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Introduction

Bone is a biological tissue that is composed of many hierarchical levels of organization
of three principal components such as collagen molecules, minemrysials and water. As
most biological materials, bone is selfsembled, in aery complex way that demands
fundamental understanding. Furthermore, bone pathologies are an important heath concern.
Currently, the most common diagnostic approach for bone pathologies is based on bone
mineral density measurementsd]. Yet it only explains half of nowertebral fractures3|.

Thereforefurther understanding is required.

The principal components of bone are: collagen molecules (300 nm long, lirs nm
diameter), nosstoichiometric hydroxyapatite mineral nanoparticlesx @5x 50 nnt) and
water molecules, selissembled in a complex hierarchical structure with up to 8 levels of
organization. Hereby, the phenomenological understanding of the stracair@rganization
of bone component phases and its relationship between each other at the various levels of
hierarchical orgamiation can help us understatite mechanical properties of bone as an
organ and may serve one day as an input for the developieedv diagnostic and treatment
tools.

This thesis will mainly focus on the hierarchical structure of the mineral phase in bone.
Indeed, thanks to its larger scattering power in comparison to organic phase for the main
scattering techniques, deeper clotgazation can be performed, still providing indirect

information about the collagen organization.

Moreover, it was suggested that not only the amount of mineral that is accessible by
bone mineral density measurements, but also the properties of thelnsimeh as mineral
composition, crystal size, shape and crystallinity, organization and orientation, must be

considered as factors contributing to bone mechanical strength.

Osteogenesis imperfecta is an example of how crystal properties can affect bone

strength. Bone, affected by this pathology, shows not only a defective matrix, but the crystals
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are abnormally small, have abnormal compositions, and may be found outsidglagenc

matrix [4].

Many techniques enablaccessto mineral crystal properties that have very different
spatial resolutiorfsee fig.l.1) andrequirements for sample preparation. Not only high spatial
resolution is necessary, but also the knowledge of the precise anatomical location at each level
of structural hierarchy within the tissue. This can be achieved by combining several position
sensitve technigues such as light microscopy (LM), scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) with elemental analysisgyXdiffraction, Raman

and infrared spectroscopic imaging.

2QH RI WKH 3JROG VWD Q GzatidrGi&/ %rdy @iffEa&i@nHXRB) DXgay F W H U L
scattering has two different levels of resolution: the reciprocal space resolution (defined by
the X-ray wavelength and the experimental setup) and thespeale resolution (defined by
the probe size). Thereforehet obtained high resolution information is averaged over the
volume illuminated by the Xays which makeglassical XRD perfectly suitable to study

well-ordered crystals and it overall requires the object homogeneity.

Powder XRD had provided averaged mf@ation about bone crystal structurg.[It
shows the mineral phase in bone as a poorly crystalline apatiisewparticle size and
FU\WVWDOOLQLW\ LQFUHDVHY.GXULQJ WKH LQGLYLGXDOYV O

A very powerful approach that became widely used with the recent developments of
third-generation synchrotron radiation sources with high brilliance is the application of
scanning smalangle Xray scattering (SAXS) and/or widmngle Xxray scattering (WAXS) in
order to map local nanostructural features in spatially heterogeneous systems. Diffraction with
synchrotron radiation in the scanning mode currently allows focusing -tlag Keam up to
100x 100 nnt [7]. Applying the scanning SAXS and WAXS on bone has allowed the
imaging of fibrils and crystal orientation, positioesolved particle size calculation -(T

parameter) and quantitative texture analy8j9][

7(0 LV D VHFRQG 3JROG VWDQGDUG” LQ ERQH FKDUDFW
(or better for high resolution TEM) and combined with selected area diffraction or dark field
analysis, it can provide, iaddition to highresolution imaging, the information on crystal
phase and crystal orientatiodO[11]. Nevertheless, due to the low penetration depth of

electrons, the samples must have thickness lower than 100 nm, which limit the 3D



information and require very complex sample preparation that introduces many artifacts (ex.

cracks and rehydration issues for ultramicrotomy).

In addition, SEM has also a sam spatial resolution but, as a surface technique, it only
allows the imaging of polished or cleaved bone surfdde€$ Recent development of
tomographic electron microscopy gives the promisiognbination of the advantages of TEM
spatial resolution and the 3D informatidi8]. Yet, the limitations for sample preparation are
very strict. Eventually,atomic force microscopyf isolated bone crystalalso give 3D

information on crystal sizes in good agreement with XR4). [

Complementary to structural techniques, spectroscopic methods such agsdnfiR)
and Raman have been eds for the characterization of boné&5[16]. Although these
techniques do not provide the direct phasntification (as does XRD), the spatial resolution
(on the micrometer scale) enables testing of hypotheses relating the variation in bone mineral
properties to mechanical strengthl5] The advantage of the IR and Raman
microspectroscopy is that they provide the informatiom the mineral crystallinity,
composition (ionic substitutions) and organic matrix chemistry (collagen, lipids,

proteoglycans) in a nondestructive manner.

Most of these methods, however, still lack the spatial resolution needed to describe the

distribution of mineral properties in bones in 3D, thereftinesulbnm resolution.

The current thesisbjective is to characterize the bone mineral nanocrystal structure
from microscopic scale (fibrils organization and porosity) down to atomic scale (structure

chamistry of the mineral phase).

The tasks of this thesis can be stated as follows: 1) to develop a method of sample
preparation for multprobe bone characterization; 2) to establish a protocol for,ulteae
and atomic scale study of bone mineral nanstalg (such as nanoporosity volume fraction
and dimensions; mineral nanocrystals size, shape and organization; mineral phase structure
and chemical composition); 3) to attribute each of the obtained characteristics to a precise
anatomical location of theample within each of the hierarchical structural levels of bone;

4) to suggest nanostructural pathological markers for bones with different diseases.

Mainly bone of animal origin (bovine femur cortical part) and human iliac crest biopsies

(in a control site and affected by osteopetrosis, fluorosis and hyperparathyroidism) were the
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mainsubject of the study. However, human dentin samples were used as a simplified case for

X-ray imaging.

Coheent X-ray diffraction imaging TEM with automated crystarientation mapping,
XRD followed by Rietveld and pair distribution function analysis are applied for assessing the

bonemineral nanocrystatructure and organization at ukraane and atomic scale.

Figure |.1. Schematicrepresentation of commonly used methods for bone tissue

characterizatiomat different scalesIhe methodshosenn current work are show in red.

Chapter 1 gives an insight into thieierarchical structure of bone tissuereviews the
state of the art knowledge of specific batricture, composition and functions Different
animal models (human vsbovine) are also discussed. The problems associated with bone
mineral phase identification and possiblebstitutions beyond theheattreatment are
described. In addition, thrgeathological casesof bone tissue (osteopetrosis, fluorosis and

hyperparathyroidism) are illustrated.

A comprehensivework of gathering, testing, adaptation and validation of various
sample preparation protocols has resulted generalized multi -probe protocol for bone

sample preparationandis described in the first part of tighapter 2.



It is followed by the basic terminology of solidstate physics (crystalline and
amorphous solids, short and lerange order, essential crystallographic definitions of unit
cell, symmetry, space group and Miller indices). The theoretical backgrouschttéring
with its properties (elastic/ihastic, coherent/incoherent scattering) and the principal
definition of diffraction andimaging with the discussion on theesolution limit and the

choice of probeare then described.

The following subchapters (2.2:2.2.3) are divided into two groupssed on the use of
characterization probeX¢rays and electrong. In the X-ray probe group, the background
and the practical implementation for such methodRiasveld, pair-distribution function
analysis and coherent X-ray diffraction imaging are preseted. In the following sub
chapters the sources of Xray radiation used in the current work are shortly described,
including laboratory source for powder diffraction andgynchrotron facility (ESRF), with
the illustration of the setup &vo beamlines(ID10 and ID1)). The electron probe group
contains the basic information aboetectron diffraction and electron transmission
microscopy (bright and dark field operational modes) followed by the ideas aiutmmated

crystal orientation mapping (ACOM) acquisition and data interpretation.

Chapter 3 contains the principal results that are split ithtceegroups according to the

characterization method used and the hierarchical scale it probes.

At first, the composite bone structure was studied at ngatesn 3D bycoherent X-
ray diffraction imaging with spatial resolution less than 50 nm for the first time. Therefore,

the fibrillar organization and nanoscale porosigrevisualized.

The phenomenological understanding of the local mineral nanocorgtatation and
phase was achieved by the fiester application ofACOM-TEM on bone.It provided 2D
imaging with 2 nm resolution and collection of electron diffraction patterns from individual

nanocrystals. It was tested on the set of bone after hehérma

PDF analysisallowed going beyond the information obtained@®@XDI and TEM by
probing the atomic scale of bone tissue. Bone mineral nanocrystal size, phases, interatomic
bonds and order/disorder relation was assessed in bone after heat treatthehe an
pathological bone sample set. This is, to the best of our knowledge, the first PDF analysis on

bone.
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Finally, the conclusions and future perspectives are drawn by summarizing the current

knowledge omultiscalebonestructureandthe input of this work into it



Chapterl. Bone amultiscale perspective

1.1.Bone hierarchy

A bone is a rigid organ that constitutes part of the vertebral skel&ones serve
severalvital functions: support and protection of the various organs and the soft tissues of the
body; assisting in movement (muscle movement results in bone movement by the tendons that
are attached tthe skeleton); storage of minerals such as calcium and phosplessential
minerals for various cellular activities throughout the body; blood cell production
(hematopoiesjswhich takes place in red bone marrqwvithin the cavities of certain bones;
energy storage (lipids, such as fats, stored in adipose cells oéltbe ynarrow serve as an
energy reservoir)Therefore, bne structure has to fulfill all requirements for mechanical and
physical properties of the tissue at every stagéheforganismf \ffe in order to properly

provide the body with all these functions.

