafibrillar matrix, like
elastic moduli of the phases, degree of mineralization, mineral distribution
between the phases and others. This model was used here to obtain stiffness
tensors of unidirectional mineralized fibers present in MTLT.

The goal of this work was to correlate the stiffness of MTLT, assessed
experimentally with microindentation and numerically with mean field mod-
eling, with the morphological parameters, mainly amount of mineral and its
distribution between the collagen fibrils and extrafibrillar matrix, as well as
microporosity of the tissue. In the course of the study, two zones of distinct
morphology of MTLT - circumferential and interstitial - were observed and
described.

2.3 Materials and Methods

2.3.1 Samples preparation

Mineralized parts of digital flexor tendons of domestic turkeys Knott et al.
(1997); Lees et al. (1994); Landis et al. (1996); Silver et al. (2001, 2000);
Traub et al. (1989); Landis and Silver (2002); Siperko and Landis (2001);
Kohler et al. (1995); Arsenault (1988) older than 24 weeks were used in this
study. Ten tendons were harvested from eight legs obtained from a local
market. The soft nonmineralized tendon material was present on both ends
of the stiff rod shaped tendons, making sure that the insertion sites were
not included in the specimens. The tendons were kept frozen at -20 °C' until
preparation.
Four methods of samples preparation were used in this study:

1. Samples for quantitative backscattered electron imaging (qBEI, Fig.
2.3) and microindentation:
Ten ~10 mm long specimens (about 40-60% of the hard mineralized
tendon length), taken from 8 legs, were divided in four parallel samples
each. A total of 39 (one section was destroyed during preparation)
fresh, undecalcified, non-dehydrated tendon cross-sections were em-
bedded in epoxy resin (EpoFix, Struers, Ballerup, Denmark), cut into
thin (approximately 1mm) slices, mounted on glass slides and polished
using silicon carbide papers series and a 1pum diamond suspension on
a cloth with a polishing machine (PM5, Logitech, UK). Before qBEI
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measurements (see section 2.3.2), the polished surfaces of the samples
were covered with a thin carbon layer by vacuum evaporation (SEM
Caraon coater, Agar Scientific Limited). The layer was polished away
before indentation.

2. Stained samples for histological analyzes and (polarized) light mi-
croscopy (Fig. 2.2 c-f):
Fresh, undecalcified, dehydrated in graded series of ethanol samples
were embedded in poly (methylmethacrylate) (PMMA, Merck Schuchardt
OHG, Hohenbrunn, Germany), which infiltrates the structures. Ap-
proximately 5 pm thin longitudinal sections of MTLT were prepared
with a microtome (Leica SM 2500). These sections were stained with
Goldner’s trichrome stain Gruber (1992); Fratzl-Zelman et al. (2004)
and used for light microscopy observations (Axiophot, Zeiss).

3. Samples for light microscopy (Fig. 2.2 a-b):
Fresh, undecalcified, dehydrated in graded series of ethanol samples
were embedded in poly (methylmethacrylate) (PMMA, Merck Schuchardt
OHG, Hohenbrunn, Germany). Transverse ground sections of approx-
imately 80 pm thickness were performed with a polishing machine
(PM5, Logitech, UK) for transmission light microscopic observations
(Axiophot, Zeiss).

4. Samples for ashing and demineralization:
Residual parts of the mineralized tendons (approximately 30-40% or
60-70% of the hard mineralized tendon length) were analyzed with
ashing and demineralization. Fresh, undecalcified and non-dehydrated
samples were used.

2.3.2 Estimation of mineral and collagen volume fractions

A scheme of mineralized collagen fibers present in MTLT is shown in Fig.
2.1. The collagen fibrils (up to 500 nm in diameter, depending on the tissue
and stage of development Canty and Kadler (2005)) assemble in fibers with
diameters up to 30 um. These in turn create fiber bundles (or fiber arrays).
The packing of mineralized collagen fiber arrays implies varying amount of
microporosity.

Using quantitative backscattered electron imaging (qBEI) the intensity
of electrons backscattered from a thin surface layer (1,5 pm in thickness) of
a sectioned sample area was measured and correlated to the concentration of
mineral in a sample Roschger et al. (1998). qBEI images were captured us-
ing digital scanning electron microscope with a fourquadrant semiconductor
backscattered electron detector (DSM 962, Zeiss), at a working distance of
15 mm. Probe current was adjusted to 110 + 0,4 pA and electron beam
energy used was 20 keV. In each of the 39 sections of MTLT prepared



Symbol Variable

a Mineral distribution parameter between the fibrils and extrafibrillar matrix (o = 1: all mineral placed within the fibrils)
Ca,fiy, Mass fraction of calcium in the fibrils

mi, fiq), Mass fraction of the mineral in the fibrils

col, fby)y Mass fraction of the collagen in fiber array

mi,fig, Volume fraction of the mineral in the solid constituents of MTLT - no porosity considered
mi, fbg, Volume fraction of the mineral in the fiber array (with micro- and nanoporosity)
p(micro),fbg | Volume fraction of the micropores in the fiber array

p(nano),fb gy Volume fraction of the nanopores in the fiber array

col,fby Volume fraction of the collagen in the fiber array

g Volume fraction of the circumferential zone

int g Volume fraction of the interstitial zone

mip Density of the mineral

colp Density of the collagen

°T9p Density of the organics

totyy Total mass of the tissue

mim, Mass of the mineral

°r9m, Mass of the collagen

toty, Total volume

i"dEfb(ezp) Measured indentation modulus

i"dEfb(com> Computed indentation modulus

Table 2.1: Nomenclature used in this manuscript was defined in a way that ¢ stands for volume fraction and 1 for mass
fraction. The first part superscript means the quantity described (mi - mineral, col - collagen, org - organics, Ca - calcium,
p(nano) - nanoporespores, p(micro) - micropores). The second part of the superscript (after a comma) means the quantity
over which the fraction is calculated (fi - fibrils, fb - fiber array). Additionally subscript cir or int refers to the circumferential
or interstitial zones.
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Figure 2.1: Graphical representation of the fiber array consiting of min-
eralized collagen fibrils, mineralized extrafibrillar matrix and micropores.
Fibrils consist of collagen and intrafibrillar mineral, and the matrix consists
of extrafibrillar mineral and nanopores. Microindentation imprint averaging
the properties of a fiber array is schematically represented in white. The
proportions are not preserved

according to point one in section 2.3.1, 6-10 regions containing both cir-
cumferential and interstitial morphology were selected randomly for the 400
magnification gBEI images (image size approximately 250 x 315 um). qBEI
images were analyzed for area fraction for nonmineralized sample areas (soft
tissue and/or pure embedding medium/pores) by thresholding. The grey
level range above this threshold represented the areas of mineralized tissue.
Macroporosity defined as the sum of vascular porosity (large rounded pores
visible with 4CT and gBEI) was thresholded. The average mineral content
of two morphologically different tissue zones, circumferential and intersti-
tial, were evaluated from grey-levels of images, separately. Even though the
biological apatites are non-stoichiometric, with presence of foreign ions Bigi
et al. (1996), the inorganic phase consisting of carbonated calcium phos-
phate was idealized as hydroxyapatite Ca1o(PO4)6(OH)s. The fractions of
calcium in the solid constituents of MTLT (“®f%)) evaluated from grey-
levels of images Roschger et al. (1998), were converted to hydroxyapatite
mass fractions (/%)) using stoichiometric relationships.

Mass factions of mineral were converted to volume fractions (™»/i¢ -
volume fraction of mineral in the solid constituents of MTLT - no porosity
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considered) according to Roschger et al. (1995); Manjubala et al. (2009)
using the density of hydroxyapatite of 3.18g/cm? and density of collagen
1.47g/em?® Manjubala et al. (2009), see Equation 2.1.

1

1+%(#ﬁ¢—1)

To estimate mineral volume fractions at the fiber array level (mi’f %%), both
volume fractions of micropores obtained by light microscopy for the two
morphology zones (P(micro).fbp ;. p(micro).fog. ) and nanopores estimated
based on Fritsch et. al. (P("@9):/b¢ ~ (0.23) Fritsch and Hellmich (2007)
were added, see Equation 2.2. The quantitative evaluation of mineralization
was performed using the higher magnification images (400x), while the two
lower magnifications (50x, 200x) served as sample maps allowing recognition
of the qBEl-imaged regions for indentation. 526 regions of interest were

selected.
mi,qub _mi,fi ¢(1 __p(nano), fb ¢ __p(micro), fb ¢) (22)

Samples prepared for ashing and demineralization, with length of about
10mm were scanned using a pCT40 scanner (Scanco Medical) with 12 gm
isotropic spatial resolution. The samples were scanned in air, using an X-
ray tube potential of 20 - 50 keV (160 dz”dz"A). The whole samples (ap-
proximately 10mm) were chosen as volume of interest. The tissue mineral
density (TMD) was determined according to Bouxsein et al. Bouxsein et al.
(2010). The average difference in mineralization (TMD) observed with pCT
between the three adjacent slices was 1.48% and was considered negligible.
Six MTLT samples adjacent to the samples from the main procedure were
ashed in a laboratory furnace at 650°C for 24 hours Ohman et al. (2007).
The six ashed samples came from five different animals. Two were distal,
four proximal with respect to the main procedure samples. Five samples
were demineralized in EDTA solution for 20 days Ehrlich et al. (2009). The
samples came from five different animals. Three were distal, two were proxi-
mal to the original location. qBEI images of MTLT showed some additional
unmineralized tissue outside of the tendon (soft tissue envelope) and also at
the edges of pores (see Fig. 2.3 ¢, white arrows). Volume fraction of this or-
ganics was quantified and then assuming non-mineralized collagen density of
1.47g/em? Manjubala et al. (2009), the extra organics mass was subtracted
from the total mass measured in ashing and demineralization experiments.
The total mass of a sample was than decomposed into a mass of mineral
and mass of organics (in the mineralized tissue): “'m = ™im +°"9 m. An
average organics density in a sample "9p was calculated with the Equation
2.3, where 'V is a total volume of a sample obtained with pCT, P(micro).foy
is the sample specific microporosity (P(micro).fby — totyy p(micro).foyy and mip
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is the density of hydroxyapatite (3.18¢g/cm? Manjubala et al. (2009)).

Im
orap = A (2.3)
tot\/ — Tnzm —p(micro),fb 1/

7

Volume fraction of organics °"97%¢ for each sample was calculated from the
ashing/demineralization data and the sample-wise collagen density, using
Equation 2.4.

ordm

org,fb , __
I ¢ - orgptotv

(2.4)
The assumption that 90% of organics in MTLT is collagen type I Landis and
Silver (2002); Fritsch and Hellmich (2007) was used (Eq. 2.5) in order to
estimate the volume fraction of collagen that contributes to the mechanical
properties of the samples (COl’f b(b). The rest 10% of organics was treated as

nanopores.
col,qub _ 0‘907”97fb¢ (2.5)

In the course of the study two zones of distinct morphology were noted
in MTLT, as described in detail in the results section of this manuscript.
In these zones, called circumferential and interstitial, volume fractions of
collagen (COl’f b$eir and cobf bhint) were evaluated separately in a least squares
minimization procedure:

col,fb¢ _col,fb (bcir cir¢ +col,fb (bint int(b’ (26)

resulting with a coefficient of determination R? = 0.61 (n = 10). Average
volume fractions of a morphology zone in a sample (“"¢, ™ ¢) were eval-
uated from gBEI images used for the mineralization quantification (400x
magnification).

2.3.3 Fiber array model

Mean field methods were applied to model mineralized fiber arrays of MTLT.
This fiber arrays were composed of mineralized collagen fibrils, the extra-
fibrillar matrix Reisinger et al. (2010) and micropores (see Fig. 2.1). Min-
eralized collagen fibrils were modeled as continuous collagen matrix with
spheroidal mineral inclusions. Extrafibrillar matrix was modeled as con-
tinuous mineral matrix with spherical voids (a mineral foam). Mineralized
collagen fibers were modelled as long spheroidal fibrils in the extracellular
matrix with additional micropores.

Stiffness tensors were computed as a function of degree of mineralization
(MF2%), mineral distribution between fibrils and extra-fibrillar matrix (o
varied between 0.05 to 0.95, with a=1 meaning the whole mineral placed
within the collagen fibrils) and fibril volume fraction (/47°¢), as well as stiff-
ness of hydroxyapatite and collagen. Less influential parameters as collagen
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and mineral Poisson ratios, mineral platelet aspect ratio, void aspect ratio
in extrafibrillar matrix and fibril aspect ratio in the fibril array, were kept
at the operation point used by Reisinger et. al. Reisinger et al. (2010).
Dried conditions were simulated with the stiffness of collagen of 5 GPa (in
the range cited in the literature Buehler (2007); van der Rijt et al. (2006);
Akkus (2005)). Indentation moduli "¢E,(com) were calculated from the
obtained stiffness tensors based on the Swadener and Pharr theory Swadener
and Pharr (2001).

2.3.4 Microindentation

An indentation technique was applied to measure indentation moduli of
MTLT, defb(exp)- This technique involves the application of controlled
load to the surface to induce local surface deformation with monitoring of
load and displacement during the loading and unloading. Indentations were
performed in the regions of interest where the mineral content was quan-
tified with qBEI, placing 30-60 indents in each 400x magnification qBEI
image using a light microscope of the indenter to avoid lacunae, micropores
or other surface defects. Indentations were performed in dried conditions
using Nano-Hardness Tester (CSM Instruments, Peseux, Switzerland) with
a Berkovich indenter. The measurements were conducted in load control
to a maximal displacement of 2.5 pym (resulting in the deformation region
of approximately 17 pum in diameter), what allowed for characterization of
the tissue at the fiber array hierarchical level (including the mineralized col-
lagen fibers and micropores, see Fig. 2.1). Indentation protocol involved
trapezoidal loading/unloading with constant rate of 120 mN/s with 60 sec-
onds holding time at maximum load to minimize the viscoelastic and/or
viscoplastic effects.

Outliers were defined as values higher than 1.5 times the interquartile
range above the third quartile and below the first quartile Crawley (2005).
Distribution of the indentation moduli were checked using a Shapiro-Wilk
normality test Crawley (2005). Welch two tailed t-test was used for means
comparison.

2.4 Results

The investigated mineralized turkey leg tendons (MTLT) showed two types
of morphology, as visualized by light microscopy and ¢BEI (Fig. 2.2 and 2.3).
A circumferential region around large pores (blood vessels), with collagen
fibers densely packed and smaller in diameter, in contrast to an interstitial
region in between the large pores with more loosely arranged fibers of larger
diameter (Fig. 2.2 a, b). The microscopical views of the transverse and
longitudinal section of MTLT together with linearly polarized light images
(Fig. 2.2 a,b,c,d) confirmed the uniaxial alignment of the collagen fibers in
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these samples. In the circumferential region a high concentration of elon-
gated lacunae could be observed in the mineralized fiber matrix (Fig. 2.2 ¢,d
and Fig.2.3 f). In the longitudinal section of gBEI images also cuboidally
shaped cell lacunae (possibly originating from the endotendon connective
tissue cells) are visible in the interstitial region (Fig. 2.3 e, f). The Gold-
ner’s trichrome stained section displayed non-mineralized collagenous tissue
around large channels (e.g. blood vessels) and at the peripheries of the ten-
don stained red, while the mineralized tissue was stained green (Fig. 2.2
e, f). These regions could also be distinguished in the qBEI images as an
intermediate grey-level between the pores and the mineralized tissue (Fig.
2.3 ¢, white arrows).

Considering the arrangement of the interstitial and circumferential re-
gions, the samples from regions closer to the mineralization front showed no
or only a low fraction of circumferential morphology and the macro pores
were directly in contact to these zones (Fig. 2.3 a). With more distance
from the mineralization front most of the interstitial regions were closely
attachted to circumferential structures and only very few areas which were
directly in contact with macro pores were observed (Fig. 2.3 b,c,d). The
gBEI images gave the impression, that the circumferential structures were
formed later upon a preexisting interstitial structure.

Some features resembling resorption sites were observed (Fig. 2.3 c),
although no histology showing cells or fluorochrome labels were used. In
absence of those, the modeling and remodeling sites are indistinguishable.

The average volume fraction of collagen was higher in the circumferential
zone (8¢, = 0.50 + 0.02), than in the interstitial one (“4/¢;,; = 0.28
+ 0.02, with one sample discarded as an outlier in the demineralization
procedure), see Tab. 4.1. The average tissue mineral density (TMD) of
MTLT measured with #CT was 898 mg/em3.

Mineral mass fraction in the interstitial zone was higher (™*/%4) = 0.65),
than in the circumferential one (™24 = 0.54). One specimen was damaged
and discarded from gBEI analyzes. No additional outliers were discarded
from qBEI analyzes of the images means. Porosity had no influence on min-
eral mass fractions, but when the nano- and microporosities were included
in the calculation of mineral volume fractions in the fiber array (""/%¢, see
Eq. 2.2), the overall mineralization was higher in the circumferential zone -
the one with lower micropores volume fraction, see Tab. 4.1.

The average volume fractions of micropores (P(m79):/0¢) estimated from
light microscopy images of thin cross-sections of MTLT (prepared according
to point 3 in section 2.3.1) were 0.18 (£0.07) and 0.37 (£0.14) for circum-
ferential and interstitial zones, respectively. Deviation of this measurements
is high, as there is a wide distribution in porosity in MTLT seen by light
microscopy, especially in the interstitial zone. No outliers were considered
in microporosity evaluation.

Average density of organics in the ashed samples (1.83 4 0.32 g/cm?)
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Figure 2.2: Light microscopy images of transverse and longitudinal sections
of MTLT: a) a cross-section of MTLT showing different organization of the
mineralized collagen fibers in the two morphology zones. Bar - 100pum. b)
ciraumferential zone with smaller average fiber diameter and denser packing
(on the right), interstitial zone with larger, more loosely packed fibers (on
the left). Bar - 10um. c) Tenocytes placed along the collagenous fibers in
ciraumferential zone. Bar - 40pm. d) The tenocytes show high similarity
to osteocytes. The lacuno-canalicular system is present. Bar - 10um. e)
Nonmineralized tissue is observed at the peripheries of the tendon and in
the vicinity of blood vessels (stained red with the Goldner’s trichrome stain).
Bar - 100um. f) Non-mineralized collagen fringes around a vascular canal
(ciraumferential zone) resemble a bone matrix at a forming site of bone
(osteoid). Bar - 25um
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Figure 2.3: Quantitative backscattered electron images of transverse and
longitudinal sections of MTLT. a) Transverse section taken from a proximal
part. Uniformly mineralized, large fibers are present, no remodeling sites
or ciraumferential zones are present. Bar - 50um. b) More distal part of
a mineralized tendon (older mineral deposits present there). Two types
of morphologies can be observed: the ciraumferential region - around the
large pores - showing lower mineralization and the interstitial zone with
larger, more spread fibers and higher mineralization - resembling the type of
morphology seen in vicinity to the mineralization front. Highly mineralized
lines resembling the cement lines are visible at the borders between the
morphology types. Bar - 50um. c¢) A structure resembling a resorption
cavity. Bar - 50pum. d) Interstitial zone with distinguishable mineralized
collagen fibers. Bar - 15um. e) Longitudinal section of MTLT showing
the two types of the tissue (interstitial on the top and the ciraumferential
on the bottom). Bar - 50pum. f) Longitudinal section of MTLT. Cells of
different geometries are observed in the two morphology zones. Cuboidal
tenocytes are present in the interstitial part of tendon (bottom), while in
the ciraumferential regions, the cells resemble osteocytes. Bar - 25um



Zone mi,fiw mi,fi¢ mi,fb¢ col,fb¢ p(micro),fb¢ a indEfb(com) indEfb(exp) (STD)
Circumferential | 0.54 0.35 0.21 0.50 0.18 0.7 13.64 13.68 (0.83)
Interstitial 0.65 0.46 0.18 0.28 0.37 0.3 12.36 12.19 (1.05)

Table 2.2: Morphological parameters of the fibril and fiber arrays in the two zones of MTLT. "/%) - mass fraction of mineral
in the solid constituents of MTLT - no porosity considered, ™fi¢ - volume fraction of mineral in the solid constituents of
MTLT - no porosity considered, ©/?¢ - volume fraction of the collagen in the fiber array, /-4 - volume fraction of the fibrils
in the fiber array, ™?E(exp) - average indentation modulus in axial direction with standard deviation (STD), "4Ey,(com)
indentation modulus in axial predicted with the mean field model and « - mineral distribution parameter between fibrils and
extrafibrillar matrix. Indentation moduli are given in GPa, mass and volume fractions, as well as a are dimensionless
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Figure 2.4: Indentation moduli predicted with the fiber array model (de-
pendend on mineralization, porosity and mineral distribution parameter a)
as a function of a for the ciraumferential (CIR com) and interstitial (INT
com) zones of MTLT. Additionally the experimentally obtained indentation
moduli in the two zones (CIR exp, INT exp) with one standard deviation is
plotted

was higher than the one cited in the literature for dry collagen fibrils (1.29
g/cm? Gautieri et al. (2011) to 1.47 g/cm?® Manjubala et al. (2009)).

Over 2300 indentations were performed in MTLT in the dried condi-
tions, separately in the circumferential and interstitial zones of which 188
indents were discarded as outliers (defined as described in section 2.3.4).
Distribution of the sum of indents in circumferential and interstitial zones
showed significant departures from normality with p-value 0.002. When two
groups were separated the distribution showed no departures from normal-
ity in both zones (p-value higher than 0.05). Indentation modulus in the
circumferential zone measured dry was significantly higher (mean 13.68 GPa
+ 0.83 GPa) than indentation modulus of the interstitial zone (mean 12.19
GPa + 1.05 GPa; Welch two tailed t-test, Crawley (2005); p < 0.0001).

Indentation moduli measured in two orthogonal directions of the two
morphological zones of MTLT ragning in the anisotropy ratios of the zones
are described in Chapter 4, along with the re-hydration effects on the in-
dentation modulus.

Indentation moduli predicted with fiber array model defb(com) were
compared to indentation moduli obtained with indentation in the two mor-
phological zones. The predicted indentation moduli as a function of mineral
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distribution parameter, as well as the experimentally obtained indentation
moduli for the two zones are presented in Figure 2.4. Results of microinden-
tation in the circumferential zone were within one standard deviation with
the modulus predicted with the mean field model with the mineral distri-
bution parameter 0.55-0.90. The same holds in the interstitial zones, with
average experimental indentation moduli and predicted average indentation
modulus with a lower than 0.55.

2.5 Discussion

The combined experimental and numerical study on stiffness of MTLT re-
vealed good agreement of the experimental data obtained by microinden-
tation with values predicted with a numerical model based on the mean
field method, with input data of mineral and collagen content and poros-
ity obtained by qBEI, ashing/demineralization and light microscopy. The
study reveals two morphological regions in MTLT. The interstitial zone with
the large in diameter, rather poorly organized and loosely packed fibers, on
which the circumferential zone of smaller, but well organized and tightly
packed fibers is apposed (Fig. 2.2 a, b). Hence, the interstitial zone seems
to be the primary structure on which the circumferential is formed. This
concept is supported by the fact that near the mineralization front of MTLT
only tissue of interstitial character is found, while in the more mature region
(closer to mid-region of the MTLT) higher fraction of the circumferential tis-
sue is present (Fig 2.3 a,b). Further features similar to eroded surfaces and
cement lines in bone seen in qBEI images (Fig 2.3 ¢ - black arrows and
d - white arrows, respectively) are suggesting, that in MTLT a process of
(re)modeling is potentially occurring. Moreover, Knott at. al. Knott et al.
(1997) have shown, based on a collagen cross-linking patterns (high level of
hydroxylation of specific triple-helical lysines), that the proximal tendons
are predestined to mineralize. Thermal properties of the collagenous matrix
in the proximal and mid sections of a tendon showed that different types
of matrix are formed at each site [40]. This would be consistent with the
finding that the circumferential zone (with new collagen matrix and mineral
deposits) is a product of tissue (re)modeling. However, the evidence of such
a (re)modeling process in MTLT needs to be confirmed by demonstrating
histologically the presence of cells absorbing fiber material and cells produc-
ing new fiber material with the fluorescent bands of fluorochrome labeling.

When considering the mineralized collagen fibers orientation as seen by
the histological analysis, it is interesting that in both zones, interstitial and
circumferential, the fibers are strongly aligned to the longitudinal axis of
the tendon (Fig. 2.2 ¢, e, f). This could be caused by the fact that the
tendon is mostly loaded in tension, in contrast to lamellar bone, where the
loading conditions are much more complicated, what is reflected in a complex
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arrangement of the mineralized collagen fibrils in this tissue.

In the interstitial zone the estimated volume fraction of the fibrils in the
fiber array is lower than in the circumferential zone. Volume fraction of the
extrafibrillar matrix is lower in the circumferential zone. The mineralization
process in this possibly newly build tissue may start in the collagen fibrils.
After filling the intra-fibrillar spaces, the mineralization may progress to
the matrix, depending on the space available. The space inside a collagen
fibril available for mineralization was theoretically calculated by Jaeger and
Fratzl Jaeger and Fratzl (2000). The upper possible limit of mineral volume
fraction fitting in the gap and overlap regions of collagen fibril was ™"/ @, 4z
= 0.56. The Hodge-Petruska longitudinal staggered model of a 2D collagen
arrangement in a fibril Hodge and Petruska (1963) was extended to 3D and
used for calculations. Recently a newer model of lateral packing arrange-
ment in collagen fibrils was proposed by Burger et al. Burger et al. (2008).
They found that the lateral packing of mineral crystals in collagen fibrils can
be represented as an irregular stacks of platelet-shaped crystals, intercalated
with layers of collagen molecules. The maximal volume fraction of mineral
fitting into a collagen fibril in such a model was not reported. The amount
of extra-fibrillar mineral in the circumferential zone does not reach the limit
calculated by Jaeger et al. Jaeger and Fratzl (2000), before spreading into
the extracellular matrix, which may suggest that the mineralization may
take place in both locations, inside and on the surfaces of a collagen fibril
Landis et al. (1996). This is possible since the nucleation events were shown
to be spatially independent during the onset and progression of mineraliza-
tion Glimcher (2006).

Lees et. al showed that the mineral in MTLT is mostly placed in the
extra-fibrillar matrix (70-75%) Lees and Page (1992); Lees et al. (1994,
1996). Our micromechanical modeling approach also suggests that the min-
eral in the interstitial zone is mostly extrafibrillar (o below 0.55 meaning
55% or less of the total mineral is infiltrating the fibrils). This may be
caused by the fact that the penetration of mineral into the large collagenous
fibers may be limited in this zone, as there are the large collagen fibers of a
tendon already existing at the onset of mineralization.

The average weight fraction of mineral in the tissue obtained by qBEI is
about 0.58, somewhat higher than average in trabecular bone (about 0.55
Roschger et al. (1998)) and MTLT of younger, 24 weeks old birds (about 0.51
Gupta et al. (2004)). The mineralization in circumferential zone (average
weight fraction of mineral 0.54) is similar to the trabecular bone mineraliza-
tion. As the two zones show different average volume fractions of collagen
(bFo4h i = 0.50 and “©hF0hy, = 0.28), as well as different microporosities
(pmicro)sfbg i = 0.18 and PIMiero)fbg, = 0.37), the trend of higher miner-
alization in interstitial zone is reversed when looking at the volume fraction
on mineral at the hierarchical level of the fiber array.

The density of organics measured in MTLT was higher than the average
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value cited in the literature Gautieri et al. (2011); Manjubala et al. (2009);
Evans et al. (2001); Lees and Page (1992). The reason might be the way
of accounting for the collagen fibril volume in the case when it is infiltrated
with mineral. The volume assigned to collagen might be shared by mineral
and collagen resulting in a lower volumes sum than the sum of the volumes
when the two phases are separated. The mass is preserved, so the resulting
density must increase.

In the mean field model, the estimated volume fraction of the fibrils
is next to the overall tissue mineralization a highly influential parameter
determining the tissue stiffness, as showed by Reisinger et al. Reisinger
et al. (2010). This parameter together with the mineral distribution («)
was shown to have a high sensitivity in the tissue stiffness determination.
The extrafibrillar mineralization (dependent on a and ™»/¢) was shown
to considerably enhance the overall stiffness of a fiber Nikolov and Raabe
(2008). In the absence of validated techniques to assess for example the
mineral distribution parameter «, the mean field model can help in describ-
ing trends. In this study, « and the collagenous phase stiffness were the
only two parameters not assessed experimentally, that were shown to have
a high or moderate sensitivity on stiffness of the fibril array (Reisinger et al.
2010). The values of collagen stiffness reported in the literature range from
0.3 - 9 GPa (Gautieri et al., 2011), with the average stiffness of collagen
molecule based on 10 publications using a variety of experimental and mod-
eling methods of 4.8 (0.2) GPa. The average stiffness of collagen microfibril
in dried state based on AFM testing and atomistic modeling was 3.26 GPa
and in the wet state 0.6 (0.2) GPa (Gautieri et al., 2011). The value of 5
GPa was chosen in order to describe the dried collagen properties, based also
on previous study by Reisinger et al. (2010), where this value was used as
operating point for dried bone. Collagen stiffness could be seen as a scaling
factor, but its sensitivity on axial stiffness is limited Reisinger et al. (2010).
Fixing the collagen stiffness (equal for both circumferential and interstitial
zone), « was the only unknown.

Comparing the experimental indentation moduli results with the ones
predicted with the model with a range of «, we were able to estimate the
possible mineral distribution parameter for the two zones (as shown in Fig.
2.4 by the two experimental points). This is a rough estimation, but in
the absence of clear experimental evidence, the mean field model could be
a helpful tool in speculating the mineral distribution in the two zones of
MTLT.

The suggested highly mineralized extrafibrillar matrix in the interstitial
zone of MTLT may be a reasonable mean to overcome the high microporos-
ity in this zone (P(™79):/b$—0.37) in order to enhance the stiffness. The
circumferential zone, with lower weight fraction of mineral, shows higher
mechanical properties possibly due to the mineral distribution and its vol-
ume fraction (as opposed to the mass fraction seen on qBEI images), volume
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fractions of organic phase and micropores. According to the model predic-
tions more mineral is placed within the collagen fibrils in this zone (a ~ 0.7),
which is disadvantageous in terms of stiffness, but this seems to be compen-
sated with higher volume fractions of the fibrils in a fiber and microporosity
much lower than in the interstitial zone.

The mean field modeling gives some insights into the possible phases
arrangement in MTLT. The downside of such a multiscale micromechan-
ical models is the fact that a given final stiffness result can be achieved
with many possible configurations of input parameters. In this sense the
results obtained here should be treated with caution until the experimental
techniques that can confirm the phases relationships (for example the min-
eral distribution parameter «) at the nano and micro levels are developed.
Meanwhile some trends can be described.

Drying artifacts were noticed in qBEI images. Especially in the cross-
sections of the circumferential zone some radial cracks originating from the
large pores are present. Both gBEI and light microscopy measurements
were performed in dried state, which is one of the limitations of the study.
Shrinking on drying may change the packing density of the mineralized
collagen fibrils and fibers. The extent of swelling may be larger in vitro than
in vivo, as the fibers in physiological conditions are constrained with one
another. Different amount of swelling may also be expected in the two zones
of morphology. The circumferential zone is more densely packed, leaving
less space for dimension changes in aqueous environments. Interstitial zone
shows higher microporosity, which in vivo is likely filled with fluid. More
space for swelling is available there. On the other hand, the extrafibrillar
mineral may limit the potential swelling.

It is known that the mechanical properties of a mineralized tissue are
dependent on structural and organizational interactions of mineral and col-
lagen at many hierarchical levels. Although the overall mineralization has
been extensively used as the main (and often only) factor predicting the
mechanical properties of bone, it is becoming clear that there are other
important contributions that have to be considered. This work shows the
importance of morphological arrangement of phases and microporosity in
mineralized tissues on local elastic properties. Different morphology types
were shown in mineralized turkey leg tendon, which suggests remodeling
of the tissue. Differences in the tissue organization in these zones on their
stiffness were assessed experimentally. Mean field models of the mineral-
ized fibers in the two zones provided a possible explanation of the stiffness
differences. Especially mineral distribution between the collagen fibrils and
extrafibrillar matrix and the tissue density were shown to have an impact
on stiffness.
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Chapter 3

Quantitative polarized light
microscopy

This Chapter describes a calibration study of the polarized light microscopy
technique for the assessment of collagen put-of-plane angle in bone sections.
Based on manuscript:

“A quantitative collagen fibers orientation assessment using birefringence
measurements: calibration and application to human osteons.”

By Ewa M. Spiesz, Werner Kaminsky and Philippe K. Zysset.

Published in Journal of Structural Biology (2011), doi:10.1016/j.jsb.2011.09.009.

3.1 Abstract

Even though mechanical properties depend strongly on the arrangement of
collagen fibers in mineralized tissues, it is not yet well resolved. Only a few
semi-quantitative evaluations of the fiber arrangement in bone, like spec-
troscopic techniques or circularly polarized light microscopy methods are
available. In this study the out-of-plane collagen arrangement angle was
calibrated to the linear birefringence of a longitudinally fibered mineralized
turkey leg tendon cut at variety of angles to the main axis. The calibration
curve was applied to human cortical bone osteons to quantify the out-of-
plane collagen fibers arrangement. The proposed calibration curve is nor-
malized to sample thickness and wavelength of the probing light to enable a
universally applicable quantitative assessment. This approach may improve
our understanding of the fibrillar structure of bone and its implications on
mechanical properties.

41
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3.2 Introduction

Composites with fibers reinforcement are a very frequent motives in the de-
sign of natural materials (Fratzl and Weinkamer, 2007). A complex design
is required as fibers are usually strong in tension, but rather weak in com-
pression, as they tend to buckle easily. Tissue mineralization is widely used
as a predictor of mechanical performance of mineralized tissues, but as the
correlation between the mineral content and stiffness measured for example
with nanoindentation technique is rather moderate (Boivin et al., 2008; Fol-
let et al., 2004; Zebaze et al., 2011), the attempts of including other factors
like morphology of the organic matrix are gaining attention Siegmund et al.
(2008); Willems et al. (2011). Not only volume fraction of organic matter
(Reisinger et al., 2010), but also spatial arrangements are of interest for un-
derstanding the exceptional elastic properties of bone. The question of how
the mineralized collagen fibers are arranged in the extracellular matrix of
bone was investigated for over a century, but there is no full agreement on its
details. A first model of arrangement of collagen in lamellae was proposed by
Gebhard in 1906 (Gebhardt, 1906). The model assumed an unidirectional
arrangement of the fibers with an abrupt change of 90° between neighboring
lamellae. The next model by Ascenzi et. al. (Ascenzi and Bonucci, 1967,
1968) assumed osteons with mainly longitudinal, transverse or alternating
fibril orientation. More recent works present a view that the arrangement of
fibers in a lamella follows a certain orientation pattern. The most popular
models are the orthogonal plywood pattern similar to the model of Gebhard
and that of twisted plywood, characterized by a continuous fibril rotation.
A more refined model was proposed by Weiner et al. (1997, 1999), where
a single lamella is divided into 5 sublayers with consecutive rotation of the
fibers of 30°. A simulation study by Reisinger et al. (2010) showed that
different collagen orientation patterns lead to diffrent elastic properties and
anisotropy of a lamella. The models fitting the experimental nanoinden-
tation results best were those by Weiner (Weiner et al., 1999; Wagermaier
et al., 2006).

Some methods of direct measurement of collagen out-of-plane orienta-
tion (the angle that collagen fibers make with the normal to the specimen
surface) are available, like for example scanning small angle X-ray scatter-
ing (SAXS) and wide angle X-ray diffraction (WAXD) (Wagermaier et al.,
2006). Polarized light measurements were applied to assess the collagen ar-
rangement, but not in a fully quantitative way by Martin and Ishida (1989);
Boyde and Riggs (1990); Hengsberger et al. (2002b); Bromage et al. (2003)
and Skedros et al. (2009), even though birefringence measurement techniques
are frequently used as a standard tool in studying anisotropic properties of
materials for nearly 200 years (Pajdzik and M., 2006).

Quantitative birefringence assessment requires additional components
for the optical set-up (like optical retarders, for the full filters arrangement
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see Kaminsky et al. (2007)). Some methods allow quantitative measure-
ments of two dimensional linear birefringence (Geday et al., 2000). An
addition of a sample tilting stage provides three dimensional maps of bire-
fringence and eigen rays (Pajdzik and M., 2006). Recently, a technique
allowing a simultaneous imaging of birefringence from four quadrants of a
single image at camera speed was developed by Kaminsky et al. (2007). This
method, previously applied to some examples from the fields of biology and
materials sciences, was here calibrated for the use on mineralized tissues
(mineralized turkey leg tendon - MTLT and osteonal bone).