From the structural point of viewbone tissue can be viewed ashgerarchical
biocompositemateria) built from two principle components: collagen molecules and mineral
nanocrystalsln any hierarchical materiathe structural elements at one lengthalscare
composed oklements, whichthemselves, hava structure at smaller length scales. Such a
structure plays a major role in determining the bulk mechanical properties of the overall bone
that has to be strong, tough, with the gietasticityand, & the same time, light and able to
support different levels of stress the specific locations. Hierarchical structures typically
contain less material to achieve a desired strength and can simultaneously provide strength

andstiffness

Mineral nanocrysta play a role of hardeninglements that are incorporated inb®
organic matrix with high elastic modulus to provide sufficielasticity and lightness. The
overall fibrillar bonereinforcementstructureallows the stress and stragfistributionin the
given directions (for example the strain distribution in the femur during standing). The
arrangement of fiberss, thereforedifferent in several types of bone whidlives rise to

distinctneeded mecharal properties (see as exampig.A.3b).
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Bone composition includd4.7]:

- organic phase30% by weight (50% by volume)
f type I collagen molecules ~90% by weight
f noncollagenous proteins/%;
f lipids ~1%
f cells~2%
- mineral phase 75%by weight(50% by volume)
f nanocrystals of apatite structure, close to hydroxyapatite;

- water~10% from total bone mass

The relative amount dhe various components in given bowarieswith age[1§], site
[19], gender[2Q], ethnicity [21], disease and treatmef22]. Proteins in the extracellular
matrix of bone can be dividdd: structural proteins (collagen and fibronectin) and proteins
with specialized functiondi{atregulate collagen fibril diameter, serve as signaling molecules,
growth factors, enzymes, etc.Water plays an important role in the kiineralization

process and serves as a plasticizer, enhancing the toughness of bone.

Figure 1.1. Bone hierarchigxample ofhuman femur): F photo oflongitudinally cut
femur, 11- SEM of trabecular and cortical $ige, 1l1- polarized light optical microscopy @f
single trabeculae and osteon, PV schematic representation of lamella, -Vtypes of
suprafibrular organizatiorf23], VI - collagen fibril with 67 nm periodicity (pgproteoglycan
molecules) VII - collagen molecules and mineral nanocrystals with gap (40 nm) and overlap
zones (27 nm) CL - crosslinks, VIII - molecular and atomic strwwe of the principal

components.



1.1. Bone hierarchy

Bone hierarchy can be described by many levels of strudrgahization From 5 to 10
levels were defined by different autho23[25]. The most known views on bone hietlay
are summarized in review 26] and in Table 1.1. h the current work, we chooseéhirarchical
levels of organization for representation that are dramig. 1.1. They will be discussed in

detailin the following subchapters.

Table1.1. Classification and definition of the hierarchical levels of bapgsed by
different authors26].

Hierarchical Level | Principal Components Ref.
Macrostructure Cortical and trabecular bone
Microstructure Individual osteons and trabeculae (Rho et
Submicrostructure | Layers al.,
Nanostructure Fibrilar collagen and mineral components 1998¥°
Subnanostructure | Molecular structure of the different elements
Level 7 Whole bone
Level 6 Cortical and trabecular bone (Weiner
Level 5 Osteons
Level 4 Patterns of the fibres (mature bone vs interstitial bon and

- Wagner,
Level 3 Collagen fibres 1998§°
Level 2 Fibrils of collagen and minerals
Level 1 Molecules
Whole bone level | Whole bone or bone representative of both subtypes
Architectural level | Cortical or trabecular and osteons (Hoffler
Tissue level Individual trabeculae analsteons et al.,
Laminar level Layers 2000¥’
Ultrastructural level | Mineral and molecular components
Macrostructure Whole bone or bone representative of both subtypes
Architecture Blocks of cortical or trabecular bone
Microstructure Trabeculae anthdividual osteons (An,
Submicrostructure | Layers, large collagen fibers 2000y
Ultra- or Fibrils and molecules of collagen, mineral componen
nanostructure

1.1.1. Level 1 MacrostructureOrgan
Bone as an orgam@ividual bones of the body) consists of:

X 0Ssseousissue
X newes, blood vessels, cells, marrow

X epithelialtissue
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Bonesin human bodyare often classified based on their macroscopic morpholagy as
long, short, flat, irregular, and sesamoldiey come in a variety of shapes and sizes. In the
human body abirth, there are over 270 bonez9], but many of them fuse together during
development, leaving a total of 206 separate bones in the &dl(if not considering
numerous small sesamoid bones). The largest bone in the human body is the femur and the
smallest is the stapes in the middle &one dimensionsange from several millimeters to

several hundreslof centimeters or more, depending on species.

In Fig. 1.2a, the components of long bansuch as femupor tibia areshown. The
epiphysis are extreme partsf long bons, at the position of its joint with adjacent bone(s).
Proximal anddistal epiphysesiesignatéwo ends of long bones: tlfiest oneis the closesto

thecenter of thévody and thesecondne isfurthest respectively.

b)

Figure 1.2. Bone hierarchical levels 1 and 2 illustrated for long bone: a) whole bone, b)

zoom into ephysis structure; ¢) zoom into diaphysis structure.
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1.1. Bone hierarchy

The diaphysisis the middle part of a long bondt forms a cylindedlike hollow shape
with the secalled medullary cavity that contains red or yellow marrow and adipose tissue
(fat).

Between tle epiplysis and diaphysidies the metaphysis, including trepiphyseal
plate (growth plate) oepiphyseal line- the area where bones grow in lengihthe joint, the

epiphysis is covered witarticular cartilage .

Two types of membranes are present in b@agiosteum (the membrane that covers
the outer surface of all bones, except at the joints of long bonesg¢ratasteum (inner

surface of all bones).

1.1.2. Level 2. Mesostructurefissue

Bone tissue can be divided into two typ@ee kg. 1.2) by taking into acount its

structure location and properties:

- cortical (or compact);
- trabecular (cancellous or spongy).

Cortical bone constructs arous@-80 % of the human skeleton and trabecular bone
around 2650 %. Cortical bone is a strong and dengessue In contrat to cortical bone,
trabecular bone is a porous, more flexible, reinforcing tissue that frequently contains red
bone marrow, where hematopoiesis, the production of blood cells, occurs. It has a higher
surface area to mass ratio than cortical bone becdubke lower densitySome structural and

mechanical properties of cortical and trabecular bone are comparetlei.2.

The long bones are composed from a dense cortical shell (that provides the organ with
required strength and stiffness) with a porawabecular interior (that ensures stress
reinforcement and lightness). Flat bones such as frontal bone have a sandwich structure: dense
cortical layers on the outer surfaces and a thin, reinforcing trabecular structure within.

Trabecular bones also present within the interior of vertebrae.

Normally, both bone types are easily distinguished by their degree of porosity or density
EXW WKH WUXH GLITHUHQWLDWLRQ FRPHV IURP KLVWRORIJL

as it is shownn Fg. 1.3.
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Chapter 1. Bone, a multiscale perspective

b)

Figure 1.3. Cortical vs trabecular bone: a) human femoral head structure with b)
diagram showing computed lines of constant stress and c) scanning electron micrograph of a
part of #moral head. Adapted fror81,33.

Table 1.2.Comparison oftructural features and mechaaliproperties of cortical and
trabecular boné&Summarized from33 85).

Tissue type/properties Corticd Trabecular
Volume fraction, mmymm? 0.85-0.95 0.05- 0.60
Surface fraction, mamm? 2.5 20
Porosity, % 5-10 50-90
Density, g/cm 1.62.0 0.030.12
Total skeletal mass, % 80 20
<RXQJTV PRGXO) 7-30 0.7-20
Strength, MPa 100-230 1.07.0

1.1.3. Level 3. Microstructure: bone units (osteons and trabeculae)

At the microstructurdevel, cortical bone is arranged in repeating structural units that

are calletbsteong(or Haversian systems), see Fig.cl.4

12



1.1. Bone hierarchy

Figure 1.4. Bone hierarchical levels318 whole bone; b) section of long bone; c)
osteon- cortical bone unit; d)e) lacunacanaliculi network; e) trabeculatrabealar bone
unit. Adapted from31].

Typical osteon diameters can range from -800 um depending on species and

anatomicalocation. Those cylindrical features have a central canal, also calléavassian

13



Chapter 1. Bone, a multiscale perspective

canal (around 50um in diameter), where blood vessels (ayterein) and nerve fibers pass
Haversian canals are connected between each other and to bone marrow bfotaénge
canals (see Fig. 1bd Haversian canslare surrounded by the concentrically arranged
lamellae (~3-7 um thick). The maturdone cells(osteocytes) in cortical bone are located in
lamellae in cavities calleldcunae(~300-500 pn¥) that are conneateto each other by fluid
filled channelscanaliculi (~100500 nm in diameterjsee kg. 1.4d). This channel system
serves cell nutrition and communication functions and is often referres thelacuna

canaliculi network.

In contrast to cortical bonérabecular bone is composed of irregular units of thin bone
columnswhich can be partly flattenedalledtrabeculae (~50 um in diameter}hat form an
interconnected networkas shownin Fig. 1.4e Overall trabeculaeare aligned towards the
principal diretion of mechanical loadg that a bone experience¥he poous trabecular
tissue with pore sizaypically, of the order of 1 mm, are filled with bone marrow, fat and
bone cellsA single trabecula is composedlamella tissuewith osteocytes lying in lacunae

with canaliculi network similar to the one of cortical tissue.
Four majorbonecell types can be found in bone tissue such as:

1) 2VWHRJHQLF FHOOV 3JHQLF" UHIHUV WR JHQHVLYV
undifferentiated €m cells located in the innkyer of the periosteurand the marrow

2) Osteoblasv 3EODVW’ ™ IURP *Utbl gedmid&€) DINSWNCEIY With
single nuclei thasynthesize bone material. Thaye locatedn growing portions of bone at
periosteum ad syrihesize collagewith additional specialized proteins (organic bone matrix)
and regulatecalcium and phosphateased mineral that is deposited, in a highly regulated
manner, into the organic matrix.

3) 2VWHRFODVWY 3FODVW brokeR)Pbonk) idadteNaldeSrbyerg/ R V °
the large multinucleated cells responsible for bone resorption. They are located at the surface
of the bone (periosteum and endosteand at sites of old, injured or unneeded bone

4) Osteocyts (3 F \ Wrbm Greek- cell) - dendriticshaped mature bone cells with
a single nuclei that is formed when an osteoblast becomes embedded in the material it has
secreted. Osteocytes are located in lacunae of both cortical and trabecular Tibgyes.
perform essential mechanotransductiftumction (sensingand transferringthe information
about bone freture and mechanical load, regulatingne mass anchineral metabolisinand
control the activity of osteoblasts and osteoclastdone remodeling.