In previous implementations of polarized light methods, the assump-
tion was made that osteons appear completely bright or dark when they are
composed of mostly transversely or longitudinally oriented fibers (Boyde and
Riggs, 1990; Martin et al., 1996). In between, a brightness ratio was used as
indicator of the fraction of longitudinal versus transverse fibers in a sample
(Boyde and Riggs, 1990; Ramasamy and Akkus, 2007). This allowed for
a comparative evaluation of collagen arrangement in distinct parts of bone
(Kalmey and Lovejoy, 2002; Goldman et al., 2003), but did not provide fully
quantitative information on the out-of-plane collagen arrangement angle.
Additionally the thickness of samples used in the studies was not included
in transformation of the birefringence information to the preferred collagen
arrangement angle and therefore had to be normalized (Boyde and Riggs,
1990). Alternatively a scale describing six secondary osteons morphotypes
was proposed by Martin et al. (1996) and than updated by Skedros et al.
(2009). The scale describes different osteons types based on birefringence
patterns and assigns scores to each. Averaging over large fields of view re-
sults in an average score that is correlated to the average collagen arrange-
ment in a bone section. No quantitative data on the actual out-of-plane
collagen angle is provided, but the trends describing mostly transversely or
mostly longitudinally arranged fibers are well represented.

As the anisotropy of bone structure reflects its organization, some acous-
tic microscopy studies could provide information about bone ultrastructure.
Turner et al. (1995) measured the average out-of-plane collagen angle of 30°
in demineralized osteonal bone.

Some attempts of understanding the arrangement of collagen fibers in
osteons was made using Raman microspectroscopic imaging (Kazanci et al.,
2006, 2007; Gamsjaeger et al., 2010) providing insight into the organization
of bone at the ultrastructural level. This technique requires critical data
analysis due to a dependency of the mineral to matrix ratios on materials
composition and/or orientation. Measurements of 11 PO4/amide I ratios as
a function of light polarization angle showed trends that are promising for
evaluation of collagen arrangement in bone (Gamsjaeger et al., 2010).

Another method of evaluation of collagen alignment in mineralized tis-
sues is the second harmonic generation microscopy (SHG) that utilizes non-
linear scattering of photons from collagen fibers. Maps trends of collagen
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being aligned more within or transverse to the measurement plane are cre-
ated (Cox et al., 2003; Burket et al., 2011), but no quantitative information
is available.

In this study we extended the idea of calibration of the circularly po-
larized light microscopy technique on an uniaxial mineralized collagenous
tissue previously proposed by Bromage et al. (2003). To achieve quanti-
tative information about the birefringence, a model tissue of mineralized
turkey leg tendon containing longitudinally arranged mineralized collagen
fibers was cut at five angles with respect to its main axis and imaged with
polarized light. A calibration curve, taking into account sample thickness,
wavelength of the light and non-linear relationship of birefringence and out-
of-plane fiber angle, was proposed based on the readings on MTLT. The
calibration curve was than used on human femur secondary osteons.

3.3 Methods

3.3.1 Samples

MTLT was used as a model for calibration of the birefringence. This tissue
is composed of mineralized collagen fibers - similar in constitution to bone,
but with much simpler, uniform arrangement, approximately parallel to the
main axis of the tendon. MTLT shows two different morphologies, one highly
mineralized and very porous and one with low porosity, densely packed
collagen fibers and mineralization similar to that of human cortex. The
phase more similar to bone in composition and morphology was chosen for
the calibration purposes, as the volume fraction of collagen fibrils, as well
as, nanoporosity might affect the observed birefringence (Bromage et al.,
2003).

For the calibration, 35 fully mineralized MTLT samples were embedded
in epoxy resin. Each sample was cut at five different angles to the tendons
main axis 0, 30, 45, 60 and 90 (£5)° (Fig. 3.1) and mounted to glass slides
to obtain an uniform section thickness. All sections were polished to the
thickness of approximately 30-60 (£5) pum and thickness was recorded with
a microscope with a calibrated precision stage in the z direction. Normal-
ization of the the readings for sample thickness was necessary to make the
calibration universally applicable, while other investigators had to ensure
an uniform sample thicknesses in order to make inter-specimen comparisons
(Bromage et al., 2003).

Additionally, thin slices of seven mid-shaft human femur samples were
prepared with the same protocol as the MTLT samples. Birefringence was
measured in about 200 regions of interest. The obtained calibration curve
was applied to transform the |sin(d)| readings into the out of plane collagen
angle. The collagen arrangement in about 300 osteons was quantitatively
assessed.
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Figure 3.1: Samples extraction scheme and the resulting |sin(0)| false-colored
images.

3.3.2 Birefringence measurements

An automated technique was applied, based on the rotating polarizer method
to unfold quantitatively birefringence, eigenmodes and absorption, where
an object is simultaneously imaged at four different polarizer angles in a
single image implementing an image multiplexer (Quadview, MAG Biosys-
tems)(Kaminsky et al., 2007). In this way the noise contributions coming
from camera drifts, fluctuations of light source and mechanical instabilities
of the optical system set-up are minimized (Kaminsky et al., 2007). The
system used consisted of a microscope for polarized light, interference filter
and broadband quarter-wave retarder to produce incident circular polarized
light, as well as the image multiplexer and a CCD camera. Background
correction was performed to ensure uniform illumination of the whole field
of view in the microscope. The image multiplexer used here contained four
polarizers placed at 0, 45, 90, 135° with respect to a horizontal reference,
allowing the incident circularly polarized light to go through a sample to the
four polarizers simultaneously. The birefringence is measured as a sinusoidal
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function:
Ang ~ (n, — n,)sin’é, (3.1)

where Ang is the birefringence, n. and n, are the refractive indices in the
direction of extraordinary and ordinary rays, respectively, and 6 is the angle
which the wave normal s makes with the z-axis, which is related to the MTLT
fibers and defines the out-of-plane angle of the z-axis (see the Appendix for
the derivation of the formula).

The phase difference § between the two light paths (two rays travelling
with different velocities - subject to different refractive indices n,, ne), after
the recombination of the rays is a measure of the optical anisotropy of the
material (Pajdzik and M., 2006). The phase difference is given by:

2w AngLL

0= —— 3.2

)\ ) ( )

with L - sample thickness, A - wavelength of the light. Replacing An, with
equation 3.16 we obtain:

MSHPG. (3.3)

In the false colored images the red pixel readings correlate linearly to
|sin(d)]. The two morphology zones of MTLT were segmented based on
the intensity images. The zone more similar to cortical bone was used for
the calibration purposes quantifying the average birefringence of this zone
within each image. Pores were also segmented based on the intensity images
(Goldman et al., 2003). The fringe-order of the sinusoidal function in Eq.
3.3 is ambiguous (unless relatively low birefringence is observed), but can
be resolved with multiwavelength measurement (Geday et al., 2000). In this
study measurements of the |sin(d)| were performed at 550nm and 600nm
and the ambiguity elimination procedure described in Geday et al. (2000)
was applied.

Solving Eq. 3.3 for the angle which the wave normal s makes with the
optical axis 6 introduced into the uniaxial MTLT samples by special angled

cuts (see Fig. 3.1) leads to:
0= arcsiny/c— (3.4)
, .

(3.5)

with the calibration factor c:



CHAPTER 3. QUANTITATIVE POLARIZED LIGHT MICROSCOPYA47

100

80

60
o
Qb

401

20¢f

0 |

6 5 1‘0 15 20 25 30

5/L

Figure 3.2: Calibration curve describing relationship between the collagen
out-of-plane fibers angle 6 and the measured phase factor §. Errorbars in the
d/L represent one standard deviation. Sample cut angles 6 were accurate
within about 5°.

3.4 Results

Mean values of thickness normalized [sin(J)| readings were calculated for
each region of interest in an acquired image. The ambiguity in the phase
measurements was solved using two wavelength measurements. Pixels show-
ing |sin(d)| from other than the first fringe were discarded in the calibration
procedure (Pajdzik and M., 2006). The calibration factor ¢ was determined
from Eq. 3.5 to 0.038. The resulting calibration curve is shown in Fig. 3.2.

Application to human midshaft osteons The dependency between
|sin(d)| and out-of-plane collagen arrangement angle 6 calibrated on MTLT
was applied in osteonal bone (see Fig. 3.3).

The average out-of-plane collagen angle measured on the midshaft sec-
tions of human femurs was 25.8° with standard deviation of 1.3°.

Exemplary results are shown in Figure 3.3. Different types of osteons
were visible, for example osteons with frequently changing collagen arrange-
ment angle between adjacent lamellae (Fig. 3.3a), called the distributed
osteons by Martin et al. (1996). On the other hand, in some osteons the
changes were not so frequent (Fig. 3.3d), with groups of a few lamellae
arranged in similar directions next to a few with another one (called hoop
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Figure 3.3: Collagen out-of-plane angles 6 evaluated using the calibration
curve on a mid-shaft of human femur. Bar 100pm.

osteons in Martin’s scale). Some osteons showed very little changes in col-
lagen arrangement (Fig. 3.3b), alternatively dark osteons.

An additionally altered collagen arrangement was observed in vicinity of
osteocytes (Fig. 3.3b), exhibiting more of the circumferential type of tissue
(Fig. 3.3c), where the collagen fibers, showing higher birefringence, were
arranged longitudinally.

3.5 Discussion

In this study a technique allowing for quantitative assessment of birefrin-
gence was calibrated for universal use in mineralized tissues. We believe
this is a promising attempt for quantification of collagen fiber arrangement
in cortical bone, which is a curtail parameter in many models and can im-
prove our general understanding of the principles underlying the exceptional
mechanical properties of bone.

The average collagen orientation observed on seven samples of human
femur was about 26°, which is in good agreement with the observations
made by Turner et al. (1995) from acoustic microscopy showing a “principal
orientation” of collagen at ~30° to the long axis of bone. The acoustic
microscope used for the study allowed for a depth resolution of 60um. The
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output of the quantitative light microscopy technique we are introducing
here gives the average over the sample thickness seen in transmission at
sample thickness of 30-60um (resolution in the z direction) which allows for
a direct comparison to the acoustic microscopic study, but is in general a
limitation of the spatial resolution that can be obtained with the technique.
Additionally the study by Turner et al. (1995) showed a misalignment of
mineral (that was on average oriented along the long axis of bone) and
collagen. The result was interpreted as the contribution of the extrafibrillar
mineral, as the interfibrillar mineral is rather well aligned with the collagen
fibrils (Gupta et al., 2005; Olszta et al., 2007; Balooch et al., 2008).

According to Weiner et al. (1999) each lamella is composed of 5 sublay-
ers with collagen fibers rotating progressively about 30° in each. For the
sublayers thicknesses presented in that work, the maximum stiffness of such
a lamella was predicted in the direction of 12.6° out of plane by Reisinger
et al. (2010). Osteons containing lamellae with a similar average collagen
arrangement were observed frequently (example in Figure 3.3b).

Wagermaier et al. (2006) resolved a local crystallite orientation of sev-
eral osteons of human midshaft femur using scanning x-ray diffraction with
a micron-sized synchrotron beam (SAXS/WAXD). The variation of the out-
of-plane arrangement of mineral crystallites was 10-60° to the osteon axis
and was decreasing with the distance from the Haversian channel. If the
arrangement of collagen fibers is assumed to be compliant with the arrange-
ment of the ¢ axis of the mineral platelets (Gupta et al., 2005), this could
be compared to our results, with the caveat of a potential dependency on
the mineral distribution between collagen fibrils and extrafibrillar matrix,
as mentioned above (Turner et al., 1995). The average orientation measured
with the x-ray diffraction was 30°, similar to what was measured by Turner
(Turner et al., 1995) and our results. Wagermaier et al. suggested a 3D
helicoidal arrangement of the fibrils around the Haversial channel, since the
angles measured were varying within one quadrant. The main advantage
of such structures is their higher extensibility in tension and compression,
compared to an orthogonal plywood structures (Wagermaier et al., 2006).
Anisotropy of a structure with this arrangement is in agreement with the
anisotropy predicted by Reisinger et al. (2010) to be about 1.13 (£ 0.07)
for an osteon composed as described by Wagermaier et al. (2006). This
fits reasonably to the measured ratio of 1.25 (£ 0.18) (Franzoso and Zys-
set, 2009), supporting the helicoidal structure hypothesis in its mechanical
implications.

The advantage of using the technique proposed here, over for example
SAXS/WAXS techniques, is the possibility of obtaining quantitative infor-
mation about the collagen fibers arrangement of relatively large regions of
the tissue in short experiment time. The limitations of the technique are:
the need of thin samples preparation (and control of the thickness) and the
fact that volume fraction of the tissue and its degree of mineralization might
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influence the results. Multiwavelength measurements are required to resolve
periodicity ambiguity of the |sin(d)| function. Additionally, slight artifacts
were observed in some of the osteon images that manifested in asymmetry
of the birefringence readings (as for example in Fig. 3 d). Because there is
no overall preferred direction common to all images we can conclude that
the set-up of polarizing components did not introduce any such artifacts but
that they are typical for the samples measured and may indicate background
effects from the sample preparation which involved polymers. The effect was
taken care in the data analysis by averaging over many samples.

As a validation of the accuracy of the collagen arrangement measure-
ments, spectroscopic (IR and Raman) studies on the angled MTLT samples
are planned. Our approach could be extended to other (bio-)materials with
birefringent fibers. Further investigations of the collagen out-of-plane an-
gle dependent on physiological location, age, gender and other factors are
planned on secondary and primary osteons, as well as, on trabecular bone.
Additionally, a combination of the out-of-plane collagen arrangement with
the in-plane arrangement assessment that can be as well resolved with po-
larized light is planned.
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3.7 Appendix: Derivation of the calibration for-
mula

The propagation of energy in crystals is described in detail in for example
Born and Wolf (1999). The theory of optical anisotropy will be shortly
sketched in this section. In a crystal, the energy density U of a wave front
is expressed in terms of the electric field E of the wave and the dielectric
displacement D = cE:

1
U=3E-D, (3.6)

where the dielectric tensor ¢ is of second rank and can be diagonalized. When
choosing the orthogonal eigenvectors of € as reference, with eigenvalues ¢,
€y, € and denoting with e the effective dielectric constant with which the
light wave propagates along unit vector s through the sample, than Eq. 3.6
can be written as: ) > 2 )

D_ —92U = & 4+ Y &

3.7
€ €z Ey €, (3.7)
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With D? = D?(s2 4 s2 + s2) follows

2 2

2 s
ST TR L S—) (3.8)
E—Ep E—E& E—¢&;

In this study we assume the uniaxial fiber structure of MTLT is also an
optically uniaxial crystal with the optic axis in the z direction, so e, = &.
Further we take notation: e, = ¢, = &,, €, = &, where suffixes 0 and
e stand for ordinary and extraordinary. With this notation, the Eq. 3.8
reduces to:

(e — &0)[(s2 + Sf,)(z-: —€e) +52(e —&,)] = 0. (3.9)

Let 6 denote the angle which the wave normal s makes with the z-axis,
than:
s2 4 s?, = sin?0, (3.10)

s2 = cos?0. (3.11)
Substituting (s7 4 s7) and s? in equation 3.9 we obtain:
(e — &0)[( — €e)sin?0 + (e — &4)cos?6] = 0. (3.12)

This equation has two roots defining the two possible effective dielectric
constants 5/, e’ for a given propagation direction to:

{ e =< (3.13)

e = e2cos0 + es5in?0.
With the relation n? = ¢, with n - average refractive index we derive:
e —& = (e —eo)sin’0 =n"? — 0" (3.14)
For small quantities of n we could write:

" ! 1 " ’ ].
n2—n2%%(n —n),n?—n?)%%(ne—no), (3.15)

to derive the birefringence An, = (n” — n') approximately as:

Ang ~ (n, — n,)sin’6. (3.16)



Chapter 4

Indentation

Based on manuscript:

“Elastic anisotropy of uniaxial mineralized collagen fibers measured us-
ing two-directional indentation. Effects of hydration state and indentation
depth.”

By Ewa M. Spiesz, Paul Roschger and Philippe K. Zysset

Submitted to Journal of the Mechanical Behavior of Biomedical Materials,
2011.

4.1 Abstract

Mineralized turkey leg tendon (MTLT) is an attractive model of mineralized
collagen fibers, which are also present in bone. Its longitudinal structure
is advantageous for the relative simplicity in modeling, but its anisotropic
elastic properties remain unknown. The aim of this study was to quantify
the extent of elastic anisotropy of mineralized collagen fibers using nano- and
microindentation in two orthogonal directions of the same MTLT samples.
Large number of measurement points allow for quantification of the extent
of anisotropy, depending on the final indentation depth and on the hydration
state of the sample. Anisotropy was increasing with the sample re-hydration
process. In fact, artifacts of indentation in the transverse direction to the
main axis of the mineralized tendons in re-hydrated condition were observed.
The indentation size effect - increase of the measured elastic properties with
decreasing sampling volume, reported previously on variety of materials, was
also observed in MTLT. Indentation work was quantified for both directions
of indentation in dried and re-hydrated conditions. As hypothesized, MTLT
showed a higher extent of anisotropy compared to cortical and trabecular
bone, presumably due to the alignment of mineralized collagen fibers in this
tissue.

92
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4.2 Introduction

The mineralized turkey leg tendon is a tissue containing longitudinally ar-
ranged collagen fibers that normally mineralize over time, which makes them
attractive models to study mechanisms of mineralization (Landis et al., 1996;
Landis and Silver, 2002). The tendons undergo a gradual mineralization
from a point mid-way along the tendon in the proximal direction, giving
possibilities to study different stages of the process, depending on the dis-
tance from the mineralization front. Constituents of MTLT are similar to
those of bone, being mainly collagen, of which 90% is the type I (Landis
and Silver, 2002; Fritsch and Hellmich, 2007), hydroxyapatite and water.
Mineral content of tendons of 24 weeks old animals was reported to be
slightly lower than this of human bone (Gupta et al., 2004) and within bone
mineralization level for tendons extracted from older turkeys (Spiesz et al.,
2011b).

Two distinct morphologies of MTLT are shown in Fig. 4.1. One consists
of densely packed mineralized collagen fibers and is placed around large
pores of the tendon (blood vessels) and was called circumferential zone. The
other, present in between of the large pores, with more sparse structure and
higher microporosity was called the interstitial zone (Spiesz et al., 2011b).
The zones were shown to have slightly different composition on top of the
different morphology and were therefore treated separately in this study.

Indentation is a technique used for quantifying the elastic properties of
inhomogeneous materials at the micro- and nanolevel. Indentation could
be considered as a non-destructive technique that often does not require
complicated sample preparation or mounting and can be performed multi-
ple times on the same sample. In this technique indentation modulus of
rate-independent, elasto-plastic materials can be evaluated based on elastic
contact theory (Oliver and Pharr, 1992; Fischer-Cripps, 2002; Oyen, 2011).
For bulk isotropic materials, the indentation modulus is directly related to
elastic modulus and Poisson’s ratio (Oliver and Pharr, 1992; Rho et al.,
1999; Ebenstein and Pruitt, 2006). For anisotropic and/or more complex
material systems, like bone or MTLT, indentation modulus is related to the
stiffness tensor with a more complex function (Swadener and Pharr, 2001),
but can be estimated using iterative schemes (Franzoso and Zysset, 2009).
Many nano- and microindentation results of mineralized tissues available so
far, were obtained in dried state. Due to the important role of hydration
in collagen properties, nanoindentation in physiological conditions is gain-
ing acceptance (Hengsberger et al., 2002b; Wolfram et al., 2010b). This is
important in order to simulate conditions closer to the in vivo state, as hy-
drated tissues swell, changing the elastic properties. In trabecular bone, the
stiffness anisotropy is changing with re-hydration (Wolfram et al., 2010b),
which suggests the volume changes are anisotropic, which was also seen
macroscopically on MTLT (Lees and Page, 1992).
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Figure 4.1: Circumferential (CIR) and interstitial (INT) zones of MTLT
in two orthogonaldirections (axial - AXI and transverse - TRV) as seen by
backscattered electron imaging (a-d) and scanning probe microscopy (e-f).
a, b) Bar - 50 um; ¢, d) Bar - 25 um; e, f) Bar - 5 um.

The measurement of indentation modulus should, according to the con-
ventional plasticity theory, be independent of indentation depth, but the
so called indentation size effect, which describes the increase of indentation
modulus with decreasing sampling volume, was reported before (Swadener
and Pharr, 2001; Zhang et al., 2008; Voyiadjis and Peters, 2010). This issue
is not yet resolved quantitatively, even though some modeling attempts were
done (Begley and Hutchinson, 1998; Shu and Fleck, 1998).

The aim of the study was to measure elastic properties of mineralized
turkey leg tendons in two orthogonal directions. Availability of such a set of
data is limited in the literature, to the authors knowledge, but is very useful
for the attempts to understand mechanical behavior of uniaxial mineralized
collagen fibril arrays (Reisinger et al., 2010). Effects of sample re-hydration
on the measured indentation modulus in the two directions were also inves-
tigated. T'wo hierarchical levels of the tissue organization were investigated
using nano- and microindentation, contributing to the knowledge about the
indentation size effects observed in mineralized tissues.
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4.3 Materials and Methods

4.3.1 Samples

Highly mineralized parts of ten digital flexor tendons of domestic turkeys
(Bigi et al., 1996; Lees et al., 1994; Gupta et al., 2004) older than 24 weeks
were used in this study. ~10 mm long specimens (about 40-60% of the
hard, highly mineralized part of a tendon), extracted from 8 legs, were used.
Sections of the two orthogonal directions of each sample, involving one trans-
verse sample of approximately 10 mm in length and four axial samples taken
from the vicinity of the longitudinal one, were prepared as shown in Figure
4.2. A total of 49 tendon sections (one axial section was destroyed dur-
ing processing) were embedded in epoxy resin (EpoFix, Struers, Ballerup,
Denmark) without dehydration of the sample or resin infiltration, which al-
lows subsequent rehydration for indentation. The specimens were mounted
to glass slides and polished using silicon carbide papers series and a 1um
diamond suspension on a polishing cloth with a semi-automatic polishing
machine (PM5, Logitech, UK). Similar procedure was successfully used for
bone sections preparation for indentation (Wolfram et al., 2010a,b). Two
morphological zones present in MTLT (Spiesz et al., 2011b), the circumfer-
ential and the interstitial were separated in the identification of regions of
interest for indentation. Mineralization within a morphology zone resulting
from quantitative backscattered electron imaging was homogenous. Inter-
stitial zone showed higer porosity than the circumferential one (Spiesz et al.,
2011b).

4.3.2 Morphological analyzes

Morphology was observed using two imaging techniques: quantitative backscat-
tered electron imaging (qBEI) and scanning probe microscopy mode of the
indenter. BEI images were captured using digital scanning electron micro-
scope with a fourquadrant semiconductor backscattered electron detector
(DSM 962, Zeiss), at a working distance of 15 mm. Probe current was ad-
justed to 110 + 0,4 pA and electron beam energy used was 20 keV (Roschger
et al., 1998). Images with magnification of 50 and 400x were captured which
resulted in imaged areas of approximately 2.0x2.5mm and 250x315um, re-
spectively (see Fig.4.1). The regions were chosen randomly making sure that
both types of morphology are visible in each image. Additionally, topogra-
phy scans were obtained using the Hysitron Triboindenter with a Berkovich
tip, the same as the one used for indentation (see 4.3.3) with a scan rate of
0.3 Hz.
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Figure 4.2: MTLT two-directional sample extraction scheme resulting in
axial (AXI) and transverse samples (TRV). MTLT is schematically repre-
sented as mineralized collagen fibers arranged longitudinally along the ten-
dons main axis (z).
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4.3.3 Indentation
Selection of regions of interest

Regions of interest for indentation were selected within the tissue previously
imaged with qBEIL In each section of a tendon 6-10 400x qBEI images con-
taining both circumferential and interstitial zone were taken, defining the
regions of interest for indentation. In each of those 30-60 single indents were
placed using a light microscope of the indenter to avoid lacunae, micropores
or surface preparation defects. Over 3000 indentations with 2500nm (dried
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and physiological conditions of indentation) and over 2000 of indents of ap-
proximately 900-1000nm in depth (dried conditions) were performed in site
matched zones of the 49 specimens.

Indentation protocol

MTLT was considered a linear viscoelastic material in small strain, based
on previous macroscopic tensile tests (unpublished data) and the similarity
of mineralization to bone. Indentations were performed in both dried and
physiological conditions to evaluate re-hydration effects on MTLT’s stiff-
ness. Two machines were used: the Nano-Hardness Tester, CSM Instru-
ments, Peseux, Switzerland (for microindentation) and the Tribolndenter,
Hysitron, USA (for nanoindentation). In this study MTLT samples were in-
dented in two orthogonal directions (axial and transverse) to the main axis
of a tendon. Microindentation in physiological conditions was performed in
specially designed fluid cell, using Hank’s Balanced Salts Solution (HBSS;
VWR, Vienna, Austria) as re-hydration medium. Samples were re-hydrated
for at least 1 hour before indentation. Berkovich indenter was used and
measurements were conducted in a load control. Time dependence was not
in focus of this study, so a homogeneous loading rate was used in all inden-
tations. MTLT was considered to have a no more rate-dependent behavior
than other mineralized tissues on which nano- and microindentations were
successfully performed (Ebenstein and Pruitt, 2006; Oyen, 2006). Indenta-
tion protocol involved trapezoidal loading/unloading with constant rate of
120mN/s with 60 seconds holding time at maximum load to minimize the
viscoelastic and/or viscoplastic effects. In microindentation this load con-
trolled protocol was performed until the displacement limit of 2500nm and
in nanoindentation until the load limit of 9000uN. Indentation moduli were
calculated according to Oliver and Pharr (1992).

Statistical analyzes

All indents close to scratches or other surface defects (including pores) were
discarded. Earlier studies on mineralization of the two zones of morphol-
ogy proved low heterogeneity of mineralization within a zone (Spiesz et al.,
2011b), which allowed for defining additional statistical outliers as values
higher than 1.5 times the interquartile range above the third quartile and
below the first quartile (Crawley, 2005). Welch two tailed t-test (Crawley,
2005) was used for comparison of the groups and the differences were shown
using the box and whisker plots that represent the sample medians (horizon-
tal bar) and the top/bottom border of the box represents the interquartile
range. Whiskers represent maximum /minimum value (after removal of the
outliers). This representation of the data has the advantage of showing the
nature of variation in the results and skewness of the distribution (Crawley,
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2005), rather than showing the means and standard deviations. Significance
level of a = 0.05 was used in this study.

Indentation work

The work of indentation was calculated for the microindentation experi-
ments. Application of the force to the indenter and the resulting displace-
ment represents the work done on the system and is manifested as plastic
and elastic strains in the specimen (Fischer-Cripps, 2002). During unload-
ing, energy is released by the material. The area enclosed by the loading
and unloading curve represents the energy lost in plastic deformation (plas-
tic work). The elastic energy stored was evaluated by integration of the area
under the unloading curve, until the end of the holding phase (elastic work).

Stiffness tensors estimation

An iterative scheme proposed by Franzoso and Zysset (2009) was used to
estimate a stiffness tensor based on indentation moduli in two orthogonal
directions. The scheme is based on a procedure inverse to the one proposed
by Swadener and Pharr (2001), which allows calculation of the indentation
moduli in a given direction knowing the material’s stiffness tensor.

4.4 Results

4.4.1 Microindentation in dried and physiological conditions

A higher indentation modulus was measured in circumferential zone, as com-
pared to interstitial one, using microindentation in axial and transverse di-
rections (see Tab. 4.1).

Higher anisotropy extent (""?E,,;/"?E},.,) was measured in the circum-
ferential zone, than in the interstitial one, see Table. 4.1.

Significant differences of indentation moduli in dried and physiological
conditions, in both axial and transverse directions were found when the
circumferential and interstitial zones were treated separately, (p-values be-
low 0.005, see Fig. 4.3). Similarly as for trabecular bone (Wolfram et al.,
2010a), re-hydration of the MTLT diminishes the indentation modulus in
two orthogonal directions and in both morphology zones.

On average the indentation modulus decreased by 5.4% in physiological
conditions with respect to the dried ones, when measured in axial direction.
In transverse direction the avaraged measured stiffness decrease was 55.6%,
but is likely overestimated due to swelling artefacts.

Total work, as well as, the plastic and elastic work of microindentation,
were calculated for measurements in dried and physiological conditions and
showed similar trends as indentation moduli for the same cases. Plastic work
is shown in Fig. 4.4 a, as an example.
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Figure 4.3: Re-hydration effects on microindentation moduli evaluated sep-
arately in the two morphology zones circumferential (CIR) and interstitial
(INT). Indentation moduli were measured in dried (DRY) and re-hydrated
conditions (WET), in the two orthogonal directions (AXI, TRV). The level
of significance noted in the figure (*) is p < 0.05. The horizontal solid
bars represent medians, the top/bottom border of the box represents the
interquartile range. Whiskers represent maximum/minimum value.

Ratios of the elastic over plastic work (W,;/Wpl) representing the frac-
tion of elastic and dissipated energy were calculated to ensure the work is
independent of the maximal load used in indentation, see Fig. 4.4 b. Higher
ratios were observed in the transverse direction of indentation (0.40 and
0.53 in dried and re-hydrated conditions, respectively), than in the axial
one (0.23 and 0.18 in dried and re-hydrated conditions).
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Figure 4.4: a) Microindentation plastic work (1¥,;) measured in dried (DRY)
and re-hydrated (WET) conditions, in the two orthogonal directions (AXI,
TRV), in the two morphology zones (CIR, INT), b) ratio of elastic to plas-
tic work (W, /Wpl). The level of significance noted in the figure (*) is
p < 0.05. The horizontal solid bars represent medians, the top/bottom
border of the box represents the interquartile range. Whiskers represent
maximum/minimum value.



CHAPTER 4. INDENTATION 61

30
1

25
1

20
1

15
1

ind 7 [GPa]

10

[ = =

|
|
—_ |
_ _
0 L |

T T T T
CIR AXI CIR TRV INT AXI INT TRV

Figure 4.5: Nanoindentation results in the two morphology zones (CIR,
INT), dry indentation in two directions (AXI, TRV). The level of signifi-
cance noted in the figure (*) is p < 107%. The horizontal solid bars repre-
sent medians, the top/bottom border of the box represents the interquartile
range. Whiskers represent maximum/minimum value.

4.4.2 Nanoindentation in dried conditions

Indents with the final depth of 900-1000 nm were performed on the same
samples and in the same regions of interest, for comparison with the results
of microindentation in dried conditions. In nanoindentation, similarly to
the microindentation, circumferential zone was stiffer in axial and transverse
direction, than the interstitial zone, see Tab. 4.1. The stiffness of the two
zones is significantly different in the axial direction of indentation (p <
1075). The differences are not significant in the transverse direction (see
Fig. 4.5).

The indentations were performed in load control, and were resulting in
different final indentation depths (depending on the local stiffness of the
tested area). The average final indentation depth (hq,) in axial direction
of indentation was higher for the interstitial zone (990 £+ 138 nm), than in
the circumferential one (916 + 64 nm). The final indentation depths were
higher in the transverse direction of the indentation as compared to the axial
directions. The final depth in the interstitial zone was again higher (1205 +
155 nm), than in the circumferential one (1109 £ 79 nm).

4.4.3 Comparison between nano- and microindentation re-
sults

Indentation moduli measured with nanoindentation are higher than the ones
measured with microindentation (see Table 4.1). The anisotropy extent
measured with nanoindentation was lower compared to the one measured
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Microindentation Nanoindentation

Figure 4.6: Transverse-isotropic stiffness tensors estimated from the aver-
age indentation moduli in two orthogonal directions for the dried conditions
micro- and nanoindentation in MTLT (fibers arranged along the z-axis, ver-
tically).

with microindentation in the same regions of interest as mentioned before,
see Tab. 4.1. Circumferential zone of MTLT showed higher anisotropy
compared to the interstitial one, both in nano- and microindentation, as
well as, in dried and re-hydrated conditions of microindentation.

Stiffness tensors of MTLT were computed from micro- and nanoinden-
tation results in dried state, taking the average of all indents in the given
indentation direction (see Figure 4.6). The following transverse-isotropic
stiffness tensors were estimated for MTLT from:

a) microindentation in two directions:

[7.02 3.30 5.87 0 0 0
3.30 7.02 587 0 0 0
587 5.87 2217 0 0 0

0 0 0 660 0 0
0 0 0 0 660 0

0 0 0 0 0 3.72
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Anisotropy extent Microindentation Nanoindentation
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Table 4.1: Extent of anisotropy measured with nano- and microindenta-
tion in two orthogonal directions, in dried (DRY) and re-hydrated (WET)
conditions. Average indentation moduli in axial (""?FE,,;) and transverse
direction ("?Ey,,), as well as standard deviations (in brackets), are given in
GPa. CIR stands for the circumferential and INT for the interstitial zone.

b) nanoindentation in two directions:

[12.91  6.08 9.23 0 0 0
6.08 1291 9.23 0 0 0
9.23 923 29.82 0 0 0
[S] =
0 0 0 10.39 0 0
0 0 0 0 1039 0
| 0 0 0 0 0 6.84 |

4.5 Discussion

The goal of the study was to quantify the extent of elastic anisotropy in
MTLT using two-directional indentation. It was assumed that the anisotropy
in this tissue would be higher than the one measured in bone, because of
the simple, uniaxial arrangement of the mineralized collagen fibers. In cor-
tical and trabecular bone the fibers arrangement is much more complex
ranging on average anisotropy extent lower than the one seen in MTLT.
Franzoso and Zysset (2009) measured the extent of anisotropy of human
cortical bone using nanoindentation in dried state, which resulted in an av-
erage "B, /" By, = 1.43. Wolfram et al. (2010b) found lower anisotropy
in trabecular bone (1.40 measured with microindentation in re-hydrated and
1.19 in dried state). The anisotropy in MTLT was the highest among those
mineralized tissues (see Tab. 4.1). Similarly the elasticity anisotropy ratio
obtained with acoustic microscopy Lees and Page (1992) was 1.96 - higher
than the anisotropy in bone and within the range measured in this study
for dried specimens.

The elastic anisotropy extent of a mineralized collagen fibril array was
also predicted with a mean field micromechanical homogenization scheme
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by Reisinger et al. (2010). The mineralized collagen fibrils were aligned in
an uniaxial manner in arrays, similar to MTLT. The extent of anisotropy
quantified by a ratio of indentation moduli in axial and transverse directions
was in the range of 1.5 - 2.0, depending on the overall mineralization of the
array and stiffness of collagen used in the simulation. This fits with the
range measured using indentation in dried conditions (see Tab. 4.1).

The anisotropy ratio measured in re-hydrated conditions was outside of
the range predicted by the simulations (4.20 - 4.50), which may be caused by
the highly reduced values of indentation modulus measured in the transverse
direction. The stiffness changes in physiological conditions in this direction
of indentation are larger than the expected changes in vivo, and may be
caused by excessive bulging of the sample surface in this direction. The
swelling in MTLT was reported to be highly anisotropic in the macroscopic
level (Lees and Page, 1992), which is confirmed here in the microscopic scale.
Microindentation moduli in transverse direction of MTLT in re-hydrated
state are on average 55.6% lower than the results obtained in dried state.
This appears to be due to an artifact coming from swelling of the cut tissue
sufraces where the fibers are not constrained. In this study a swell of about
15-20 pm in the transverse samples under HBSS rehydration was seen. The
physiological process of swelling in the wet state is rather less pronounced
in vivo, as the fibers are constrained with one another. The indentation
moduli was shown to decrease of about 29% when going from dried to wet
state in trabecular bone (Wolfram et al., 2010a). This is more than what we
have measured in the axial direction of MTLT (average 5.4%). The fibers
in MTLT are aligned in a parallel manner along the long axis of the tendon.
The swelling in the axial and transverse directions of MTLT are likely the
two extermes. The complex lamellar arrangement of mineralized collagen
fibers in bone restricts the swelling, and the avarage amount of decrease
in the indentation moduli with re-hydration process falls somewhat in the
middle between the two extremes seen in MTLT.

Circumferential zone of MTLT showed higher anisotropy in both micro
and nanoindentation than the interstitial zone. This could be caused by
slightly different composition of the two types of morphology. In the fibril-
array model by Reisinger et al. (2010) elastic anisotropy was proportional
to volume fraction of the mineralized collagen fibrils in a fibril-array, so
indirectly also to volume fraction of collagen in the array. This would suggest
a higher volume fraction of collagen in the circumferential zone, as a factor
contributing to the higher anisotropy of this zone. Additionally, the volume
fraction of fibers observed with light microscopy is also higher in this zone
(Spiesz et al., 2011b).