14



1.1. Bone hierarchy

The schematic representation of bond tgles with the example of theilocation is
shown in kg. 1.5.

Figure 1.5. Four types of bone cells and their locatd@h [

1.1.4. Level 4. Submicrostructure: lamella

At this hierarchical levelone can find two distinct states of bone as itures: woven
bone and lamellar bon&/oven bone(or primary bone)s formed during bone development
or repair of fracture Woven boneconsistsof strongly disorganizectollagen fibers(see
Fig. 1.6). It is found inall tissues formed under fast dynamics, &tuses, newborns, near
fracture, close tdhe growth plate of bonedn many animal adult species (bovine, equine,

murine etg. and in certain bone diseases.

For certain species (human, canine, ovine, per@tt.), in the later stages of body
development, bone is being removed by osteoclasts andamesllar bone (or secondary
bone) is being formed by osteoblasts. This process is called remodeling. Lamellar bone
replaces the woven bone after the remodelnoggss or the repair of a fractu¥] or micro-

damage.

Bone remodelingis a continuous process during life time which occurs only in certain
species (human, canineyine, porcine etc.). It involves a combination of bone synthesis and
UHPRYDO ,Q FRPSDFW ERQH UHPRGHOLQJ UHVRUEV SDUV
RQHV" 7KLV SURFHVV LQYROYHV WKH FRRUGLQDWHG DFW
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Chapter 1. Bone, a multiscale perspective

responile for bone adaptation to changes in stress, especially during the body's growth.
7TKHUHIRUH IRU WKRVH VSHFLHY DGXOWVY ERQH FRQVLVW
(Fig. 1.7). In healthy adults, 8.0% of bone is remodeled annually.

Figure 1.6 Diagram of woven and lamellar barie woven bone, the collagen fibers are
randomly orientedsuch that no distinct microscopic scale features can be identified and the
cells (osteoblasts and osteocytes) tend to be randomly arranged. In ldoeéalamellar

Haversian system organization is obsenas]. [

Figure 17. Schematic diagram of compact lamellar bone remodeling showing three

generations of osteonal systems with the resulting formation of interstitial langd]ae [

In mature boneconcentric lamellae are arranged around Haversian scamalortical
bone and drm well delimited bone volumes trabecular boneThe remainingtissuein

between osteons (filling the gaps between ostesrig)own as interstitial bon&urthermore,
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1.1. Bone hierarchy

large circumferential lamellae can be fouatdthe outer and inner periphery of thartex,

respectively (as shown ing- 1.8).

Figure 18. Optical micrograph of transverse section of human femur illustrating the

location and thenicrostructure of concentric, interstitial and circumferential lamellae

Independent of its locatiorlamellar bone structures are quie similar. In a single
lamella, the mineralized collagen fibers ar@pproximately perpendicular to the direction
normal to the lamellaand follow a helical coursabout this direction similar ta twisted
plywood structue [39] (see Fig. 1.d). The pitch of the helix is, however, different for
different lamellae, so that at any given point, fibers from adjdeemtllaeare related by 60
90740]. The specific organization of collagen fibers in successive lamellae of each osteon is
has been shown to be a major determinant of the elasticity (and, hence, rajidggpndary

bone.

1.1.5. Level 5.Ultrastructuresuprafibrilar architectures

This structural level is composed from mineralized collagen fibrils that will be defined
in the Level 6 of the hierarchy. However, how these fibrils are organized at thesapjeers
a source ofdebatefor a long time. We will call this structural levelsuprafibrillar

architectures[41]. A few main concepts existing in the literature will be discussed here.

The most generalized concept, in my point of view, was publishes. Weiner and
H.D. Wagner in 199823]. They define this level aS§ILEULO D U U DAK$ID MWGMHHDU DR/ P H \
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Chapter 1. Bone, a multiscale perspective

from the fact that dur main typse of fibril array organization patterns were observed in
different bone types such gzarallel, disorderedplywood-like and radial fibril arrays. The
scanning electron micrograph$ these patterns with corresponding schemes are siown
Fig. 1.9.

Parallel fibrils array pattern {§. 1.9a)can befound in mineralized turkey tendon (scale
bar. 0.1 mm).Collagen fibrils are packed paraltel each othein bundlesDisordered array is
a characteristic patterior woventype of bone(Fig. 1.9b).Fibrils are arranged in different
orientationsPlywoodlike structure is present in lamellar borég( 1.99. The fibrils in each
layer are rotated relative tbeir neighbors, following the rotated plywood model. And at last,
the radial array pattern is observed in dentin tisgtg. 1.9d) The tubules (holes) are
surrounded by collagen fibrils that are located in one plane (perpendictiautesd but with

no preferential orientation within the plane.

b)

d)

Figure 19. Four of the most commauatterns ofibril s organizationSEM micrographs

of fractured surfaces and schematic illustrations (not drawn to scale) of the basic

organizational motifs: g)aralel arraypattern (turkey tendgrscalebar: 1 mm) b) disordered
array patter (human fetus femur), c) plywddae: lamellar boné€baboon tibia), d) radial array
pattern (human dentifi23)].
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1.1. Bone hierarchy

P. Fratzland ceworkers[42], also shows anxéstence of different architectures: fibril
SEXQBV™ LQ WHQ G RandDagi& a®dys D Bditip. W V

However, the paper of-Y. Rho et al. 25 proposev WKH FRQFHSW Rl 3FROO
structural levehs showrin Fig. 1.1Q Collagen fiberghat are made of a set of collagen fibrils
is believed to be both surrounded and infiltrated by mineral.

Figure 1.10. Nanoand subnanostructure of bone hierarchy byYJ. Rho et al.

indicating the collagen fibrilassembly into collagen fiber24).

Eventually another interestingoncept is proposed by the groupgrofZ. Cui [43] where
the collagen fibril is surrounded by mineral nanocrystiaég defineits specific diameteas
shownin Fig. 1.11.

Figure 1.11. The <lf-assembledhydroxyapatitecollagen composite hierarchical
structure43].
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Chapter 1. Bone, a multiscale perspective

It is possble that the formation of a specific structural unit referreégsc® | L E HbJ V
3E X Q GdarHoédne of specific casehat is observewhen the fibrils are packed in parallel
manner such as in the case of tendon. But it may be difficult to define snthefippacking
unit in other kind of bone tissues. Therefore, we would call this structural level as
S3VXSUDILEULODU DUFKLWHFWXUHV™ DQG GHILQH LW DV PLQ

1.1.6. Level 6.Up-nancstructure: mineralized collagen fibril

The mineralized collagen fibrils of a diameter of aro#@ nm are the basis for
various connective tissues such as bone and cartilage. Theyylarérical shapedself

assembledomposite bunches of collagen nmlées and mineral nanocrystals.

Collagenmolecules are shifted by about 67 nm within the filad shown irFig. 1.12
The threedimensional organization of collagen molecules will be discusséukeinext sub
chapter;however, one important aspesssential tdoone mechanical propertieand filrils
diameterhas to be mentiowk the covalent crosknking between molecules that devehafih
the tissuematuration allowthe moleculesto interconnectwithin the fibril. These cross
linking, indeed, prevent fibrilfrom sliding with respect to eachhar. However, hefibrillar
surface is believed to be a complex ameach containsa variety of proteoglycanthat define

the more or less regular diametércollagen fibrils #2].

Figurel.12. Collagen fibril: a) sketch of the intend intrafibrillar structure (F fibril,
pg - proteoglycan matrixM - collagen molecule, §gap zone, &verlap zone,\'g and Ygare
fibrillar and moleculasstrain respectively [44]; b) TEM illustratingthe collagen fibrils seen

in thelongitudinal sectionf45].
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1.1. Bone hierarchy

Proteoglycan is a compound consisting of a protein bonded to mucopolysaccharide
groups. Theyhave distinct biological functions apart from their hydrodgra functions
(provides hydration and swelling pressure to the tissue enabliognithistand compression

forces) andhey may play a role in regulating collagen fibril formation and stability.

1.1.7. Level 7. Nanostructure: collagen and mineral

At this structural levelof organization bone tissue consiss of two principal

componentscollagen molecules and mineral nanocrystals.

Collagen molecules are around 300 nm long and 1.5 nm. fhireky are composed of
three polypeptide chaingshat form a righthanded triplenelical structure as showvin
Fig. 1.13[46).

Figure 1.13. Mineralized fibril structure: collagen molecules and mineral nanocrystals
organization (D- collagen periodicity). The gap and overlap regions are the source of
FKDUDFWHULVWLF xQP FROODJHQ EDQGLQJ OLQHUDO QD
zones are oriented with theagis being parallel to the collagen fibrils.
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Chapter 1. Bone, a multiscale perspective

In this structure, threpolypeptide chains combine to form an alpha helical strand of
tropocollagen Tropocollagen molecules further combine to form collagen fibrils. Due to the
space between the ends of the tropocollagen molecules and an offset from row dgagow,
and overlap nesexist within the fibril and produce an oscillating surface topography with a
characteristic axial repeat pattern called thepebodicity of 67 nm. This periodicity
(repetition ofgap and overlap zones) produces a characteristic interference ph#tein t
observed as bands in transmission electron microscopy as illustrétied 1.12.

Whereasmineral nanocrystals anglateletshape apatitecrystals of the size of about
3x 25x 50 nn? [47] assembled together with collagen molecules with thaixis (long axis)
parallel to the collagen main axi48]. There are also many evidencestlo¢ existence of

intrafibrillar mineral crystals that are equally oriented along the long axis of colld@gn [

The nanocrystal$size can vey depending on differerfactorssuch asthe arrangement
of the collagenmolecules(template for mineral deposition¥9], species, age, anatomical
location, diseasesliet, etc [50]. For example, an increase in crystahgth and decrease in
thickness in human bone biopsies from newborn to 25 yearasolell as slight length
decrease over 50 years olds reported ind] by XRD. Also diet influences trace elements in
drinking water that may impact the crystal size and quality. Some élaogentsmay be
incorporated intdhe lattice of mineral nanocrystaland affect growth of apatite crystal. For
example strontium impuritiecausen some casestrontium osteomalagcidluoride treatment
is known to increase bone crystsize B1]. In addition, indiseases such as osteogenesis
imperfecta, or brittle bne disease, the collagen molesiiave geneticallydeficientstructure.