Higher anisotropy of the indentation moduli was resulting from the mi-
croindentation than from nanoindentation (see Table 4.1). This may be
caused by the higher impact of microporosity on the indentation modulus
obtained in the microindentation in the transverse direction of MTLT. Ad-
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ditional compliance coming from bending of the mineralized collagen fibers
of MTLT could be expected, if the obscured longitudinal micropores are
present close to or within the indentation deformation zone. This is less
likely the case in nanoindentation where the deformed volume is smaller.
Also the final indentation depth in nanoindentation in transverse direction
is higher than the one in axial direction, so due to the assumed indentation
depth effects, the indentation moduli values may be underestimated. This
would cause the overestimation of the stiffness anisotropy ratio of nanoin-
dentation measurements in MTLT. Additionally damage accumulation (re-
duction of stiffness) under the tip may be dependent on the indentation
depth.

The differences in the total indentation work measured in axial or trans-
verse directions seem to be mainly influenced by the changing plastic work
(see Fig. 4.4 a). Interestingly the elastic work is comparable in both inden-
tation directions and for both dried and physiological conditions.

The ratios of elastic and plastic work (We;/Wpl) suggest that more en-
ergy is dissipated in the indentation in axial direction than in the transverse
one. This may be caused by an anisotropic post-yield behavior of MTLT.
More energy is dissipated during indentation in axial direction, as more
fibers slippage is likely to occur there. Also shear strain between the fibers
is likely to be higher there, than in transverse direction. Similar results were
observed by Hengsberger et al. (2002b) in indentation of human osteons.
Dark (thick) lamellae (Ascenzi and Lomovtsev, 2006), where the fibers are
arranged mostly in the direction along the osteon main axis showed more
dissipation, which could be a similar situation to indentation of MTLT in
axial direction of the fibers. Less dissipation was measured in bright (thin)
lamellae, similar to transverse direction of indentation in MTLT.

The measurements performed here are indentations in a porous media
and in this sense fulfill the conditions of the halfspace indentation in a ho-
mogenized sense and nano- and microindentation are valid methods of eval-
uating the average elastic properties of mineralized tissues (Hengsberger
et al., 2002b; Oyen, 2006; Donnelly et al., 2006; Lewis and Nyman, 2008;
Wolfram et al., 2010a,b), as well as other nature’s and engineering materials
(Berke et al., 2009; Jaeger et al., 2011).
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Homogenization

Based on manuscript:

“Experimental validation of a mean filed model of mineralized collagen fiber
arrays at two levels of hierarchy.”

By Ewa M. Spiesz, Andreas G. Reisinger, Paul Roschger and Philippe K.
Zysset

In preparation, 2011.

5.1 Abstract

In the course of this study, stiffness of a fibril array of mineralized collagen
fibrils modeled with a mean field method was validated experimentally at
two levels of tissue hierarchy using mineralized turkey leg tendons (MTLT).
The applied modeling approaches allowed to model the properties of this uni-
directional tissue from nanoscale (mineralized collagen fibrils) to macroscale
(mineralized tendon). At the microlevel, the indentation moduli obtained
with a mean field homogenization scheme were compared to the experimen-
tal ones obtained with microindentation. At the macrolevel, the macroscopic
stiffness predicted with micro finite element (uFE) models was compared to
the experimental one measured with uniaxial tensile tests. Elastic proper-
ties of the elements in uFE models were injected from the mean field model
or two directional microindentations.

Quantitatively, the indentation moduli can be properly predicted with
the mean-field models. Local stiffness trends within specific tissue morpholo-
gies are very weak, suggesting additional factors responsible for the stiffness
variations. At macrolevel, the uFE models underestimate the macroscopic
stiffness, as compared to tensile tests, but the correlations are strong.

Keywords fiber array model, pFE model, mineralized turkey leg tendon
(MTLT), experimental validation
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5.2 Introduction

Mineralized tissues, as bone or mineralized turkey leg tendon (MTLT),
and many other biological tissues are known to have hierarchical structures
(Fratzl and Weinkamer, 2007). This complex design is optimized at many
hierarchical levels, which is resulting in exceptional mechanical properties.
Understanding the principles of this design could help creating synthetic
biomaterials more compatible with the tissues to act as for example scaf-
folds for vascularized bone growth (Wu et al., 2011). On the other hand,
it could provide input for material properties used in micro finite elements
models, making them more specific.

Mineralized turkey leg tendon is a model tissue used frequently to study
the structures of mineralized tissues, as well as, their mineralization process
(Landis et al., 1996; Landis and Silver, 2002; Lees et al., 1994). Its advan-
tage, next to similar composition and hierarchical structure, is the fact that
the mineralized collagen fibers are arranged in an uniaxial manner, parallel
to the main axis of the tendon, which strongly reduces the complexity of the
structure compared to bone.

Some methods approaching the hierarchical modeling of mineralized tis-
sues have been proposed (Fritsch and Hellmich, 2007; Nikolov and Raabe,
2008; Ghanbari and Naghdabadi, 2009). Results of such models are often
compared to the literature values of e.g stiffness of different bones obtained
experimentally, assuming the universal behavior of those tissues, based on
mineralization mainly. Direct experimental validation at multiple hierar-
chical levels is missing. This type of validation brings some experimental
challenges, as often testing the same samples at different length scales is
very demanding or simply impossible.

Recently a mean field homogenization model of mineralized collagen fib-
ril array was proposed by Reisinger et al. (2010). In this model, mineralized
fibrils, the extra-fibrillar matrix and the resulting fibril-arrays are modelled
as a function of the degree of mineralization, mineral distribution between
fibrils and the extra-fibrillar matrix, collagen stiffness and the fibril volume
fraction. This model may be of great help in understanding mechanical
properties of the fibril arrays present in bone and MTLT, but requires val-
idation. In this scope, the current study was an attempt of experimental
validation of the model adapted to predict the stiffness of a mineralized
collagen fiber at two hierarchical levels.

5.3 Materials and Methods

5.3.1 Design of the study

A scheme of experimental and modelling validation is shown in Fig. 5.1.
The design of the study involved, on one hand, experimental validation
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Figure 5.1: Design of the study: the macrolevel validation scheme involved
macroscopic tensile tests (a) and pFE modeling (c). Experimental (Sesp)
and predicted (S,rg) macroscopic stiffness were compared. At the mi-
crolevel, the indentation modulus measured with microindentation (i"dEexp,
b) was compared to the indentation modulus predicted with the mean field
fiber array model ("Erp, d).

of the mean field homogenization approach to predict elastic properties of
mineralized collagen fibers at the microscopic level (Fig. 5.1 d), where mi-
croindentation experiments were compared to indentation moduli predicted
with the mean field models (Fig. 5.1 b). On the other hand, the elas-
tic properties of the fibers obtained with the homogenization method were
used as material properties in uFE models of MTLT (Fig. 5.1 c¢). Stiffness
of such modelled structure was compared to the stiffness of the same struc-
ture tested experimentally in tension (Fig. 5.1 a), allowing validation of the
model at the macroscale. Further, similar uFE models were prepared with
material properties obtained with the microindentation in two orthogonal
directions. Stiffness of such structures was also compared to experimental
tensile tests.
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5.3.2 Samples

Ten fresh, frozen mineralized flexor leg tendons (Bigi et al., 1996; Lees et al.,
1994; Gupta et al., 2004; Spiesz et al., 2011b) were extracted from adult
domestic turkeys (age over 24 weeks). The stiff mineralized part was divided
from soft collagenous part. The outer soft tissue envelope was removed and
the tendons were kept frozen (—18°C) until the day of tensile testing. Such
prepared samples were tested macroscopically in tension (details in 5.3.5).
After the tensile tests samples were cut into three pieces of approximately
10 mm of length: one from a region tested in tension (approximately 40-60%
of the hard mineralized tendon length, see Fig. 5.1a) plus additionally one
proximal (approximatelly 30-40% of the tendon tested in tension) and one
distal specimen of the same length (approximatelly 60-70% of the tendon
tested in tension).

5.3.3 Geometry, mineral and collagen content determination

All samples were scanned with pCT40 (Scanco Medical) with 12 pm spatial
resolution, in dried state using an X-ray tube potential of 20 - 50 keV (160
AIA) in order to obtain total volume of a sample ?/V and the geometry for
uFE simulations.

After pCT and mechanical tests in tension (see 5.3.5), the samples were
embedded in epoxy resin (EpoFix, Struers, Ballerup, Denmark) without de-
hydration or resin infiltration and divided into 5 specimens (4 axial and
one transverse, see Fig. 5.1b) each to obtain possibly most appropriate vol-
ume representation of the local properties. Such prepared specimens were
glued to microscopy glass-slides and polished using a semi-automatic pol-
ishing machine (PM5, Logitech, UK) with silicon carbide papers series and
a lpm diamond suspension on a polishing cloth, until obtaining of a mirror
surface (Wolfram et al., 2010a,b). Volume fraction of mineral was assessed
using quantitative backscattered electron imaging (qBEI) with digital scan-
ning electron microscope with a fourquadrant semiconductor backscattered
electron detector (DSM 962, Zeiss), at working distance 15 mm (Roschger
et al., 1995, 1998). Probe current was adjusted to 110 + 0,4 pA and elec-
tron beam energy used was 20 keV. Images with 50x and 400x magnification
were captured resulting in scanned area of approximately 2.0x2.5mm and
250x315um, respectively. The images served as maps allowing recognition
of the zones where mineralization was assessed for indentation. Both meso-
and visible microporosity were thresholded. Concentration of calcium (wt.%
calcium, ©®f%)) was determined (Roschger et al., 1998). Even though the
biological apatites are non-stoichiometric with presence of foreign ions (Bigi
et al., 1996), the inorganic phase consisting of calcuim phosphate was ideal-
ized as hydroxyapatite Ciaio(POy4)s(OH ). The calcium wt.% (“*Fi4)) were
converted to hydroxyapatite mass fractions (""/%1) - mass fraction of the
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mineral in the solid constituents of MTLT - no porosity considered) using
stechiometric relationships (Roschger et al., 1998; Manjubala et al., 2009).
Volume fraction of the mineral in fibers accounting for nano- and micro-
porosity, (™»/%¢) was calculated according to Spiesz et al. (2011b). 526
regions of interest were selected for gBEI observations.

Within each region two types of morphology were distinguished: circum-
ferential - around large vascular pores, with characteristic low microporosity
and smaller fiber diameter and interstitial - between the large pores with
higher microporosity and large fiber bundles (Spiesz et al., 2011b).

Volume fraction of collagen in the specimens was assessed with ashing
in a laboratory furnace at 650°C for 24 hours (Ohman et al., 2007) and
demineralization in EDTA solution for 20 days using the samples of approx-
imately 30-40% and 60-70% of the mineralized parts of the tendons tested
in tension was performed (Spiesz et al., 2011b).

Volume fraction of the fibrills in the fiber array (9$) was estimated as
the sum of the volume fraction of collagen and intrafibrillar mineral in the
fiber array.

5.3.4 Evaluation of elastic properties of the tissue at mi-
crolevel

Two-directional microindentation

After qBEI analyzes the five slices of each sample: four axial and one trans-
verse were indented. Nano-Hardness Tester (CSM Instruments, Peseux,
Switzerland) with a Berkovich tip was used and measurements were con-
ducted in a load control until the displacement limit of 2500nm. Indenta-
tions were performed in dried state. The resulting deformation region was
approximately 17um in diameter, which allowed for characterization of the
tissue at the fiber array hierarchical level (including the mineralized colla-
gen fibers and micropores). Indentation protocol involved trapezoidal load-
ing/unloading with a constant rate of 120mN /s with 60 seconds holding time
at maximum load to minimize the viscoelastic and/or viscoplastic effects.
The two zones of morphology were treated separately in microindentation
experiments.

Indentation curves showing abnormal shapes were discarded from further
evaluation. The mineralization of the two zones of morphology proved low
heterogeneity within a zone (Spiesz et al., 2011b), which allowed for defining
outliers as values higher than 1.5 times the interquartile range above the
third quartile and below the first quartile (Crawley, 2005).

Sample averages were calculated using the indentation moduli of a zone
(circumferential or interstitial) weighted with a volume fraction of the zone
(approximated as an average of the 4 axial slices of each sample from seg-
mented qBEI images). Additionally, an average of the 10 samples was cal-
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culated.

A procedure that approximates a transverse-isotropic stiffness tensor
from indentation moduli in two orthogonal directions (Franzoso and Zysset,
2009; Swadener and Pharr, 2001) was used to estimate the elastic constants
of samples and served as an input material propersties for the uFE models.

Mean-field homogenization scheme

Mean field methods were applied to model mineralized fibrils, the extra-
fibrillar matrix and the resulting fibril array (Reisinger et al., 2010) of
MTLT. According to Reisinger et al. (2010), mineralized collagen fibrils
were modeled as continuous collagen matrix with spheroidal mineral inclu-
sions. Extrafibrillar matrix was modeled as continuous mineral matrix with
spherical voids (a mineral foam). Mineralized collagen fibers were modelled
as long spheroidal fibrils in the extracellular matrix. As the hierarchical
level of MTLT tested with microindentation involved some microporosity,
the original model of the fibril array presented by Reisinger et al. (2010)
was enriched with the micropores to predict the stiffness of a fiber array
(see Fig. 5.1). Microporosity was accounted for in the volume fractions of
mineral and collagen before entering into the main homogenization scheme
described by Reisinger et al. (2010). Stiffness tensors were computed as a
function of degree of mineralization (™"/¢), mineral distribution between
fibrils and extra-fibrillar matrix () and fibril volume fraction (f4/%¢), as
well as stiffness of hydroxyapatite - 110.15 GPa (Yao et al., 2007) and colla-
gen - 5.0 GPa to simulate dried collagen (Buehler, 2007; van der Rijt et al.,
2006; Akkus, 2005).

The range of input parameters of the mean field model for the ten sam-
ples tested are shown in Tab. 5.1. Circumferential and interstitial zones
were modelled separately. Parameters like Young’s moduli and Poisson’s
ratios of mineral and collagen phase, as well as, the geometry of the phases
were taken from literature (sources listed in the Tab. 5.1). Volume fraction
of mineral in the fibrils ™-fig, in the fiber array ™ ¢ and volume fraction of
collagen (and the resulting volume fraction of fibrils in the fibril array 1 ¢)
were determined experimentally as explained in Section 5.3.3.

Mineral distribution between collagen fibrills and the extrafibrillar ma-
trix is widely discussed in the literature (Fratzl, 2008), but some contradic-
tory views are presented, starting with mineral placed in the collagen fibrils
mostly (Weiner et al., 1999; Jaeger and Fratzl, 2000; Gao et al., 2003), go-
ing through about 25% of mineral in the fibrils (Lees et al., 1994; Sasaki
et al., 2002), down to mineral placed mostly outside of the fibrills (Hellmich
and Ulm, 2002). In the above literature, the methods of direct visualisation
suggest that much of the mineral is within the collagen fibrils, while the
simulations suggest the other case: in order to obtain stiffness measured
experimentally, more mineral needs to be put in the extrafibrillar matrix
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(Nikolov and Raabe, 2008; Fratzl, 2008). Previous study by Spiesz et al.
(2011b) suggested more mineral placed in the fibrils in the circumferential
zone than in the interstitial one (~0.7 and 0.3, respectively). This configu-
ration of mineral distribution parameter was used and resulted in an average

« for the 10 samples of 0.56. Additionally, the o parameter was varied from
0.2 - 0.9 (see Tab. 5.2).

5.3.5 Evaluation of elastic properties of the structures at
macrolevel

Tensile tests

The ten MTLT samples (approximately 30-40% of the hard mineralized part
of the tendon) were tested with a servo-hydraulic testing machine (MTS 858
mini Bionix, USA). The tests involved quasistatic cyclic tensile loading in
elastic region (0-0.03 % strain), controlled in displacement measured with an
extensometer (Mini-Bionix MTS system, Milwaukee, MN, USA) with 10mm
gage range, with the amplitude of 0.1 Hz. After ten pre-conditioning cycles
with the same protocol, three cycles of measurement were performed. The
experimental set-up of macroscopic mechanical tests in tension is shown in
Fig. 5.1a. Stiffness S[N/mm] in the tensile tests was defined as force over
displacement.

uFE analyzes

The meshes used in uFE models were obtained from segmented pCT scans.
The segmentation was performed using a single level threshold (Wolfram
et al., 2010b). The tissue voxels were converted to the model elements and
rescalled 3 times (to 36um) to reduce the computing time. The linear elastic
elements were assigned elastic properties obtained with fiber array model
(subsection 5.3.4) on one hand and with elastic constants estimated from
microindentation in two directions (subsection 5.3.4), on the other. The
simulation of the experimental tension test in elastic region with boundary
conditions as shown in 5.1c were performed. As the input parameters of
the mean field model were evaluated separately for circumferential and in-
terstitial zone of MTLT a homogenized values of those were calculated for a
sample. A weighted average (with volume fraction of a zone evaluated from
segmented qBEI images of 4 axial slices of each sample, as weight) of the
predicted properties was used as a sample-wise input to the model resulting
in a homogenized stiffness tensors of a sample. Those were used as material
properties assigned to the elements of the uFE meshes.

Additionally, the elastic properties obtained from indentation in two
directions and the procedure inverse to the Swadener and Pharr, as described
in 5.3.4 were used in similar yFE models for comparison.
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Figure 5.2: Comparison of indentation moduli obtained experimentally
deexp with microindentation and predicted with the fiber array model
ind B for circumferential (CIR) and interstitial (INT) zone.

Statistics

The Williams’s formula and the procedure proposed by Steiger (1980) were
used to compare the correlation coefficients with different input parameters
at significance level of p=0.05 (Dall’Ara et al., 2011).

5.4 Results

5.4.1 Validation at microscale

Validation at the microscale involved comparing the indentation moduli ob-
tained in microindentation i"dEeng, with those predicted with mean field
homogenization models "¢ Er g, which input parameter such as mineraliza-
tion and volume fraction of collagen were measured on the samples indented
(summary of results in Table 5.1). An average moduli for circumferential
and interstitial zone of each of the 10 samples was calculated. The resulting
correlation between the experiments and modeling is shown in Figure 5.2.
Averages of the axial indentation moduli of all of the samples samples (no
zone distinction), both measured and predicted (for different o values) are
shown in Tab. 5.2.