It also affects mineral crystaisat areén most casesignificantly reducedh size[5]].

1.1.8. Level 8. Molecular and crystal structuteone crystallography

The final lowest level of the bone tissue hierarchicdescription contains the
information about crystal and molecular structure of the two principal components (mineral
nanocrystals and collagen molecules). It also includes important discussions roimeie
crystalphasesgdegree otrystallinity, crystalchemistry and different possible lattice defects.
From theorganicpoint of view,the questions such asw collagencrosslinking, defectsand
the functions of noftollagenous proteinsaninfluence the molecular structuage important

but thesejuestons are beyond the current discussion.
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1.1. Bone hierarchy

As mentioned beforecollagenis a long (30m), thin (1.5nm-diameter) protein that
FRQVLVWY RI WKUHH FRLOHG V XE XIR E&¢h/chav £éntains, 100K DL Q V

amino acidsthat are wound aroundeach other in a characteristic righhanded triple
helix [46,57.

The triplehelical structure of collageis built of three amino acids: glya proline,
and hydroxyproline that creatiee characteristic repeatimgotif Gly-Y-X, where X Y can be
any amino acidThe first high resolution crystal structure solution of collageietthelix is
shown in kg. 1.14a,c[53].

a) b)

) d)

Figure 1.14. Collagen triple helix structueg.crystal structure of a collagerple helix,
formed from (ProHypGly)4ProHypAla)XProHypGly)5 B3]; b) view down the axis of a
(ProProGly)1Qriple helix [54] with the three strands depicted in spéiteng, ball-andstick,
and ribbon representation) ball-andstick image of a segment of collageiple helix [53]

highlighting the ladder of hydrogen bondd) stagger of the three strands in the segment in
panel cReprinted from $5].
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Chapter 1. Bone, a multiscale perspective

Each amino acid has a precise function. The side chain of glycine, an H atom, is the
only one that can ffiinto the crowded center of a thrstanded helix. Hydrogen bonds
linking the peptide bQ G 1+ RI D JO\FLQH UHVLGXH ZLWK D SHSWLGH
adjacent polypeptide help hold the three chains togéskeerky. 1.14c,d) The fixed angleof
the peptidytproline or peptidyhydroxyproline bond enables each polypeptide chain to fold
into a helixwith a geometry such that three polypeptide chains can twist together to form a
threestranded helix. Interestingly, although the rigid peptigyioline linkages disrupt the
SDFNLQJ RI DPLQR DFLGV LQ DQ . KHO-stfandatKdeNageiWWD EL O'L
helix [52].

Mineral nanocrystalbave plateleshape with the characteristic lengthr@D nm, width
10-20 nm and thicknessf 1.5-5 nm [B6]. Such small crystal size has several advantages. First
of all, it pemits an extended surface area of -POD nf/g that makes bone crystals
metabolically activeand eligible for numerous interactions with extracellular fluids.
Secondly, from the mechanical point of view, small crystals that are ordered in location and
oriertation within collagen molecules provide high strength aigidity of the tissue.
However, many debates still exist concerning dhigin of mineral nanocrystalze limitation:
whetherit is defined by the collagen moleculesganizationthat acts as aemplate for

mineralization or by thepecifed cells activity

Also, the mineral nanocrystaf®cation with respect to collagen is still an open question
of great interest. It isvell known thatthe crystals are oriented with thekagis aligned to the
collagen molecules long axis and thia majority of crystals are located within gap zones of
collagen bandingattern However,it is not yet cleawhetherthe mineral camlsobe present
at additionallocations. e volume percentage of minemasein the tissue imbout45 %,
while the volume of gap zones is %2 Therefore, the additional locations may be possible.
Some paperhad reported the presence of the mineral phatetimeen collagen molecules
[57] and on the oter part of fibrils 3]; however, such periodicities were not observed with

X-ray tecmiques

It seems now to bgenerally believed that crystals initially form within the gap region
of the collagen fibrils, further proceed into the overlap regioloccasionallygrow into the
extrdibrillar space 8. Consequently, mineratan befound both within and outside the

collagen fibrils, but the exact amount in each location is still a mattis@ission
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1.1. Bone hierarchy

Several models ofhe mineralization processclude other elements The group of
V.J.Landishad shown their moddlased on the-B TEM tomography $9,6J. The mineral
nanocrysals grow preferentially in length along the collagen long axes and in width within
the spaces generated by the collagen stackingr, Aftgstals fuse together and grow 00
nmin lengthand ~40 nm in widtlbeyondthe gap and overlap regionslowever, he growth
in thickness stag/limited to 46 nm. Therefore, fused mineral crystals form thin parallel
sheets throughout the assemblage of collagen fibrils. In a recent study on mineral crystals in
embryonc chick bonesY.J. Landis et al. §1] suggested that the mineral sheets may fuse to
form a continuous mineral organization.Jager andP. Fratzl [62] have alsoproposed a
model of a staggered arrangement of mineral platelets circumferentially surrounding a
concentric structure of the collagen fibrils basedneralized turkey leg tenddhat recalls
the model proposed Wy.Z. Cui[43]. Thus, there is fundamentalnterest in development of
imaging techniques with sufficient spatial resolution, especially in 3D, for spreading the light

on this question.

Anotherimportantaspectinvolves the chemical composition and mineral nanocrystal
structure. For a longtime, bone mineral crystallographic structure was assimilated to
hydroxyapatit§HA). In 1926 LW ZDV GHILQHG DV 3DQgediggioaVvLWH
K\GUR[\D S dhemiddl” analysis and -bay diffraction by W.F. deJong [5] and
confirmedafew years later byl.H. Roseberry63]. It is interesting to note that now, 90 years
afterthe first report of bone mineral structuseich questions as exact chemical composition
crystallographicsymmetryand specificatomic spatial arrangement of bone mineral are still

not known in details.

Howeve, it soon became very clear that there are significant structural and
compositional differencebetweenhydroxyapatiteand bone mineralX-ray diffraction data
shows that the spectrum from bone gives peaks at exact positibpdrokyapatitebut they
are largely broadesd (seeFig. 1.15) b0. Suwch broadening can confeom severalfactors:

very small crystal sizgresence oftrain degree otrystallinity and chemical substitutions

Stoichiometric hydroxyapatitebelongs to the general and wide apatitic group,
represented by the formula:
IAs4:: 1g;: 56 (1-1)
where Me is a divalent metaf & & R & 2”& >  «, XO4 is a trivalent anion
(27 & Of 81’ 49,andY is amonovalent aniorf { @0 HE N &’ a1 *° Q.
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Chapter 1. Bone, a multiscale perspective

Apatitic crystal structure has waly a hexagonal lattice and very accommodating to
chemical substitutions. The stoichiometric hydroxyapatite has the following chemical

formula:
%54:21g;. 11% 56 (1-2)
It construcs the hexagonal space grolx; | with 44 atoms per unit cell and lattice

parameters of=L >L {& sy@?L xayw@ UL UL {rtaUL strtas is shown in ig.
1.16. B4]. Stoichiometrichydroxyapatitehas a calciurto-phosphate ratio of 1.6.

Figure 1.15Comparison oXDR diagramfor stoichiometric hydroxyapatite (HA) and

bovine bone showing large broadening of peaksase obone[50].

Figure 1.16 Schematic representation of hydroxyapatitgstal structure with its lattice

parameterg¢from American Mineralogist Crystal Structure Database #0001247.
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1.1. Bone hierarchy

Some discussions about the existence of bone mineral with monoclinic space group of
2t >also took placd65,64. However, it was mainly predicted by mode&/[69, heat
treatment on bonef| and artificial synthesized hydroxyapatit®0]7]. From the theoretical
point of view, monoclinic hydroxyapatite structure is thermodynatllyjamore stable than
hexagonalhowever, the hexagonal phase allows easier exchange @fr@igs with other
ions which is necessary for bore8]. Therefore, it is generally accepted that bone apatite in

thenative state has a hexagonal phase.

The structure of bone mineral is far different from stoichiométyaroxyapatitedue to
numerous substitutionsGeological apatite lattice can accommodate nearly half of the
periodictable.Nonethelesspossible ionicsubstitutions in bone are limited to the number of
available elements in the body. Therefore, itves that are known and/or reported to be
present in bone and dentin are:’ &0H0 = & ~ { A5 & P> & R 4 C® &itrate and
carbonat€someof them are shown ini§. 1.17. These minor elements may not only alter the
space group, crystallinity, morphology, stability, and mechanical properties of the
hydroxyapatite structure, beanalso play an important role in the biological responses of

bone cells.

Figure 1.17. Schematic of possible ionic substitutions into hydroxyapatite [&fjce

Hydroxyapatite lattice has four ddfent sites (crystallographic positions) in the unit
cell: 1) P sites with P ions in tetrahedral sites withfdld coordination with oxygen; 2) C&
sites for four of C# ions; 3) Cdll) sites for other six Caions that form a channel along the
c-axis; 4) the channel occupied by two monovalent anions such asFObnd Ci [72)].
Therefore different possible substitutions andcancies can occupifferent characteristic
sites.In case that the substitution ion has different electric charge than the lattice ion (for
example, % §7 substitutes2 1) a vacancy is created in order to maintain electrostatic

equilibrium [56.
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For example, thdluoride substitution has the following mechanidtooride ions (F)
replace hydroxyl groups (Oin a hydroxyapatite latticE72]. Fluorapatite is less soluble
than hydroxyapate, even under acidic conditionghich makes itto some exterd desirable
substitution in tedr. However, it was shown that large amauat fluoride substitutions in
bone introduces changes in crystallinity, affects bone cells and reduces its mechanical
propertie§73,74.

Magnesiumis the fourth most abundant cation in the body and the second most
prevalent intracellular cationTypical concentrationof Mg ions in human bone is
0.55wt.% [75]. Mg?* substitutions ar@referentially incorporated into the Ca(ll) positoit
plays a key role in bone metabolism, in particular during the early stagmmefformation
where itrapidly increasgnumber of activ@steollasts, and its depletion causes bone fragility
and bone lossThe dietary Mg deficiency has also been implicated as a risk factor for
osteoporosig76]. Furthermore,relationships have been suggested between the magnesium
content in enamel anti¢ development of dental carig¥].

Despite the fact thatl is abundant in the humabody, especially in blood plasirend
its concentration redes tens of wt.%, CHoes not substitute for Obh bone and tooth

apatite due to its large ionic sig&?].

Bone apatite containspproximately 7 wt.% otarbonate$72]. In principle, carbonate
ions can substitute in the apatite structure either in thesi@HA-type substitution) or in the
PQy-site (Btype substitution). The nomenclaturetype and Btype was first introduced by
the geologistD. McConnell, who studied apatites that released Gfbn dissolution [§].
The principal scheme of-&ype and Btype carbonate subasitions is shown in ig. 1.18[79].
Carbonates were shown to have a strong influence on the growth of apatite (8¢ktals

It was demonstratedby microRaman and FTIR studies that-t¥e carbonate

substitution in bone is predominahbwever, Atypeis also presen8fl].

Anotherconcern involveshe existence chso FDOOHG 3K\G UDWHKEQOGIDRHQ H U |
nanocrystalsit was shown that the outer part of bone crystals has varying concentrations of a
wide rangeof mineral ions and constitilgdehe nonrapatitic domain Hat is very labile and
reactve andsurround the relatively inert and more stable apatite domain of the bone crystal
[82,83.
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It is believed that the hydrated, highly reaetiayer around bone crystals progressively

decreases in thickness and leads to the more stable apatéendas shown ini§. 1.19.).

Figure 1.18 The schematic of Aype aml B-type carbonate substitutions in
hydroxyapatite and its effect of chemical quosition and lattice parametdZ9].

Figure 1.19 The evolution of the hydrated layer around the apatite borstal during
the maturation and crystal growth. Adapted frd&@| [and 7).

Howewer, recent studies suggete existence of hydrated amorphous coating in
addition to the hydrated laye84,89 as shown in k. 1.20. They state that water plays a
significant role inorienting bone apatite crystadsnd that such ordering is mediated by an

amorphous mineral coating layer. Even single crystallites may therefore present strong and
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Chapter 1. Bone, a multiscale perspective

relevant structural heterogeneity. The relative amount of the different phases may not be
sufficientin orderto monitor it with standard averaging techniques. It then reqbeésr

spatial resolution than the smallest dimension of bone nanocrystals.

Figure 1.20 Structure and organization of mineral nanoparticles in bone. Bone apatite
nanoparticles consist of a crystalline core of a calcium phosphate, phesady related to
hydroxyapatite surrounded by amorphous coatinginly composed of calcium, phdsge
and water. The amorphotnydrophilic layer is enclosed by a thin layer of strongly bound
water. The dashed rectangle delineates what is usually considered as the boundary between

bulk water and the amorphous calcium phosphate pB&ke [

Anotherimportantdifficulty, which has preventethe basic understanding ofiemical
composition and structure of bone mineral nanocrg;siglintrinsicto the hierarchical bone
structure at all levels of anatomical locatidris prevents easy wagé sample preparation.
Moreover, he determinadn of structural parameters hamuffered from the lack of
consideration of precisanatomicalposition type of bone, speciestate of maturatiortc.
leading to data that are difficult to compaFrerthermaoe, the structural methods that involve
summation of some values over the studied volume (sugiowaser XRD) give only an

averageunderstanding of the phenomemdile very highresolution methods (such as TEM
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scanning nantbeam Xray methodgsare oftenlacking in field of view,3D information and

require complex and destructive sample preparation.

Thereforethe instrumentation for the study sich complex and sensitive materials as
bone requirs the combination of high spatial resolution, large fiefdview and, the most
important, the knowledge of the precise anatomical location of the bomglesat each

hierarchical levebf the whole organ.

1.2. Bone animal models

As mentioned before, bone structure and chemical composition differs dependigg on
animal species. Therefore, understanding of such differences in bone construction and
remodeling is crucial for comparing existing models for bone multiscale structure. Besides,
these different animal models play a key role in the development of @icahdissue
engineering, bone implants and therapeutic meth86s In the current thesis, human and
bovine bone tissues were investigated. Therefore, a few words about bone structural
differences between these tissmesst be said. Very good reviews concerning other animal

tissues such as dog, pig, sheep, goat and rabbit can be found in the re{&esSs

At the microstructural level, large mammal bones consist of three types of primary
bone: circumferential lamellar bone, wovknered bone and primarosteons. At birth, the
cortical bone consists mainly of wowiibered bone (a mex of interwoven coarse collagen
fibers with osteocytes more or less randomly distributed as show in Figahdyyimary
osteos.

Cows bones growmore rapidly comparedo humans and their adult cortical bone
structure normally consists of the combination of woen lamellarbone (also called
plexiform bone)with a small fraction ofosteonal bone90] where the number of osteons
increases with age. Howeverpntrary to humans, bovine do not have bone remodeling
processes, such thtte secondary osteonal structdioeind in human mature bone is never
found in cows Moreover, inhumanaduls, the wovenrfibered bone inly formed during
rapid bone accretion, which can occur due to fracture healinggthological conditions such
asK\SHUSDUDWK\URLGLVP RU 3DJHVW{V GLVHDVH

The composition of bovineortical bone has been studied more extensively than that of

human cortical bonedfl]. However, investigations of the ash content and composition of the
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organic matrix in human bone suggest that the distribution of constituents is essentially the

same 92].

1.3. Heated bone

The effect of thermal treatment on thenbotissue leads to significant differences in
organic content, mineral nanocrystal size, unit cell dimensions and the amount of lattice
defects. The presence of a hexagonal to monoclinic phase transition upon heating is also
debated. In addition to the fdamental understanding, the heated bone model provides a
significant input into archeology, forensic science, forensic anthropology and crime scene

investigation fields.

In recent years, an increasing number of studies have reported the transformation of
bone during the heat treatment as shown in the re\@8jy The removal of absorbed (up to
200°C) and lattice incorporated water (up to 4@ is first observedd4], while denaturing
and combustionfahe organic matrix is progressively observed at temperatures up t€550

Around 700750°C, a rapid change in the mineral microstructure, as demonstrated by
an increase in both crystallite size and lattice order is well documefg@b|[ With
increasing temperature, the crystals continue to grow which is commonly referred to as the
recrystallization process. However, some authors still refer to it as simple crystal growth

without breaking down of the former structug]|

The hexagonal to monoclmphase transition is also proposed as an explanation of the
transition that occurs around 700. However, it was, to the best of our knowledge, only
shown by tle atomistic modelingg7,68] or by the heat treatment of artificially obtained
hydroxyapatitg69,7Q.

Appearance of additional phases such as calcium oj@¥ and tetracalcium
phosphates9g] is observed at temperatures above 8D@ue to the thermal decomposition
of the apatite structure. However, the possibility of decompaositill strongly depend on the
heating conditions (atmosphere, time, sample volume) and the original apatite chemistry.

Melting of bone occurs at temperatures exceeding 16J09].

The concentration of both A and-tBpe carbonate substitutions is decreasing durin
heating and, therefore, causes changes in the lattice parameters. The lkigpeot@&bonate

causes an expansion in thexis and a contraction in tleeaxis. Conversely, the loss of B
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type carbonate results in a contraction in ghaxis while an exgnsion in thec axis is
observed93].

Otherquestions involving the lack of OH groud[, change in concentration of other
substitution ions J01], crystal structure ordering®8] and amount of organ phase 102
hawe been investigated. However, many contradictions in the published data still exist due to

differences in treatment conditions and bone mineral compaosition.

1.4. Pathological bone

Bone tissues with several pathological conditions were analyzed in tfenfcthresis.
The pathological group includes osteopetrosis, hyperparathyroidism and fluorosis.

Osteopetrosis DOVR FDOOHG *PDUEOH ERQH GLVHDVH" LV DQ
osteoclast dysfunction (failure of osteoclasts to resorb bone) that was first described
H. AlbersSchénberg 103]. As a consequence, bone modeling and remodeling are impaired
and bone hardens and becomes denbed].[ The crystals in the hypenineralized bones
affected by steopetrosisirereported to bemaller and less perfect than those inagg¢ched

normaltissues 105.

Hyperparathyroidism is a disease characterized by inappropriate overactivity of the
parathyroid glandsan providing the abnormally high concentrafiparathyroid hormone in
the blood that results in weakening of the bones through the losscainedllOg. Most
studies have reported decreased bone mineraltgém$yperparathyroidisnmainly located
at cortical sites, whereas sites rich in trabecular bone only show a modest reduction or even a
slight increase in bone mineral dens[t}07]. However, the nanoscale characteristics of
mineral phase affected by this pathology are still not clear.

Fluorosis is a disease caused by excessive accumulation of fluoride in bone or teeth.
Fluoride is a cumulative toxin, which can alter accretion r@sdrptionof bone tissue. It also
affects the homeostasis of bone minenatabolism 108. This process resulis increased
bone densityas reported in109 but decreased strengthhe fluorotic bone contains high
amount of mineralization defects, has less organized structure with much smaller degree of

crystalline order and tger crystal size compared to healthy bor@.[
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2.1. Sample preparation

Sample preparation in biophysicés a complex task due to fast degradation and
decomposition of materialf biological origin and the need of maintaining the objecfds
close as possibldo living state. The necessary stages of bone tissue processing peargo
stored and/or investigated will be discussed in thischapter.

Followed by gathering, testing, adaptation and validation of various sample preparation
methods, the generalizedulti-probeprotocol for bone sample preparation was designed. It
was designedio be suitable for TEM, scanning XRD/SAXS and CXMoreover, the thin
sectionsof different thicknesgproduced from one sample block can be used for diiter

characterization technigues thersabling close histological location analysis

Two animal models were used in the current studies. Human bone tissues (mthaf f
biopsies) were obtainddom the collabordion group of G. Boivin (Inserm, Lyon)hey were
provided embeddeghich can, in certain cases (e.g. CX[g alimitation. Therefoe, bovine
animal modelwas used for the following protocol design, providing the required flexibility
(access, repeatabilitigrge volumes of the same samp#éc).Bovine femur was taken at the
local butchery(12 days after animal was killptom whichall connective tissues and fat were

removed mechanically.