The differences between the two morphology zones are well represented
by the fibril array model (see Fig. 5.2). Within one morphology zone the
trends are very weak, which suggests additional factors contributing to a lo-



Input parameter (Average + STD) value Source Variation
Collagen Young’s modulus Ecl =5 [GPa van der Rijt et al. (2006) -
Collagen Poisson ratio Ay =0.3 [] Reisinger et al. (2010) -
Mineral Young’s modulus Emi = 110.15[GPd] Yao et al. (2007) -
Mineral Poisson ratio miy = 0.28 [ Yao et al. (2007) -
Mineral platelet aspect ratio in fibril o =14 [] Akkus (2005) -
Void aspect ratio in extra-fibrillar matrix | ™*a =1 [-] Reisinger et al. (2010) -
Fibril aspect ratio in fiber-array fag =100 [] Birk et al. (1997) -
Mineral distribution parameter a=0.25-0.77[] Lees et al. (1994) 0.2-0.9
Sasaki et al. (2002)

Fibril vol. fraction in fiber-array g = 0.50 (0.06) [-] - 0.36 - 0.63
Mineral vol. fraction in fiber-array mifbg —0.20 (0.01) [] - 0.19 - 0.21

NOILVZINIODONOH "¢ H4LdVHO

Table 5.1: Summary of the input paramaters in the fiber array model. The top part of the table shows the parameters, which
were taken from literature. The bottom part shows results obtained in this study and used as input for the mean field fiber
array models.

i
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Experiments - Microindentation | Modeling - Fiber array model
ndp.., [GPal (STD) nd prp [GPa] (STD) a
14.14 (0.54) 0.2
12.85 (1.24) 13.13 (0.26) 0.5
10.35 (0.69) 0.9

Table 5.2: Validation of the fiber array model at the microlevel. Z'”dEeng -
indentation modulus measured in axial direction with standard deviation in
brackets (STD), ™?Epp - indentation modulus in axial direction predicted
with the mean field model, « - mineral distribution parameter showing the
fraction of mineral placed within collagen fibrils.

cal stiffness that are not accounted for in the current model (e.g. nanoporos-
ity that was not assessed experimentally for the MTLT samples).

5.4.2 Validation at macroscale

Validation at macroscale involved comparison of the stiffness of MTLT struc-
ture measured experimentally in tension, to the stiffness of the same struc-
ture simulated with puFE, which material properties were evaluated with
mean field homogenization models or indentation. Comparison between
the stiffness of the simulated structures, plotted against the stiffness of the
structures measured experimentally is presented in the Fig. 5.3.

The coefficients of determination for the correlations observed between
the experimentally acquired macroscopic stiffness (Seyp) and pFE simula-
tions (with elastic properties of the elements obtained with the fiber array
homogenization approach, S,rg) are shown in Tab. 5.3. The highest corre-
lation was obtained with the highest a: of 0.9 - most mineral placed outside
of the collagen fibrils (R? = 0.962), but the differences of the correlations
were statistically not significant (p=0.073 for comparison of the two extreme
cases: a=0.2 and a=0.9 using the Steiger’s formula (Steiger, 1980; Dall’Ara
et al., 2011)). The macroscopic stiffness predicted with the models is lower
than the experimental one for all of the cases.

Additional step involved comparison of the experimentally assessed struc-
ture stiffness (Seyp) with the stiffness predicted with the puFE with two-
directional indentation used for evaluation of material properties of the el-
ements. This method is commonly used and was validated before for bone
(Chevalier et al., 2007; Wolfram et al., 2010a). Results of this compari-
son are shown in Figure 5.2. The average macroscopic stiffness predicted
with the pFE simulations with microindentation in two directions is also
somewhat lower than the experimental average (see Tab. 5.3), but is highly
correlated to the experimental results of the 10 samples (R? = 0.950), see
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Figure 5.3: Comparison of stiffness obtained with microscopical tension tests
and predicted with uFE simulation with elastic properties of the elements
obtained from the fiber array model (FB input) and indentation (NI input).

Experiments - Macroscopic tensile tests | Modeling - uFE (fiber array input)

S [N/mm] (STD) S [N/mm] (STD) | « R?

3407 (1323) | 0.2 | 0.946
3496 (1356) | 0.5 |  0.957
4899 (1712) 3813 (1473) | 0.9 | 0.962

uFE (microindentation input)

3051 (1337) - 0.950

Table 5.3: Comparison of the macroscopic stiffness S with standard deviation
in brackets (STD) obtained with the tensile tests and uFE simulations with
the elements stiffness obtained with the mean filed models for a given « -
mineral distribution parameters.

Fig. 5.3.

5.5 Discussion

An attractive model of mineralized collagen fibril array proposed by Reisinger
et al. (2010) was adapted to predict the stiffness of the uniaxial mineralized
collagen fibers of MTLT and checked for relevance at micro and macrolevel.
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This model has a potential to improve our understanding of mechanical
behavior of mineralized tissues at different hierarchical levels, but was not
validated experimentally before.

Here we show that it could appropriately predict indentation stiffness of
the fibers based on their morphological parameters (mineralization, collagen
content etc.). This prediction correlates overall well with experimental mi-
croindentation results (the sum of circumferential and interstitial data points
falls approximately along the 1:1 line). This suggests that mineralization is
an overall good predictor of the stiffness for larger ranges of mineral volume
fractions (as mineralization is the strongest stiffness predictor in the model
used), but locally other factors are playing a significant role. The stiffness
trends within a morphology zone can not be properly predicted with the
current model and input parameters set (R? = 0.232 for circumferential and
R? = 0.003 for the interstitial zone). In bone, one of the factors responsible
for the lack of correlation could be the arrangement of the fibers (Spiesz
et al., 2011a), but this factor is excluded in MTLT, which shows an uniax-
ial arrangement. Also the chemistry of the collagenous phase, as well as,
the non-collagenous proteins may play a role in the variability of mechani-
cal properties of mineralized tissues. A other factor could be nanoporosity,
which is poorly assessed for both bone and MTLT.

Mineral distribution inside or outside of collagen fibrills was shown by
Reisinger et al. (2010) and Nikolov and Raabe (2008) to have influence of fib-
ril array stiffness. In this study, at microlevel the a best fitting experimental
indentation moduli (in axial direction) was 0.5 - half of the mineral inside
collagen fibers and half in the extrafibrillar matrix. As MTLT is a dynamic
tissue undergoing calcification and possibly remodelling, there would be a
distribution of the o parameter expected. Depending on the fact if the large
collagen fibers already present in the tendon are undergoing calcification, or
if there is new collagen matrix laid down and is calcifying, the distribution
of mineral may be different. It could be proposed that more mineral would
be able to penetrate inside collagen fibrils in the newly remodeled tissue,
than to the well developed fibers of the one older in tissue age.

The contribution of mineral distribution parameter to the macroscopic
stiffness of MTLT was minimal. By changing the mineralization from mostly
extrafibrillar (a = 0.2) to mostly intrafibrillar (o« = 0.9) the changes in de-
termination coefficient R? for the comparison of uFE results with the exper-
iments was negligible (p=0.073) changing from 0.946 to 0.962, respectively.
This parameter is important in micromechanical analysis of the tissue, but
other factors (mainly tissue geometry and micro- and macroporosity) have
more impact on the overall macroscopic elasticity of the tissue. Similar con-
clusions were drawn by Granke et al. (2011) from ultrasound tests of bone
at mesoscopic level.

The macroscopic stiffness S is underestimated with the uFE models with
both types of input parameters (indentation or mean-field models). This
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could be an artifact coming from the resolution of the pCT scans (12pm).
Microporosity (pores between the mineralized collagen fibers of MTLT) is
partially invisible in those scans, which enlarges the average cross-sectional
area of the samples, resulting in lower stiffness values. This problem is
excluded at the microlevel, as there the microporosity is accounted for prop-
erly.

The approach used in this study shows that the mean-field model could
be used to generate elastic properties of a material for the use in uFE simu-
lations. This could be an alternative to the indentation technique commonly
used for this purpose (Chevalier et al., 2007; Wolfram et al., 2010a).

The mean field methods were used here to model the uniaxial structure
of MTLT. Modifications of the models, that would include the orientation of
the mineralized collagen fibers, could help in understanding lamellar struc-
ture of bone and its extraordinary mechanical performance (Reisinger et al.,
2011). This type of models, after validation, are extremely valuable because
the experimental possibilities of determination of features like for exam-
ple mineral distribution between collagen fibrils and extrafibrillar matrix at
nano- and microlevels are very challenging. Here, based on the microscop-
ical response of the whole structure we could draw conclusions about the
underlying mechanisms of the tissue performance. This approach could be
used in understanding for example the tissue properties in the case of bone
metabolic diseases and possibly help improving treatments.

We believe that this study provides an unique dataset obtained from the
same specimens at different levels of structural hierarchy, that allows for
validation of models at multiple length scales.
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Chapter 6

Lamellar bone
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“Variability of Indentation Modulus in Human Lamellar Bone Cannot be
Explained by Mean Fibril Orientation and Mineral Mass Fraction.”

By Andreas G. Reisinger®, Ewa M. Spiesz*, Paul Roschger, Werner Kamin-
sky, Dieter H. Pahr and Philippe K. Zysset
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* _ the two authors contributed equally to the work of this manuscript.

6.1 Abstract

This study attempts to reveal a site-matched correlation between mineral-
ization and mean collagen orientation with indentation stiffness.

For this purpose osteons from the mid-shaft of a human femur were in-
vestigated in order to quantify the extent of mineralization (by quantitative
backscattered electron imaging), the arrangement of mineralized collagen
fibrils (by quantitative polarized light microscopy) and indentation stiffness
(by nanoindentation). A fibril array mean field homogenization model incor-
porating the measured morphological parameters was employed to predict
the indentation stiffness. The correlation between the measured and pre-
dicted indentation moduli was established.

The correlation between the measured and the predicted indentation
modulus that accounts for tissue mineralization only was surprisingly low
(r? = 0.014). Against the expectations, incorporating the information of
the out-of-plane collagen fibril angle into the model did not improve the
stiffness prediction substantially (2 = 0.026), although the improvement
was statistically significant (p = 0.007).

Other factors influencing the stiffness, like nanoporosity, chemistry of the
phases building bone structural units and others might need to be included
in order to properly understand the variability of indentation modulus.

79
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6.2 Introduction

The influence of the constituents and their arrangement in bone on the me-
chanical properties of this tissue was widely investigated in the past decades
(Fratzl and Weinkamer, 2007; Fratzl, 2008; Weiner et al., 1999; Olszta et al.,
2007). The sensitivity of some of the factors on stiffness of a uniaxial min-
eralized collagen fibril array was investigated by Reisinger et al. (2010).

The factor considered as the one mostly influencing the stiffness of this
tissue was the extent of mineralization. Unfortunately, the amount of hy-
droxyapatite - the stiffest of the phases constituting the hierarchical struc-
ture of bone - was proved to have limited influence on the stiffness (Raum
et al., 2006; Hengsberger et al., 2002a; Boivin et al., 2008; Follet et al., 2004;
Zebaze et al., 2011) as well as strength (Martin and Ishida, 1989), what re-
sulted in intensive research of other factors of possible influence. Martin and
Ishida (1989) found the collagen fibril orientation to be the most important
determinant that is supposed to follow three different alignment patterns
in osteonal bone. According to the either dark, bright or intermediate ap-
pearance of osteons in polarized light microscopy (PLM), they are expected
to own an either longitudinal, transverse or alternating collagen orientation
(Ascenzi and Bonucci, 1967, 1968). The collagenous structure appears even
more complex when considering the fibrous arrangement in a single osteonal
lamella, that is supposed to follow distinct patterns (Giraud-Guille, 1998;
Weiner et al., 1999; Wagermaier et al., 2006).

Beside mineralization and collagen orientation other governing factors for
bone stiffness were investigated: the amount and chemistry of the organic
phase (volume fraction of collagen, cross-linking patterns of the collagen
molecules, non-collagenous proteins), distribution of the mineral between
collagen fibrils and extrafibrillar matrix (Reisinger et al., 2010; Nikolov and
Raabe, 2008; Lees et al., 1994; Sasaki et al., 2002), arrangement of collage-
nous matrix (Reisinger et al., 2011; Spiesz et al., 2011a; Boyde and Riggs,
1990; Hengsberger et al., 2002a; Bromage et al., 2003; Skedros et al., 2009),
nano- and microporosity (Granke et al., 2011; Spiesz et al., 2011b) and oth-
ers.

However, the analyzed structure-function relationships were not investi-
gated on a very local, or even site-matched basis.

In this scope, the following hypothesis is stated and tested on a site-
matched basis in the study: Lamellar bone stiffness as measured by nanoin-
dentation, can be expressed by local mineral mass fraction and local collagen
orientation.

The hypothesis is tested by first individually correlating the site-matched
mineralization and collagen fibril angle with experimentally measured inden-
tation stiffness. To assess the simultaneous influence of mineralization and
collagen orientation, these two factors are used as input parameters in a
bone material model to predict a corresponding numerical indentation mod-
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uli that could be compared to the measured one.

6.3 Materials and Methods

6.3.1 Sample Preparation

Human femurs from two donors (a male of 68 and a female of 89 years old)
were dissected and kept frozen in —20° until the day of sample preparation.
The donors were free from bone related pathologies and the samples were
obtained via an informed consent. Slices of approximately 10 mm were cut
from the midshaft of the femurs using a low-speed precision diamond band
saw (Exakt Vertriebs GMBH, Norderstedt, Germany) under constant water
irrigation. Out of those two samples slices of approximately 1mm were cut
using the same machine. Four different cut angles (0°, 30°, 45°, 60° to
the shaft main axis) were introduced as shown in Fig. 6.1. Such prepared
slices were washed in a soap solution in de-ionized water for 7 minutes in an
ultrasonic bath, fallowed by a 7 minutes bath in a 2% bleach solution and
than washed under running de-ionized water (Franzoso and Zysset, 2009).
After the cleaning procedure the samples were dried in room temperature
for 12h. Parallel slices of ~ Imm thickness were glued to glass slides using
Loctite 420 glue (Henkel Loctite Adhesives Ltd, UK) and polished with a
semi-automatic polishing machine Exakt 400CS (Exakt Vertriebs GMBH,
Norderstedt, Germany) until obtaining 30 — 60um sample thickness.

6.3.2 Quantitative backscattered electron imaging (qBEI)

Quantitative backscattered electron images (¢BEI) were captured using digi-
tal scanning electron microscope with a fourquadrant semiconductor backscat-
tered electron detector (DSM 962, Zeiss), at working distance 15 mm (Roschger
et al., 1995, 1998). Probe current was adjusted to 110 + 0,4 pA and elec-
tron beam energy used was 20 keV. Images with 50x and 400x magnification
were captured resulting in a scanned area of approximately 2.0x2.5mm and
250x315um, respectively. The images served as maps allowing recogni-
tion of the zones where mineralization was assessed for subsequent indenta-
tion. Concentration of calcium (weight % calcium, ) was determined
(Roschger et al., 1998). Both meso- and visible microporosity were thresh-
olded. The inorganic phase consisting of calcium phosphate was idealized
as hydroxyapatite Cajo(POy4)g(OH),. The calcium wt.% (“»f4)) was con-
verted to hydroxyapatite mass fraction (™f4) - mass fraction of the mineral
in the fibril) using stoichiometric relationships and the assumption of no
porosity in the tissue as in Roschger et al. (1998); Manjubala et al. (2009).
The volume fraction of the mineral in the fibril array ™ ¢ accounting for
nanoporosity was calculated using an empirically obtained relationship be-

tween ™2, and the ultrastructural mass density from Fritsch and Hellmich
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Figure 6.1: Study design and sample preparation. Seven femoral bone slices
were obtained from two different donors at 4 cut angles (0°, 30°, 45°, 60°)
relative to the shaft axis. The slices were imaged by qBEI and qPLM and
then indented in three regions (OSTeonal, INTerstitial, MIXed). Light mi-
croscope images of the indented sites were taken.
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(2007).
mi,fago _ B mi,fal/} (6 1)
mifag) — A ppa '
with A = 0.59 ml/g and B = —0.75. The density of hydroxyapatite ppa is
set t0 3.16 g/cm? (de With et al., 1981). As a result, images of osteonal bone,
showing the local degree of mineralization ™ (x2,7) as volume fraction

were obtained Fig. 6.2c.

6.3.3 Quantitative polarized light microscopy (qPLM)

A non-quantitative polarized light microscopy used before by Martin and
Ishida (1989); Boyde and Riggs (1990); Bromage et al. (2003); Skedros et al.
(2009), was recently calibrated for the quantitative use on bone by Spiesz
et al. (2011a). The out-of-plane collagen arrangement angle 6 (the angle
that collagen fibrils make with the normal to the specimen surface) in a
parallel fibered mineralized turkey leg tendon (MTLT) was calibrated to
the linear birefringence of MTLT cut at variety of angles to the main axis.
The calibration curve was normalized to sample thickness and wavelength of
the probing light to enable a universally applicable quantitative assessment
(Spiesz et al., 2011a). The angle 6 for bone sections represents the average
out-of-plane collagen fibril arrangement angle. The system used consisted of
a microscope for polarized light, interference filter and broadband quarter-
wave retarder to produce incident circular polarized light, as well as an image
multiplexer (Quadview, MAG Biosystems) and a CCD camera (Kaminsky
et al., 2007; Spiesz et al., 2011a). The qPLM observations result in images
with gray-scale coded fibril angle (or collagen angle) 6(z,y) given for a pixel
Fig. 6.2d.

6.3.4 Nanoindentation

The acquired qBEI images served as maps for the selection of regions of
interest for indentation. In each sample section 5-30 qBEI images were
taken at 400x, defining the regions of interest for indentation. Indenta-
tions were performed in dried conditions using the Tribolndenter, Hysitron,
USA. A Berkovich indenter was used and measurements were conducted in
a displacement control until 500nm depth using a loading/unloading rate
of 40nm/s and holding time of 30sec. Patterns of 33 indents were placed
within the regions of interest Fig. 6.2a. The pattern size was approximately
60x60 pm.

Three types of regions of interest were defined: (ost)eonal - within an
osteon, (int)erstitial - in the interstitial tissue, (mix)ed - partially within an
osteon and partially within the interstitial tissue, as shown in Fig. 6.1b.

The patterns were scanned with the Berkovich tip after indentation in
the scanning probe microscopy mode of the TriboIndenter (Hysitron, USA)
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Figure 6.2: Site-matched image analysis. (a) 57 indent patterns are dis-
tributed on osteons (ost), the interstitial zones (int) and in not clearly iden-
tifiable regions (mix). (b) The position (x;,y;) of each indent i is assessed
by light microscope images. (c¢) Calibrated qBEI images of the indentation
zone, displaying the tissue mineral volume fraction ™ (z, y), are registered
to the light microscope images. The average ™ in the indent-surface in-
teraction zone I'; is used to model the local bone tissue stiffness tensor E;.
(d) Calibrated gPLM images of the indentation zone, displaying the local
fibril angle 6(z, y) relative to the sample surface normal, are registered to the
gBEI- and light microscope images. The average fibril angle in the indent-
surface interaction zone I'; is used to model an appropriately oriented indent
into the material E; yielding Eind’i.
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in order to detect any abnormalities in the surface nearby the indents or
problems with surface detection resulting in a corrupt indent size. Addi-
tionally, each pattern was imaged with light microscopy in order to match
the indentation sites with the sites where mineralization and collagen ar-
rangement were measured.

The following 2-step indent filtering procedure was applied in order to
remove the corrupt indents:

1. Indents that could not be clearly identified on surface images or that
were placed in or nearby pores or cracks were excluded.

2. Indents, which load-displacement curve contained irregularities from
the regular shape were removed manually.

6.3.5 Site-matched assessment of Ei,4,™"%y and ¢

To allow a site-matched assessment of measured indentation modulus FEj,q,
degree of mineralization ™y and fibril orientation 6, the obtained light
microscopy images, qBEI images and qPLM images were registered Fig. 6.2.
For an indentation modulus Ej,q ; at position (z;, y;) on the light microscope
image, a corresponding mineral volume fraction ™, and fibril orientation
angle #; can then be extracted from the images via

ming =L [weppar o= oy @2)
ln]‘_‘Z

wi = A
I

The field data ™2y (z,y) and 0(z,y) are averaged on a circular area I';
with the radius iy, centered at the respective indent location (z;,y;) Fig.
6.2cd. This circle represents the interaction zone between indenter tip and
sample surface and holds a diameter of seven times the indentation depth
2rin = 7x500nm = 3500nm (Hengsberger et al., 2002b). Its area is therefore
A = r?nw.

6.3.6 The modeled indentation modulus Eind

For each measured indentation modulus Ej,q;, a corresponding virtual in-
dentation modulus Eind’i is now estimated that is based on the local mineral
volume fraction ™-fap; and fibril angle 6;. This is achieved by the following
two-step procedure.

Fibril-array model

First, the local degree of mineralization ™"f; is used in a micromechanical

material model of the fibril-array to calculate the stiffness tensor E; of the
local bone matter Fig. 6.2c.
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Table 6.1: Set of input parameters for the fibril-array model of Reisinger
et al. (2010).

Input parameter Value Reference

Collagen Young’s modulus 5 GPa Cusack and Miller (1979)
Collagen Poisson ratio 0.3 -

Mineral Young’s modulus 110.5 GPa  Yao et al. (2007)

Mineral Poisson ratio 0.28 Yao et al. (2007)

Mineral platelet aspect ratio in fibril 14 Akkus (2005)

Void aspect ratio in extra-fibrillar matrix 1 -

Fibril aspect ratio in fibril-array 100 -

Fibril volume fraction in fibril-array 0.53 Fritsch and Hellmich (2007)
Mineral quota of total mineral in fibril 0.25 Lees et al. (1994)

When modeling the tissue elastic properties at an individual indentation
location, the model has to reflect the bone microstructure at the lengthscale
of the indentation influence zone I';. The zone’s diameter of 2 x ry;, = 3.5um
is around half the width of an average osteonal lamella in human bone which
is approximately 5-7um (Rho et al., 1998). On this sublamellar lengthscale,
the fibril organization is assumed to be rather unidirectional, array-like.
Parallel mineralized collagen fibrils are embedded in a mineralized extra-
fibrillar matrix (Lees et al., 1994).

In this context, the multiscale micromechanical fibril-array model of
Reisinger et al. (2010) may be used. It applies mean field methods to model
mineralized fibrils, the extra-fibrillar matrix and the resulting fibril-array
Fig. 6.3. The transverse isotropic elastic properties of the fibril-array are
computed as a function of degree of mineralization, mineral distribution be-
tween fibrils and extra-fibrillar matrix, collagen stiffness and fibril volume
fraction.

In this work, all input parameters except the degree of mineralization are
set to constant values listed in Tab. 6.1 that are supposed to conform average
human lamellar bone. The local transverse isotropic stiffness tensor E; of
the bone tissue within the deformed zone of an indent ¢ is then calculated
as a function of local mineralization ™, only.

E; = f(") (6.3)

Virtual indentation

In a second step, the indentation modulus Eind,i for a virtual indent into
the modeled material is estimated using the theory of Swadener and Pharr
(2001). The appropriate direction for this virtual indent is defined by 6;,
the angle between the fibril- and the experimental indentation direction Fig.
6.2d.
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Figure 6.3: Mean field model representations of bone micro- and nanostruc-
tures and multiscale workflow: (a) fibril structure is modeled as a composite
with prolate isotropic mineral spheroids unidirectionally embedded in an
isotropic collagenmatrix; (b) extra-fibrillar mineral-protein network is mod-
eled as a mineral foam with spherical voids; (¢) fibril-array is built of highly
elongated prolate spheroids of fibril material, embedded in extra-fibrillar
matrix material; (d) output is the transverse isotropic stiffness tensor of the
fibril-array

0
Eind,i = Sw(r;,E;) with r; = | sin(6;) (6.4)
cos(6;)

with Sw being a function returning the indentation modulus of a virtual
indent into a material E; in arbitrary direction defined by the vector r
described in the material coordinate system.

An indentation modulus E’fnfioi that neglects the influence of the fibril
orientation and that is just based on the local mineralization is gained by
holding 6; constant at 0° (indentation in the axial direction of the fibrils).
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6.3.7 Statistics

Fifty-seven indentation patterns, each with up to 33 valid indents were dis-
tributed on several samples. For further evaluation, the means of the n valid
indentation modules, mineralization and fibril angle values of each indenta-
tion pattern are calculated Fig. 6.2a. Each indentation pattern holds then
a single value of Ejpq, Find, Ef’nfio, mifaz g,

The correlation between the measured and the modeled indentation mod-
ules was determined by calculating the squared Pearson product-moment
correlation coefficient r2 of a linear dependence.

To investigate any significant differences of the measured indentation
modulus, mineralization and fibril angle among the 2 donors, 4 cut angles or
3 morphological regions, a two-sided multifactor univariate variance analysis
(ANOVA) is performed (Crawley, 2007).

6.4 Results

6.4.1 gBEI results

For 1707 measurement sites I';, the local mineral volume fraction ™fp; was

evaluated. The distribution of the results can be seen in Fig. 6.4a. The mean
value was 0.37+0.03 with a minimum of 0.32 and a maximum of 0.47. In
terms of calcium weight fraction, the mean value was Ca’falbmean = 0.2540.02.

6.4.2 qPLM results

At the same sites, the local fibril- or collagen angle 6; relative to the sample
surface was measured. The overall mean of 1701 values was 38.96° £ 16.0°
with angles between 0° and 77°. From this amount, 883 measurements
were obtained from samples that were cut at 0° and contained therefore
transversely sectioned osteons. The mean 6 of this sub-population was
33.6° + 15.6° with a range of 0° to 73.3°. The histogram of this sub-
population is shown in Fig. 6.4b.

6.4.3 Indentation and model results

After applying the filter procedure described in section (sec. 6.3.4), 1707
out of the originally 1881 indents were considered valid. The indentation
modulus as a function of mineralization and the average collagen out-of-
plane angle are shown in Fig. 6.5 and 6.6.

The obtained indentation moduli were averaged according to the pro-
cedure in (sec. 6.3.7), yielding a single value Ei,q for each of the 57 in-
dentation patterns. The same was performed for the local mineral vol-
ume fractions and fibril angles as well as the modeled indentation moduli
resulting in 57 corresponding values (™fa@, 0, Find, EGZO). The overall

in
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Figure 6.4: (a) Histogram of the measured local mineral volume fraction
mifag, (n=1707). (b) Histogram of the measured local fibril- or collagen
angle 0; relative to the sample surface for the samples that were cut at 0°
to the femoral shaft (n==883).

means of this result variables are presented in Tab. 6.2. The means of the
measured Fi,q and the modeled indentation modules Eind, 22.6+4.02 GPa
vs. 23.242.6 GPa, respectively were not significantly different with p=0.9
(Wilcoxon test), p=0.42 (paired t-test). The modeled indentation module
with a fixed fibril angle at # = 0° is higher at 26.5+2.05 GPa as this indent
is aligned parallel to the stiff fibril direction.

6.4.4 Correlation

Four correlation analyses were performed between the measured indentation
modules Finq and their modeled counterparts Find, Efnfio, the mineralization
mifas and the fibril angle # Tab. 6.2. The squared correlation coefficients
r? were weak (<0.03), indicating no correlation between the variable pairs.

However, the correlation between the indentation measurements and the
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Var 1 Mean | Var 2 Mean || * value
Eina  22.5744.02 GPa | ™Pg 0.37+0.02 0.016
Eina  22.5744.02 GPa | 0 38.96°+12.03 0.026

Fma  22.5744.02 GPa | E'=°  26.5342.05 GPa || 0.014

Eina  22.57+4.02 GPa | FEina  23.23£2.55 GPa 0.026

Table 6.2: Squared Pearson correlation coefficient r2 for the dependency
of the measured indentation modules Fj,q on: (1) the modeled indentation
modulus Eipg including the local fibril orientation; (2) the modeled indenta-

tion modulus Ei@nfio disregarding the fibril orientation; (3) the mineralization
mi,fa <.

@; (4) the fibril angle §. Additionally the respective means and standard
deviations are listed.

model predictions increases from r? =0.014 to 0.026 when accounting for the
local fibril orientation in the model. This increase in correlation is indeed
significant with p = 0.007, as tested via a Wilcoxon rank test (corresponds
to a paired t-test for not normally distributed samples).

Fig. 6.7 shows the comparison of Ej,q and E’ind with a differentiation of
the regions and cut angles. In none of the different regions or cut angles a
clear correlation can be identified.

6.4.5 ANOVA results

Three two-way ANOVA analyses were executed with the cut angle and re-
gions as factors and Ei,q, ™3 and 6 as response variables Tab. 6.3. Pre-
liminary three-way ANOVA analyses identified the donor as non-significant
factor. Thus the donor was not included as factor in the final statistics
and two-way analyses were performed. Moreover, response values obtained
from the mized regions were excluded so that just the osteonal and intersti-
tial values remained. In that way, statistical differences between these two
regions could be examined more clearly.

The requirements on the data are fulfilled: the variances in the groups
are similar, the response values are approximately normally distributed and
independent. Only the ANOVA with the factor Ei,q has groups with signifi-
cantly different variances. Therefore this specific result has to be interpreted
with care. The level of significance is set to o = 0.05.

As seen in Tab. 6.3, the measured indentation modulus FEj,q shows a
slightly significant difference with the cut angle.

A post-hoc Tukey test reveals the differences to occur between the 0°
and 45° as well as between the 0° and 60° cut angles. As expected, the
fibril angle @ is significantly different among the cut angles (p = 0.0068).
Surprisingly, the mineralization ™" is also significantly different between
the different cut angles (p = 6.08¢ — 06).
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Figure 6.7: Correlation between the measured indentation modulus Fiyq and
the prediction Fing, that is based on the local tissue mineralization as well as
on the local fibril orientation. The symbols indicate different regions where
the indent patterns were placed. The colors display the angles at which the
femoral samples were cut. The errorbars indicate the intra-pattern standard
deviations of Finq. The intra-pattern standard deviation of the predicted
indentation moduli E’ind was 3.17 GPa.

In neither ANOVA any significant coupling between the cut angles and
the regions were found.

6.5 Discussion

This work involved testing the hypothesis that lamellar bone stiffness as
measured by nanoindentation, can be expressed by local mineral mass frac-
tion and local collagen orientation. Multiple experimental as well as nu-
merical means were utilized in this study. Before approving or rejecting the
hypothesis, the absolute measurement results are discussed.

The average measured mineral volume fraction of 0.37+0.03 of the tested
samples is slightly lower than the average in the literature. In Roschger et al.
(2003) the normally mineralized bone showed a mineral volume fraction of
about 0.43, similar to the results obtained by Ruffoni et al. (2007) with a
mineral volume fraction of 0.45.

As the mineralization was shown not to be the absolute predictor of tissue
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Response: Eing | Df Sum Sq  Mean Sq  F value p value

cut angle | 3 161.6 53.9 3.02 0.044*
region | 1 0.11 0.1 0.0064 0.93
cut angle<—sregion | 2 21.5 10.7 0.60 0.55
residuals | 32 570.8 17.8
Response: ™™ | Df Sum Sq Mean Sq F value  p value

cut angle | 3 0.0088 0.0029 13.79 6.08e-06*
region | 1 0.0025 0.0025 11.90 0.0016*
cut angle—region | 2 0.00039 0.0002 0.93 0.41
residuals | 32 0.0068 0.00021

Response: § | Df Sum Sq Mean Sq F value p value

cut angle | 3 0.48 0.16 4.86 0.0068*
region | 1  0.00068  0.00067 0.021 0.89
cut angle<region | 2 0.037 0.018 0.56 0.58
residuals | 32 1.05 0.033

Table 6.3: ANOVA results for Eiyq, ™% and  depending on the cut
angle (groups: 0°, 30°, 45°, 60°) and region (groups: osteonal, interstitial).
Abbreviations: Degree of Freedoms (Df), Sum of Squares (Sum Sq), Mean
Squares (Mean Sq). Significant relations are marked by a *, according to a
level of significance of o = 0.05

stiffness (especially for local trends), some work was done on evaluation of
the effects of the average arrangement of the mineralized collagen fibrils
on the stiffness (Ramasamy and Akkus, 2007; Bakbak et al., 2011). The
average out-of-plane collagen angle § measured in this study (on the 0° cut
samples) was 33.6° £+ 15.6°, which is in agreement with the literature. An
acoustic microscopy study performed by Turner et al. (1995) showed the
principle direction of collagen averaged over an approximately 60um thick
bone sections to be about 30°. Similar average arrangement of the fibrils
was indirectly measured by Wagermaier et al. (2006) with a micro-beam
x-ray diffraction method, with the difference that the arrangement of the
mineral crystallites, not collagen fibrils, was measured. This result can be
compared to the present study with the assumption that the mineral follows
the collagenous matrix in the average arrangement. This is likely the case
for the mineral placed within the collagenous fibrils, but the arrangement of
the hydroxyapatite crystallites may be more random within the extrafibrillar
spaces.

When looking on the distribution of # measured on the 0°-samples in Fig.
6.4b it is striking that some few values reach 73° but no transversely oriented
fibrils at ~ 90° were observed at this resolution. This fact is not in line with
the investigations of Ascenzi and Bonucci (1967, 1968) who proposed a class
of transverse osteons with a main fibril orientation of 6 = 90°. However the
f-distribution of the current study is consistent with the investigations of
Ascenzi et al. (2003) who reported two classes of osteons - a dark class with
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a mainly axial fibril alignment and a bright class containing mainly fibrils
aligned at ~ 45°.

In (Reisinger et al., 2011) the average fibril angle relative to the osteon
axis, as evaluated by nanoindentation was reported to be around 10° - a
value that was measured only at a few spots in the current study.

The average indentation modulus FEi,q measured here was 22.6+4.02
GPa, which can be considered within the range of moduli measured by
nanoindentation with similar final indentation depth seen in the literature.
Franzoso and Zysset (2009) measured the average of 22.31+2.16 GPa with
nanoindentation of osteons extracted from similar physiological location.
Reisinger et al. (2011) measured 20.5 - 27.6 GPa, depending on the angu-
lar cut of an osteon (from transverse to axial direction of indentation with
respect to the osteon main axis). Lower indentation moduli were measured
with microindentation to final indentation depth of 2.5 pm by Wolfram et al.
(2010a,b) ranging in indentation moduli 10.65+0.16GPa till 15.00+£0.14GPa
depending on the origin and direction in which the trabecular bone was in-
dented. A certain indentation depth effect - a decrease of the measured
indentation modulus with increasing indentation sampling volume, was ob-
served in a variety of materials, also mineralized tissues (Swadener and
Pharr, 2001; Zhang et al., 2008; Voyiadjis and Peters, 2010).

~ The average indentation modulus estimated with the fibril array model
(Eing = 23.242.6 GPa) was not significantly different from the measured
values (p=0.9), which suggests that the level of lamellar bone stiffness is
predicted.

The correlation of mineralization to the measured indentation stiffness
was weak with 2 = 0.016, see Tab. 6.2, even weaker than the ones previ-
ously shown in the literature (Raum et al., 2006; Boivin et al., 2008; Follet
et al., 2004; Zebaze et al., 2011). Hengsberger et al. (2002a) reported a
r? of 0.42 for a 86 year old donor and, interestingly, a 72 of 0.0 for a 30
year old donor suggesting an age dependence. Some encouraging results on
the dependence of tissue mechanical properties on the collagen phase ar-
rangement were presented (Ramasamy and Akkus, 2007), mixed with some
discouraging ones (Bakbak et al., 2011).

Unfortunately, the expected improvement of correlation after consider-
ing the collagen arrangement was not very strong with r2 increasing from
0.014 to 0.026. However the increase was statistically significant (p = 0.007).
This suggests that there are other factors influencing the local tissue stiff-
ness fluctuation. The hypothesis that lamellar bone stiffness, measured by
nanoindentation, can be expressed by local mineral mass fraction and local
collagen orientation, was rejected. Possible limitations that may influence
the obtained correlation are now to be discussed.

In the present study, a part of the fibril-array model input parameters
were kept constant during the analysis. In an auxiliary test, it was investi-
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gated, if reasonable changes in the input parameters of Tab. 6.1 are able to
explain the high variability of the measured indentation modulus for a spe-
cific mineralization. The highest span was observed at ™o = 0.34, where
indentation modules Fi,q between 10GPa and 35GPa were measured (differ-
ence of 25GPa). In the course of this check, the more argueable parameters,
the mineral quota of total mineral in the fibrils and the fibril volume fraction
in the fibril-array, were both varied between 0.25 and 0.75. The fibril orien-
tation angle # was varied between 0° and 90°. The variation was performed
randomly using a Monte Carlo method. The resulting predicted indentation
modulus Fi,q ranged from 5GPa to 21GPa (difference of 16GPa), indicat-
ing, that the high local fluctuation of measured stiffness cannot be explained
satisfactory by neither of the three investigated parameters.

An other reason for the low correlation might be the fact that the method
of mineral content evaluation used here is non volumetric. The used qBEI
technique correlates the mass fraction of calcium to the gray scale of the
image acquired with the secondary electron imaging (Roschger et al., 1998).
Depending on the architecture of the tissue and its porosity, possibly differ-
ent volumes are tested pixel by pixel. If the nanoporosity (not resolved by
the technique) varies within an image, this introduces errors in the mineral
volume fraction estimation which are than transmitted to computation of
the mechanical properties.

Besides the mineral quantification issues, undefined nanoporosity can
influence the nanoindentation measurements. Pores in the indent-surface
interaction zone soften the structure and lead to lower indentation modules.
A site-mateched nanoporosity evaluation technique would be needed in order
to overcome this problem.