As shownin Fig. 2.1, samples were first ctd smaller pieceby a high precision circular
diamond sawNlecatome T210PRESI). Full diaphysis feanal sections were cufrom which
sticks were cutatprecise anatomical locatisfproximal or distal, anteriasr posterior, medial
or lateral). The blocks were then cut for different orientations and fixed, dehydrated and
embedded in different resins (PMMA, Epon B, -kRite, Epofk) or left urembedded.
Depending on experimental requirements, longitudinal (alongptimeipal bone ax)sand
transverse (across tipeincipal bone axijsbone sections of varying thickness were obtained

from the blockdy cutting and reduced in thickness pglishing for thickhessedargerthan
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50 um, or cutting by ultramicrotomy that providedvide range of tltknesses from 1Am to
~40nm.

Figure 21. Cutting scheme for bone samples preparation.

2.1.1. Fixation, dehydration, impregnation and embedding choice

Fixation and dehydration are important steps for preserving the btructure and
preventing itsdecay and decompositiofihis step needs to lerformed as soon g®ssible
following boneextracton from the body. Differenprotocolsof fixation and dehyditson can
be used depending dmefeatures in bone tissue one wishes to presamdethe same holds for

the choice ofesin.

Two methodsof fixation are used for the described protocols: in ethanol and in
glutaraldehyde. Glutaraldehydetli® most standdifixationin TEM used to crossnk cellular
structures into a matriit(minimizes changes in morphology and volunwefich protect and
stabilizes the cellular structure from changes during subsequent treatmentmanohizes
irradiation effects during masurementge.g. by arelectronbean). In contrary, the ethanol
fixation degreases the samples (gets rid of lipids)dogts not preserve the cellular structures,

andit is mainly used for structural studiasmolecular/atomic scales
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Dehydration of biolgical materials is a necessary step in sample preparation, especially
for electron microscopy. Water that is incorporated within the specimen makes it not resistant
to the high vacuum, electron beam and may affect the contrast. Hydrated samples in TEM
would, indeed dehydrate so fast that it woutthmage the structure. Beam damage is more
severe for light elements. The contrast is improved by decreasing the amount of elements with
low atomic number such as carbon (cells) and oxygen (water) with respeetviernons. In
this respect, dehydration will improve it. The dehydration time should be adjusted to size and
kind of tissue. The development of c¥§&M now allows observations of biological samples
after vitrification (the sample mube frozen tdempeatures <137°C extremely rapidly, at a
rate of~10° °C/s, so that the water in the specimen is fixed in a vitreous state). However, the
formation of crystalline ice may introduce severe changesheteample structuré addition,
we did not have accss to the instrument that combines both €fgM and ACOMTEM
options.

For samples that do not need to be embedded (as for coheraptdXfraction imaging
and for heated bone pair distribution function analysis) blocks were fixed and dehydth&ed in
70% ethanolsolutionfor around 10 days. The time of ethanol bath depends on the sample
volume to be dehydrated. More than 20 days are nefedesbme massive parts (as for
10 umd). The success of dehydration is determined by the cotbebbne sam@: dehydration
was achieved when the full volume has turned whitgle remaining pink color indicates a
need of longer dehydratioAfter dehydrationthesamples were stored 1®% ethanolksolution

prior to use.

Samples prepared fé&sCOM-TEM measurementaere embedded. Embedding is very
important for preserving the structullaring subsequent thin sectioning with ultramicrotomy
as well as for providing homogeneous section thickrigsiicient quality electron diffraction
patterns (by ACOMIEM) can also be obtained from unembedded samples, however, sections
cannotbe sufficiently homogeneous in thickness andri@asuremerdreas that can provide
not superposediffraction patters are limited to small areas near sample edges and comparison
between different samples is less reliable. Therefore, the samples for AGOM
investigation were embeddethe embedding protocol may include such steps as substitution,

impregnatio and inalision.

Substitution is needed only if the resin is not soluble in ethanol. In this case, ethanol is

exchanged with the transition solvent, both mixable in ethanol and resin (such as propylene
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oxide). Impregnation is the gradual replacement adrethor transition solvent with resin. The
goal of impregnation is to penetrate the resin thesspecimerporosity. Eventually, the final
step of embedding, the inclusion, involves the positioning of the tissue specimen in the desired

orientation into anold with liquid resin and its subsequent polymerization.
Four types of resins were tested: PMMA, Epon, ihite and Epofix.

PMMA embedding media is widely used for bone histology and electrorosaiopy.
PMMA results in hardlocks with a good penetratidhat provides better support for cortical
bone tissues. It is also fully transpat resin (easier manipulatiors)d provides better cell
matrix preservation (such as alkaline and acid phosphatase). PMMA embedding cannot be done
in any plastic or silico molds because methylcyclohexane used in the process dissolves it. It is
generally advised to perform embedding in glass bottles with covers. However, if orientation
of sample matters, most thfe classical flat molds cannot be used. PTFE flat embeddaldsm
and ACLAR film have been tested and provide required properties. E&x2.0 mm®
samples, PMMA embedding protocol took 27 days.

Theadvantage of Epon resin is @ase in use and good compromise between embedding
time and quality. Epon resin hardisecan be adjusted by different concentration of hardener
and plasticizer. It enables good penetratioto ithe tissue. Epon media results in non
transparent, light brown color. Most plastic and silicon flat embeddinigs can be used. For
2 x 2 x 10 mm? samples, Epon embedding protocol took 5 days.

LR white is an aromatic acrylic resin mixture. It has a very low viscositp$3, low
toxicity is stable to electron beam exposanel issofter than PMMA and Epon. However, it is
a hydrophilic embedding madn and the sections of polymerized Rite resin are
hydrophilic. During resin curing, embedding molds (eppendorf tubes or gelatin capsules) have
to be well sealed, as even one bubble of air can ruin the solidification. For orientation driven
embedding, PFE flat embedding molds with ACLAR filmowering can be used. For
2 x 2 x 10 mm? samples, LRwvhite embedding protocol took 8 days.

Epofix is a commercial coldetting resin based on two fluid epoxy components. Epofix
is specially developed for a quick raotemperature curing. The solidification timeasly
8 hours and no impregnation is required. However, Epofix does not penetrate well into small
porosity and it results in low adhesion with samples of regular shape (cut or polished surfaces),

whichis less critical for irregular shape (trabecular bone, periosteum or endosteum). Therefore,
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the use of this resin is advised when no internal penetration is required or for manipulation

facilitation.

The complete detailed protocols for the PMMA, Epon, LR waitd Epofixembedding
can be founan Appendix 1.

2.1.2. Ultramicrotomy cutting

Cutting the bone tissue blocks, embedded or not, into sections frouumm 16 40nm
(depending on the knife typesed was performed by using ultramicrotome ¢a&EM UC6 at
CERMAV laboratory.

In ultramicrotomy the sectioning is performed by a vertical movement of the sample
[110 over the extremely sharp blade of a fixed glass or diamond khifd§ [Fig. 2.2).
Removing the sections directly from the knife blade is difficult due to their small thickness.
Therefore, the diamond knife is attachedatwater bath and the sections float on the water

surface after cutting.

a)

Figure 2.2. Ultramicrotomy cutting: a) principle scheme of ultramicrotome setup,

b) example of diamond knife, c) samples floating on the water bath after cuttifig [
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Samples must be trimmed into a shape that is suitable for sectioning. apee rabst
often used is that of a trapezoid block face with sloping sides (a flat pyramid). This shape has
several advantagesmakes orierationof the blockwith respecto the knife easier, minimizes
compressive forces on the samgieingsectionng, and facilitates serial sectioning (since the
trapezoid has sloping sides, the sections become larger asaiimas deeper into the sample;
therefore the size of the sections can be used to determine whether they were cut from the top

or botom of the spcimen block) 112.

After the desired trimmed surface is achiewbé,sample is cuwith different knifes, in
order to produce thin sections for different experimental characterization techniques. The

detailed protocol ofampletrimming and cutting is presented Appendix1.
In this way samples foavariety of applications can begpared:

- 1-8 um cuts (with histo knife) on glass slides can be used for histological study (with or
without staining), determination of the tissue orientation, finding a particular region of
interest or/and assessing the quality of tissue preservation.

- 5 pmcuts (with histo knife) on glass slides can be used as a first st§X@Irsample
preparation (see Chapted3.

- 1 um cuts (with histo knife) on 4 membranes can be used for scanning XRD/SAXS
measurements with miciieeam.

- 100200 nm cuts (with histknife) on SgNs membranes can be used for scanning
XRD/SAXS measurements with nabeam or 2D ptychography.

- 40-70 nm cuts (with ultra 35 knife) onsBis membranes can be used for TEM.

This composite protocol was designed and is advised for-casssaton use of various
techniques with electron and-fdy diffraction where senthin and thin sample sections are
required. The protocol is developed for bone and dentin tissue preservation but it can be used

or adapted to many other biological and +tological materials.

2.1.3. Heat treatment

For TEM andPDF analysis, samples were h&aated. Fixed and dehydrated bovine
cortical blocks of different geometries depending on the techniqueeatent (see details in
Chapter 3were heated to 9 temperaturgé(, 150, 200300, 400, 600, 700, 800, 1000) for

10min in vacuum (18 mbar) inan aluminum oxide container inside a quartz tuBamples
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were treatedequentiallysuchthatthe next sample was inserted at the heating temperature of
the previous onéhe first onexat room temperatureyhis allowed lower overheat than heating
them from room temperatufextra time sample is subjected to heat while reaching the given
temperature)The temperature precsi of the thermocouple was3*C and the heatg rate

was around 3@0°C/min. The overall time for achieving the desired temperature did not
exceed 5 min. After the treatmeantr was quickly inserted arttie samples were coetldown

in air.

2.2. Techniques
2.2.1. Basic terminology
2.2.1.1. Structw of the solid body

Solid is one of the four fundamental states of matter (the others being liquid, gas, and

plasma). It is characterized by structural rigidity and resistance to changes of shape or volume.

Any solid material can be classified using twaps: crystalline and amorphous. In
crystalline solid, atomsexhibit short and longange order whereas amorphous material

atoms have shoerange order only.