In a study by Hengsberger et al. (2002a), samples from an elderly donor
show a significantly lower indentation modulus than younger tissue. This
fact might also be attributed to local microdamage concentrations that in-
crease the variability of the measured stiffness values (Dall’Ara et al., 2010b).
The donors in the present study were also quite elderly, so the used samples
are prone to own inherent damage.

As gBEI and nanoindentation operate on the tissue surface, the surface
related alterations due to the tissue preparation have to be considered. As
shown in (Roschger et al., 1993), repeated wetting and drying introduces
ultracracks in the tissue. This increase of porosity might lead also to local
softening.

As shown in the ANOVA-analyses in Tab. 6.3, the fibril angle and the
measured indentation modulus depend significantly on the angle of the sam-
ple surface relative to the femoral shaft, as expected. This fits to several
other studies in which nanoindentation was performed in multiple directions,
(Reisinger et al., 2011; Franzoso and Zysset, 2009; Fan et al., 2002; Ziv et al.,
1996), and in which the osteonal fibril orientation was investigated (Weiner
et al., 1997, 1999; Wagermaier et al., 2006; Ascenzi et al., 2003). The unfore-
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seen dependence of the mineralization on the cut angle (p=6.08e-06) cannot
be explained, though.

The significant difference in mineralization between the osteonal and in-
terstitial regions (p=0.0016) is attributed to the local age of the tissue. In
the ongoing mineralization process, the younger osteons are lower mineral-
ized compared to the older interstitial regions (Boivin and Meunier, 2002).

The out-of-plane collagen angle evaluated here is an average over the
specimen thickness (approximately 30 — 60um). This means that possibly
different lamellae or also osteons are averaged, depending on the sample cut.
In contrast, the indentation moduli describe the stiffness of the top surface of
a sample (depth of approximately 500nm). So the discrepancies between the
measured and predicted indentation moduli may be coming from variability
of stiffness within the 30 — 60um sample thickness. Additionally, a periodic
variation of the stiffness and/or collagen orientation between the adjacent
lamellae might be contributing to the low correlations observed.

The uniaxial structure considered in the model could be seen as another
limitation, as the material within a single lamella may not be uniaxially
oriented and also the indentation deformation zones may fall in between of
the lamellae. Although in some models like for example the one by Weiner
et al. (1999) a lamella is formed by 5 layers of sublamellae of which each
is an uniaxially oriented structure and a certain rotation angle between the
sublamellae was measured. Approximately 80% of the lamella showed the
out-of-plane collagen angle within 0° and 30°, which on average could be
compared to the model presented here.

6.6 Conclusion

In this study, a method for a site-matched relation of the indentation mod-
ulus of bone to its local mineralization and fibril orientation is proposed.
Results show that the variation of indentation modulus of human lamellar
bone can not be explained by mineralization and orientation only, which
points towards other factors such as nanoporosity or microdamage that are
of possible influence. Beside this, there was no evidence for the class of
transverse osteons in the obtained fibril angle distribution.
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Chapter 7

Conclusions

7.1 Summary of original contributions

Two zones of morphology in MTLT

In this thesis, a special focus was on mineralized turkey leg tendon, as this
uniaxial tissue was used as a simplified structural model of mineralized col-
lagen fibers. The tissue was widely studied as a model for collagen mineral-
ization (Landis et al., 1996; Silver et al., 2001, 2000), as well as a mechanical
model of the fibers (Gupta et al., 2004). Tendons of younger animals (age
below 24 weeks) showed separated unmineralized and mineralized fibers (or
fiber bundles) as visualized with quantitative electron microscopy (qBEI).
In the course of this thesis, two different types of morphology of MTLT
were noted and described (details in Chapter 2). One of the zones, called
the circumferential zone, showed smaller fiber diameters and more dense
fiber packing. The other - the interstitial one, showed more sparse fibers
packing, implying more microporosity. Mineralization, fraction of organic
phase and microporosity were different for the two zones. The mean field
homogenization models proved to be useful in predicting the stiffness in
the two phases based on their morphological features. The distribution of
the mineral between the collagen fibrils and extrafibrillar matrix predicted
with this model is different for the two zones, as well. According to these
predictions, more mineral is placed within the fibrils in the circumferential
zone: 55-90%. In the interstitial zone, a fraction below 55% is predicted.

Quantification of the extent of elastic anisotropy in MTLT

Much indentation (both nano- and microindentation) work has been done on
mineralized tissues so far (Hengsberger et al., 2002b; Oyen, 2006; Ebenstein
and Pruitt, 2006; Donnelly et al., 2006; Lewis and Nyman, 2008; Franzoso
and Zysset, 2009; Wolfram et al., 2010a; Zhang et al., 2010; Reisinger et al.,
2011) and it has become a state of the art technique in evaluation of elastic

97



CHAPTER 7. CONCLUSIONS 98

properties of these materials. Some works addressed the degree of elastic
anisotropy of bone (Wolfram et al., 2010a; Reisinger et al., 2011). The ar-
rangement of mineralized collagen fibers in bone is known to be complex
and there is still some dispute of the details of this arrangement. One of
the things agreed for is that bone is built up by mineralized collagen fibers.
Those are also present in MTLT, with the advantage of the uniaxial arrange-
ment. In the course of this thesis the degree of anisotropy of such fibers was
quantified in dried and re-hydrated conditions, ranging the maximal degree
of anisotropy among the mineralized tissues (1.60-2.10 in dried and 4.20-
4.50 in re-hydrated state). This could be expected based on the uniaxial
arrangement of the fibers in MTLT.

Transverse swelling of MTLT An important issue has to be emphasized
that was noted during the quantification of the elastic anisotropy extent
in MTLT. The sample surfaces preparation (two-orthogonal surfaces of a
sample) involves sample cutting and polishing. This may introduce artifacts,
as the fibers are embedded fresh (without dehydration and infiltration with
the embedding resin). The free fibers, no more constrained in one of the
directions (normal to the cut surface) may swell when subjected to diffusion
of water. The microindentation experiments presented in this work were
performed in dried and also re-hydrated conditions. An intensive sample
swelling was noted in the transverse direction of indentation (the case of the
longitudinal fibers laying in the plane of sample surface). The indentation
results in this directions are likely underestimated due to sample surface
detection problems during the indentation experiments and also the volume
fraction of the swollen sample tested, which is likely much lower than the
one tested in the dried state.

Factors determining macroscopic elastic properties of MTLT

A study validating macroscopic tensile testing of MTLT samples and uFE
modeling of the same loading case was conducted (see Chapter 5). Differ-
ent methods of obtaining the elastic properties of MTLT assigned to the
elements were used. Nevertheless, the major factor influencing the macro-
scopic response of MTLT was porosity, explaining over 90% of the variability
between the samples.

Calibration of quantitative polarized light microscopy

The polarized light technique, used before for assessment of the organization
of collagen fibers in mineralized tissues in a non-quantitative way (Boyde and
Riggs, 1990; Martin et al., 1996; Kalmey and Lovejoy, 2002; Goldman et al.,
2003; Ramasamy and Akkus, 2007) was brought to a level of a quantitative
technique in the frame of this thesis. A calibration on the uniaxial mineral-
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ized tendon samples cut at a variety of angles allowed for formulation of a
calibration equation relating the phase factor (dependent on birefringence)
to the fiber out-of-plane angle. This relationship was applied to evaluation
of average collagen arrangement in osteonal bone thin sections, see Chapter
3. The system used in the technique does not require any complicated set-up
and has therefore the potential of becoming a accessible tool of quantification
of collagen arrangement in mineralized tissues.

Site-matched qBEI, qPLM, NI, modeling of mineralized collagen
fibers

A site matched assessment of mineralization, collagen arrangement and in-
dentation stiffness measured experimentally and predicted with a mean field
homogenization model was performed on osteons from human mid-shaft. An
attempt of combining those in order to understand the structure-function
relationships in bone was not performed before.

7.2 General discussion

MTLT as a model for bone: pro & contra

MTLT was used throughout the study, as a model of mineralized collagen
fibers, also present in bone. No specific claims stating that MTLT is a
proper model for bone tissue were made. Nevertheless the tissue was used
as a simple mineralized tissue on which some procedures can be validated
(as for example the calibration of quantitative polarized light microscopy).
Considering the advantages of MTLT as a model of mineralized collagen
fibers we have to stress the similarity of the overall composition being min-
eral, collagen type I and water (pores). Of course the minor constituents of
the two tissues and their relative fractions may differ strongly. For example
some of the non-collagenous proteins (eg. proteoglycans) may be different.
Additionally the collagen cross-linking patterns may be different, between
bone and MTLT, as well as between the two phases of morphology in MTLT.

The main advantage of MTLT over bone is its simple uniaxial arrange-
ment of the fibers. The arrangement of the fibers in bone is much more
complex, and not fully understood. In this sense MTLT is a good mechani-
cal model for testing different hypothesis and validation of models (eg. FE
models), with one less factor influencing for example stiffness (no orientation
effects need to be taken into account).

The fibrillar structure of MTLT is likely very similar to this of bone. The
tripe-helical collagen molecules are assembled in a similar manner (Freeman
and Silver, 2004; Knott et al., 1997), stabilized by cross-links and later
infiltrated to some extent by mineral platelets and also embedded in the
extrafibrillar mineral. Actually many of the works describing the relation-
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ships of mineral and collagen in the fibrils were done on MTLT and than
the results were used in interpretation of the situation in bone tissue (Lees
et al., 1994).

An additional aspect is the mineralization pattern which is likely dif-
ferent in bone and MTLT. Especially the interstitial zone of MTLT, where
the already existing large collagen fibers are being mineralized with time.
It is likely that less mineral can penetrate into the fibrillar structures and
possibly higher fraction of extrafibrillar mineralization is accumulated there.
In bone the mineralization process begins directly after the new collagenous
matrix is laid down. This could result in a higher fraction of mineral inter-
penetrating the fibrils. The fact of the circumferential zone being a result of
modeling (remodeling) of the tissue was suggested in Chapter 2. This fact
needs to be verified using biochemical/histochemical evidence showing cell
or fluorochrome labels depicting sequential timepoints.

As widely discussed throughout this thesis, the mineral distribution pa-
rameter may be different in MTLT as compared to bone. An interesting fact
noticed during the ashing experiments may be mentioned here. Six MTLT
samples were ashed in the course of the study in order to quantify the frac-
tion of organic matter. Interestingly, the samples after ashing (without the
organics content) sustained their integrity, could be handled, preserved their
shape and volume. This is not the case in bone samples, which tend to disin-
tegrate after ashing. As the approximate composition of the two examples is
similar, it is likely that the arrangement of the phases is responsible for this
behavior. MTLT with its uniaxial fibers arrangement would be expected
to be less integrated than for example lamellar bone, where the fibers are
oriented in multiple directions. It is nevertheless MTLT that keeps the in-
tegrity. The reason may be one level of the hierarchy lower - at the level
of mineralized fibrils. The structure is likely more stable to ashing if more
mineral is outside of the fibrils, creating a sort of a porous scaffold of the
extrafibrillar mineral in which the (intrafibrilar) mineralized collagen fibrils
are placed. This would suggest also that more mineral is placed within the
collagen fibrils in bone than in MTLT.

Also another sample preparation artifact suggested a morphological fea-
ture in MTLT, namely the “tearing” artifacts present in microtoming of thin
sections of longitudinal samples of MTLT (see Fig. 2.2 e, f). This type of
preparation of undecalcified tissue is challenging for bone and no completely
non-torn sections could be achieved in MTLT. This suggests that the bind-
ing of the fibers in this tissue is weaker than in bone. Here, also the fiber
arrangement may be a factor.

Anisotropy of MTLT vs bone

The hypothesis of the indentation part of this study was that the elastic
anisotropy ratio in MTLT is the highest among mineralized tissues. This
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hypothesis was proved with nano- and microindentation performed in dried
and re-hydrated conditions. The average elastic anisotropy ratio measured
in dried case of microindentation ranged from 1.99-2.10 depending on the
morphological zone. This is much higher than was measured on trabecular
bone of vertebral bodies by Wolfram et al. (2010a), which resulted in average
of 1.43. This could be explained with the uniaxial arrangement of the miner-
alized collagen fibers in MTLT. The indentations were performed only in two
orthogonal planes - axial and transverse to the tendon’s main axis, so the
unlikely possibility of having the stiffest direction at an angle between the
two might have been overlooked. This was the case for bone samples, which
elastic anisotropy was studied with acoustic microscopy (Hasegawa et al.,
1994) in two directions. The conclusion of little directionality of collagenous
matrix was then rejected in a similar acoustic microscopy study, in which the
bone samples were cut at 10° increments between the axial and transverse
direction Turner et al. (1995). A similar study performed on angular cuts
of the two zones of MTLT: intact, demineralized and decollagenized could
provide some interesting structural information, as for example the direc-
tionality of mineral in the two zones based on its elastic anisotropy. This
could verify our findings of the mean field homogenization model about the
fraction of mineral placed within or outside of the fibrils, assuming higher
degree of organization of the mineral penetrating the fibrils, as compared to
the extrafibrillar one.

Indentation - limitations

Nano- and microindentation techniques were the ones chosen for evalua-
tion of elastic properties at the microscale for this thesis. The techniques
were validated and widely used for mineralized tissues, as described in 1.3.1.
Nevertheless, there are some limitations of the technique.

One of the technique’s limitations is the depth trend - increasing mea-
sured indentation modulus value with decreasing final indentation depth.
This effect is partially understood in bulk microcrystalline or single-crystal
materials, where two types of indentation size effects were noted (Gould-
stone et al., 2007). The first one is observed for indentations lead till the
final depth maximum of 400nm and is manifested with a step (or a “pop-
in”) in the loading curve. Interestingly, this phenomena occurs at a load
that corresponds to theoretical shear strength of the specimen (Gouldstone
et al., 2007). The other effect occurs at indentation depths higher than
400nm and is manifested with continuous decrease of modulus with increas-
ing indentation depth. This issue is not yet resolved quantitatively, even
though some modeling attempts were done (Begley and Hutchinson, 1998;
Shu and Fleck, 1998). Some phenomenological explanation of this effect by
relating the final indentation depth to the dislocations spacing in metals,
were given (Voyiadjis and Peters, 2010). The effect was noticed also in het-
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erogeneous materials, including mineralized tissues (Zhang et al., 2008) and
is likely caused by damage accumulation under the indenter’s tip, which is
higher for larger indentation depths.

Mineral quantification - limitations

Mineralization of a tissue is one of the main factors determining its stiffness
(Reisinger et al., 2010). Among the techniques applied in quantification of
mineral content of bones, the most popular are quantitative backscattered
electron imaging (qBEI, see Section 6.3.2), (micro) computed tomography
and microradiography. The advantage of the two last methods is that they
provide volumetric information of the mineral fraction. qBEI provides high
resolution of the mineralization content, but in terms of the mass fraction.
Transformation of the calcium (recalculated using stoichiometric relation-
ships to mineral) weight fractions to the volume fractions is somewhat trou-
blesome. Porosity (nano- and microporosity) non resolved by the technique
is included in the resulting mineral values, which has no impact on mass frac-
tion, but does have an impact on volume fraction. To overcome this problem
a direct site-matched assessment of nanoporosity would be required. In the
literature, the mass fractions are often cited in comparative studies, where
this issue is not critical. Quantification of mineral volume fraction becomes
an important issue in modeling of the fibers at lower lengthscales. A possible
solution of the issue for MTLT samples was suggested in Chapter 2. A high
resolution volumetric method would be needed in order to provide quantita-
tive information, in this sense, microradiography is suitable, but the sample
preparation and the accessibility of the technique are the limitations.

Collagen arrangement quantification - limitations

The quantitative polarized light microscopy (qPLM) technique was devel-
oped in the course of this thesis and calibrated for the universal quantitative
use in assessment of the average out-of-plane collagen angle (see Chapter 3).
The limitation in the use of the technique is the fact that the information
about the collagen arrangement is averaged over the sample thickness, typi-
cally 30 - 60pm. In lamellar bone this may mean that the angle is averaged
over more than one lamellae or even more osteons, depending on the sample
cut and the variability of organization at the site. This information may not
be sufficient to understand the arrangement of the fibers in mineralized tis-
sues with a high resolution. The solution could be development of protocols
resulting in thinner bone slices, which could be obtained with for example
microtoming technique. Nevertheless, the in-plane resolution is also lim-
ited to about 1 micron, which is comparable to a sublamellae thickness, so
the variation of the collagen orientation within a lamella might be resolved
properly. Additionally, this technique should be confronted with another
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one, for example Raman spectroscopy for cross-calibration.

Bone structure-function relationships: other factors

In Chapter 6 the hypothesis that the indentation stiffness of lamellar bone
can be locally predicted with the mineralization and collagen fibers arrange-
ment was tested. The correlation between the measured indentation stiffness
and the one predicted with these morphological parameters used in the mean
field model was low, indicating that there are other factors that are impor-
tant in determination of stiffness like nanoporosity, collagen cross-linking
patterns, non-collagenous proteins and others.

The limitations mentioned above may also contribute to increase the de-
viation of the parameters predicted (mineralization, collagen arrangement)
with the error being transferred to the mean field model used for the stiffness
prediction.

7.3 Outlook

In the scope of this thesis, the structure-function relationships in mineral-
ized tissues were accessed using experimental and computational methods.
Some interesting results helping understand the performance of mineralized
tissues were obtained, but were limited to the elasticity. Future work should
include the post-yield properties of mineralized tissues in correlation with
their morphological characteristics.

Additionally, there are a few points that could be investigated in order
to confirm (or reject) the hypothesis stated in this thesis, as:

e Obtaining biochemical /histochemical evidence showing cells involved
in (re)modeling of MTLT or fluorochrome labels showing sequential
timepoints.

e Increasing the z-direction resolution of the quantitative polarized light
microscopy technique by development of a protocol for producing thin
(~10um) embedded sections of bone, in order to quantify the extent
of the error resulting from the averaging over the ~30-60um thickness.

e (Cross-calibration of the polarized light technique with another one that
measures collagen fiber orientation, for example Raman spectroscopy
(Gamsjaeger et al., 2010).

e Testing the influence of nanoporosity on the measured indentation
modulus in inhomogeneous media, as bone or MTLT. Development of
a protocol for a site-matched assessment of micro- and nanoporosity
on mineralized tissues slices (for example using scanning laser confocal
microscopy of stained bone sections as in (Kerschnitzki et al., 2011)).
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e Investigation of damage accumulation in indentation experiments and
its relation to the final indentation depth.
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