Long-range order can be definethy thepresence of spatial correlation in the structure
of thesolid atdistances that tend to infinitfHowever, real crystals are far from ideal duthto
presence of defecttherefore more realistic loagnge order distances are in the ordet @f

atoms

Short-range orderis the existence of spatial corretatiin the distances of first or second
coordiration spheres (first or secomegarest neighbor distargeThus, both longange and
shortrange order are absent in the ideal gas, but liquids and amorphous solids exhibit short

range order? a certain reguldty in the arrangement of the neighboring atoms.

Crystalline solid consists of repeating patterns of its components in three dimensions (a
crystal lattice) and the entire crystal can be representtdtelymallest identical untihat, when
stacked togettr, form the crystal. Thibasic repeating unit is called tluit cell. In three
dimensionspnly 14 Bravais latticesexist [L113. These are obtained by combining one of the
7 lattice systems(triclinic, monoclinic, orthorhombic, tetragonal, rhombohedral, hexagonal,
cubic) with one of thé lattice types(primitive (P), bodycentered (1), faceentered (F), base
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centered (A, B, or C) and rhombohedral (R)). In general, the lattice systems can be characterized
by their shapes according to the relatattice parametersD E F DQG DQJOHYV

32 crystallographic point groups can be defined by theget of synmetry operations,
like rotations or reflections:or a periodic crystal (as opposed to a quasicrystal), the group must
also be consistent with maintenance of the taigeensional translational symmetry that
defines crystallinityf114].

Therefore, lhe generalized terspace grouprepreserga description of the symmetry of
a given crystal. The space groups in three dimensions are ofiactanbinations of the
32 crystalbgraphic point groups with the 14 Bravais lattices, eacheoftter belonging to one
of 7 lattice systems. This results in a space group baiogmbination of the translational
symmetry ofthe unit cell including lattice centering, the point group syetm operations of
reflection, rotation and improper rotation, and the screw axis and glide plane symmetry
operations. The combination of all these symmetry operations results in a g88different

space groupslescribing all possible crystal symmes:.

The second important feature of the crystéihedbasis- a group of atoms located at each
point in the lattice.Miller indices are used as a notation system in crystallography for

describing the lattice. In particular, a family of lattice planedeisrmined by three integers

h,k DQ @14,

2.2.1.2. Scattering vs diffraction

Scatteringis a geneal physical process whereaadiation, such as light, sound, moving
particles or waves, are rieed to deviag from a straight trajectorgue to localized non
uniformities in the mediunthey ae crossing The types of nomniformitieswhich can cause
scattering,also denominatedas €atterers or scattering centec®n beparticles, bubbles,
droples, density fluctuations in fluidsgrains in polycrystalline solids, defects in
monocrystalline solids, surface roughness, cetls The effects of such features on the path of
any type of propagating wave or moving particle can be described in thewiaknef
scattering theoryAny particle or mattefelectrons, protonsieutronsetc.), indeedpropagates

like a wavefor which L. de Broglie defined thevavelength

DL
L |

o

aL (2-1)

Py
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where is the wavelength dhepatticle,h LV 30ODQFN TV PFRIQ¥XJSdo@dy),

p is theparticlemomentumm s themass, and is theparticle velocity

The associatedavevector, ks given by:

&L LS (2-2)
a

Any scatteringeventcan be chacterized using two important concepighether the

scatterings elastic or inelastic and whetheistcoherent or incoherent.

In an elastic scatteringevent there is no exchange of energy between the scattering
particle and theystem @&+L Y, in contrary tanelastic scattering( #&+M &}, where
&G are incident and scatied waveectors, respectively. Thdifference between &se two

events ishownin Fig. 2.3 ( 3%s momentum transfef116].

a) b)

Figure 23. The scattering experiment: a) elastic scattering, b) inelastic scattetiflg [

The coherence of the scattering refers to whether thereléfiredphase relationship
between scattered waves allowing them to interfere constructivégstructively 117]. In the
case ofcoherent scattering the waves interfere and the resulting intensity is giverthby
square of the sum of the wave amplitudes. For example, if there are two scattered waves of
amplitude 8z and 8¢ then +L &5 E 84 © In the case oihcoherent scattering no defined
phase relationshipxistsbetween the waves, they dotinterfere, and the resulting intensity is
simply the sum of thequares of thentensities of the individual waves, i.e.L +656+E -1666+
(see kg. 2.4) Since structural information comes from the interference effects of scattered

waves it is clear that only coherent scattering contains any structural information.
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Coherenceis a fundamental property of a radiation source. A simple definition of
coherenceés thata wave is coherent if it can produce detectable vikeeeffectsasdiffraction

and interference.

a) b)

Figure 24. Types of scattering experiment: a) coherenthere is phase relatiomg
between scattered particle®) incoherent- scattered particles od not have a phase
relationship[118].

Real sources are neither fully coherent nor fully incoherent, but rather dialya
coherent. In Fig2.5a, the point source radiatesavesthat are perfectlyphasedand thus
coherentlycorrelatedeverywhere While in Fig. 2.5, a source bfinite size and spectral
bandwidth, restricted to radiate over a limited angular extent, generates fields with strong phase
and amplitude correlatioonly overa limited spatial and temporaktent. This brings us the
QRWLRQV RI 3BUHIJLPQVG RFRRKUYUERHHWLPH™ WKDW LV VSDW

over which thevaveshave fixed phase relation

a) b)

Figure 25. Coherence sources: ajlliy coherent radiation from a point source oscillator
which oscillates for all timeb) partially coherent radiation from a source of finite side,

emission angle,, and wavelength,[119.
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In cases where there is a wad#fined direabn of propagation, it is convenient to
decompose the region of coherence into orthogonal components, one in the direction of

propagation and one transverseti@s illustrated in Fig2.6.

Figure 26. Transverse and longitudinal coherent#q.

In the direction of propagation it is common to introdudergyitudinal, or temporal,
coherencelength, K g over which phase relationships are maintained. For a source of
bandwidth, ¢ one can define a coherence length as:

36

g L 5 (2-3)

where ais the spectral widthsge kg 2.7).

Figure 27. Spectral bandwidth and coherence length illustrgtid).
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Transverse, or spatial, coherences related to the finite sizef the source and the
characteristic emission (or observati@mgle of the radiation (§. 2.6). In this casgone is
interested in phase correlationtieplane orthogoal to thedirection of propag&in (Hg. 2.7).
Full spatial coherence is obtained in the situation in which phase is perfectly corirelatedy
pointtransverse to the propagation directeordcan be achieved with a spherical wave front,
which we asscateto a point source. Spatial coherence length is then defined as:

Va
@éééaeédé?g-@ (2-4)
whered is the source diameter amds the distance from the souré&&oherent scattering
by two objects separateby distance, d, can be observed only if the coherence length of the

incident radiation is larger than d.

Typicaltransverseoherence lggth for X-UD\V ZLWK LV D UR X @& can bé
selected wh focusing opticsby upstream slitsThe longitudnal coherence in practicis
directly related to the beam monochromati¢ayound P ZLWK D 6L PRQRFKUF

[120.

Diffraction arises from the collective interaction tfe incident wave with many
scattering objects (or an object that causes the wave to have interference with itself). Therefore

it is coherent.

Bragg diffraction occurs when radiatiowith wavdengh comparable to atomic spacing
is scattered in a specular fashion by tatoms of a crystalline systeand undergoes
constructie interferenceFor a crystalline solid, the waves are scattered from lattice planes
separated by the int@lanar distanced. When the scattered waves interfere constructively,
they remain in phase since the difference between the path lengths of the two waves is equal to
an integer multiple of the wavelenglls shownn Fig. 28. The effect of the constructive or
destructie interference intensifies because of the cumulative effect of reflection in successive
crystallographic planes of the crystalline lattice (as described by Mitlereg. This leads to
Bragg's law, which describes the condition ofor the constructiventerference to be at its

strongest121]:

t@<salLJa (2-5)
wheren is a positie integer, is the wavelength ofhe incident waveand is the

scattering angle.
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A diffraction pattern isrecordedby measuring the intensity of scattered waves as a
function ofthe scattering angle. Strong intensities known as Bragg papgearat the points
where the scattering angles satisfy Br§dg@w. Thereby, Bragg diffraction is used to stulg
internal structure of solids (viatstructural units of the same order of magretadlarge than
de Broglie wavelengtiof the probe).

Figure 28. Bragg diffraction. Twancident wavewwith identical wavelength and phase
are scatteretly two different atom®f the crystalline solidThe lowerwavecrossesan extra
lengthof GVLQ

Structure factor is a mathematical description of how a material scatters incident
radiation and its inverse Fourier transform gives the atomic positlbrssa particularly useful
tool in the interpretation of interference patterns obtaimeX-ray, electron and neutron
diffraction experiments. Derivation of the structure factor notation can be fountRih [

resulting inthefollowing:

([X;;HL I’ 3,6?6 UGUes> bl >R 5 (2-6)
\
where the sum is taken over all atoms in the unit bek, | are the Miller indicesy;, v,

z are the positiooordinates of thgth atom,fj is theatomicform factor of the-th atom.

Theatomic form factor is a measure of the scattering amplitude of a wave by an isolated
atom. The atomic form factor dends on the type of scattering, which in turn depends on the

nature of the incident radiation, typicallyrdy, electron or neutrofscattering length)
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The structure factdr(hkl) is directlyrelatedto the intensityl(hkl) of the corresponding

reflectionas[122:

td (e’ (2-7)
The constant thatelatesthe two depends on nmy factors (multiplicity, polarization
factor, Lorentz factor, absorption, temperature, etc.)

2.2.1.3. Diffraction vs imaging

What if we would liketo obtain not only the structural information of the object of study
(by diffraction) but to image it? It is not always discussed in classical optics textbooks but the
whole process of imagirnigvolvesdiffraction. Diffraction pattern iformedby the samle and
can be seen at the back focal plane (or diffraction planejse the focusingehgth is place
after the sample (see Fig. 2.9he Fourier transform jstherefore, performed bthe lens
allowing the magnified obje¢bd bevisualizzdin the imageplane.

The diffraction pattern acts as a source of light that propagates to the screen where the
image is formed. This is called diffraction theory of image formatodit was first described
by E.Abbe in 1873 123.

Figure 29. lllustration of the physical basis ohage formation(example of diffraction

grating wheref - focal length, - scattering anglel2?.
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,Q D SDSHU SXEOLVKHG LQ $ % BHPoterpradposed® W X SR
WKDW $EEHYV WZR SODQHV WKH GLIITUDFWLRQ SODQH DQG
theFourier series it turns out that the image on timage plane is the Fourier transform of
the diffraction pattern on the dffraction plane. The diffraction plane is now often called the
3)RXULHU SODQH” RU 3EDFN IRFDO SODQH"™ RI WKH OHQV

Therefore, the important point to keep in mind is that by uaismgle probe radiation
one can access both the structural information \abw object (from reciprocal space in
diffraction plane) and its image (from real space in image plame) theseéwo planes are
relatedby the Fourier transformThe Fouriertransform in optics is usually done by the lens

another approach is used Buwas in the case tdnsless imaging.

2.2.1.4. Resolution limit, wavelength and the choice of probe

Resolutiondescribes the ability of an imaging system to resolve détdihe object that
is being imagedit is definedby the smallestlistance betwaetwo distinguishable radiating
points.Resolution in microscopy is limited to about ¥z of the wavelength of the illumination
source used to image the sam@leshown in eq.-8). Because our eyes can only detect photons
with wavelengths greater than ~4afn, the best resolution that can be achieved by light
microscopes is about ~200nn However, the statef-art fluorescence based supesolution

optical microscopy can now achieve resolutions of 20 125,[126§.

One way toovertakethe diffraction limit of light is to use an illumination source with a

shorter wavelength thansible photons +X-rays or electrons.

X-rays have a wavelength ranging from 0.01 taff) corresponding to energies in the
rangeof 100 eV to 100 ke\accordimg to the relation:

D?
" L— (2'8)
a

In case of electron probe, the velocity of electrons is determined by the accelerating

voltage V, or electron potential where:

S .tAS8
A8L—t | BaRL - (2-9)
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Therefore the wavelength of propagating electrons at a given accelerating voltage can be
determined by:
D

8L —— (2-10)
YI1AB

Moreover therelativistic effectshave to be taken into accourgcause the velocities of
electrons in arelectron microscope reach about%0the speed of light with an accelerating
voltage of 20(kkeV. These effects include significannhigth contraction, time dilatioand an
increase in mass. By accounting for these changes,

stawas r’>4 s

ab Y8 © A8 (2-11)
§ S EW

where c is the speed of light, which is %3108 m/s. Therefore, the wavelength at
100keV, 200keV, and 30keV in electron microscopes is 3.@M, 2.51pm and 1.9¢m,
respectivelyln practice the esolution is limited to ~0.hm due to the objective lens system

in electron microscopes.

Many probes can be used to study the internal structutkeosolid (see if. 2.10)
depending on the require@solution. Thereforein the current work, Xay and &ctron
scattering were usdd characterizéoone mineral structure (reciprocal space information) and
organization (real space imaginig) order to achieve better spatial resolution than optical

techniques

So how to build the electron andrgy microscpe?The principal scheme of electron and

X-ray microscope loaksimilar to the optical onend it is schematically drawn Fig. 2.17.

The frst important difference are the lenses used for focusing the radiation. Ina’EM
series of electromagnetic ks are usedn a similar wayto optical lenses, for beam
collimation Focusing for Xrays is not as simplé the X-ray wavelength regigrherefractive
index of any materialto X-rays is close to.1IThe manufacturing of efficient-Xay lenses is
therefore,very difficult. Also, the highfrequency information is often not collected by the lens
and the resulting image contains lens imperfections such as aberrations. Inséad, t

computational phase retrieval algorithm is uaedwill be described in dails later.
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The second significant difference is the sample geometry requirements. Electrons have
very small penetration depththerefore, the samples measured in TEMSst be electron
transparent (withthicknessin the range ob0 - 100nm). Limitation for X-ray microscog
samples is also very strict and depends on setup parameters sablerasice lengtluetector
area, pixel size and sample to detector distance.

Therefore, in transmission optical microscogsible light is focused on the sample ay
condenser lenghe diffraction pattern is generated in Fourier plane and a set of objective and
projector lenses is used for Fourier transform for producing the magnified image of the sample
in the imag plane(see kg. 2.11)).

Figure 210. Electomagnetic radiation spectrum indicating probe choice.

In TEM, a beam of electrons is focused by electromagnetioleas Utra-thin specimen
andinteracs with the specimen as it passes through. An image is formed by the set of objective
and projectotenses, it is magnified and focused onto an imaging device, such as a fluorescent
screen or CCD camera. By adjusting the magnetic lenses such that the back focal plane of the
lens rather than the imaging plane is placed on the imaging appardttisacion pattern can

alsobe generated.
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In coherent Xray diffraction microscope (as CXDIX-ray beam passes through
monochromator, vertical and horizontal slits in order to achtbeerequiredtemporal and
spatial coherence, respectively. Then it paskesugh the sample that is rotatedd the
diffraction patterns are recorded at each angular posiiotne CCD screen. The image is

reconstructed usingcomputational phase retrieval algorithm.

In the following subchaptersthese techniques will be deded in more detalils.

Figure 211. Simplified scheme for imaging with different probes.

2.2.2. Xrayradiation basetechniques

X-ray scatteringis a tool used for identifying repeating domains present in the sample,
which can be e atomic ad moleculararrangements on the smallest length scale or
organization of larger unitBy measuring the angles arlde intensities ofthe diffracted
radiation onecan produce a thre#imensional picture of thelectrondensityin the crystal.

From this ebctron density, the mean positions of the atoms in the crystal can be determined, as

well ascrystal sizechemical bondsand more specific information related to disorder.

Elastic Xray scattering includssinglecrystal diffraction powder diffractionsmall and

wide-angle Xray scattering
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2.2.2. Xray radiation based techniques

2.2.2.1. Rietveld refinement

Single crystal diffraction, using relatively large crystals of the material, gives a set of data

from which the structure can be easibived

However, most materials of interestchas bone tissue cannot be grown to large crystals,
and exist under the form of polycrystar composits containingsmall crystallites Powder
diffraction, therefore, has to be usdthe drawback of powder diffraction method is that the
diffraction peaks a highly broadened and grossly overlap, thereby preventing proper
deternination of the structure. This problem is overcomé&mRietveld analysisn creatinga

virtual separabn of these overlapping peaki27,129.

Rietveld refinement extracts much raomformation from powder XRD data than

classicabeaks identification. It also gives access to the characterization of:

unit cell dimensions;

phase quantities;

xX X X

crystallite sizes / shapes;

X

atomic coordinates / bond lengths;
X micro-strain in crystal lattice
X texture effects;

X substitutions / vacancies, etc.

However, Rietveld does not perform phase identificatiod structure solution, which

has to be given as an input for tleéinement.

The Rietveld method is based on the refinement ofsslected paranters to minimize
the difference between an experimental pattern (decb data) and a model based on the
hypothesized crystal structure and instrumental parameters (calculated pBlftenefinement
principle can be shown with the following formufawhich several phases can be accounted
for. Calculated intensityl}; @t the poini of the diagram is:

Wd WET 51 ). tEFta+ (2-12)
. P
where U, ¢s thebackground at the poimt G the normalized profile shape functiorh,

the scalefactor of the phaseQ + the intensity of thek-th reflection. The summation is

performed over all phase€) and over all reflection, contributing to the respective point.
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Whereas the intensity of Bragg reflections dependfefollowing paameters:

L 1pp (b2 (2-13
where |  is the multiplicity (or multiple scattering coefficien®f k; . the Lorentz
polarization factor;(,thestructure factor;2,the preferred orientation factorf,theabsorption

factor.

Therefore, the calculated intensioy a given phasean be written as:

U081 .p (5°). (tEF tan; 2 E> G (214
p

where > G¢{3 avalue of thebackground functioat the point.

The spectrum is calculated using (2.12) that depends on: phases (crystal structure,
microstructure, quantity, cell volume, texture, stress, chemistry, etc.), instrunwenetgg
(beam intensity, LorentPolarization, background, resolution, aberrations, radiatior), atd
sample (position, shaperientation and dimensions). The calculated spectrum is compared to
the experimentally obtained one and the refinement oftatalcand experimental parameters

is done until the best fit is found29.

For background> G&he most commonly used functionasSRO\QRPLDO LQ EXW

complicated functionmay beused.
The scale factora, , from (2.12) is defined as:

¢ &00 = oRp
vae 8

where 5, isthebeam intensity,Bthephase volume fractior§thephaseunitcell volume.

5 L5, (2-15)

The Lorentz polarization factor,, is a measure of the amount of time that a point of
reciprocal lattice remains on the sphere of reflectiamdithe measuring proceaad sample
rotation 7KH /RUHQW] IDFWRU GHSHQGY RQ WKH LQVWUXPHQW

detector, beam size/sample volume and sample angular positioning.

Different profile shape functions). :t EjF t & ; &re available such as Gaussian (the
original Rietveld function for neutrons), Cauchy, Voigt and Psétnigt (PV), Pearson VII,

etc.
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2.2.2. Xray radiation based techniques

For modeling the texture (or preferred orientations) fac8yr,the March distribution
function is used for empiritanodels of preferred orientation effeciThis model describes
preferred orientation of cylinder or needle shaped crystals. Other funstiohas Gaussike

distributions and spherical harmonics can be also used.

The absorption factor#, accountsfor the transmission and absorption of theays
through the irradiated volume of the sample. It depends on sample tggofia¢, plate or

cylindrical; andon the mass absorption coefficient of the sample.

Quiality of the refinement is usually defineg the weighted sum of squares (WSS):
(; oA~ oA

955L 1 osgféF £08da syl

l@s 8 gea

S

(2-16)

And the goodness of fit,i & which is often calculated using -Rdices (4¢3 is the

weighted pattemn

44 «
6L —2 (2-17)
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- (2-18)
RGeSy £ ot
4eéL©L@D_~z-b Qé:ts? é
G Suty
o ._OF2; (2-19)
géa ~ = 26
Ajcsof 8

where N is number of points andhienumber of parameterd 3Q.

Rwp < 0.1 corresporgito an acceptable refinement with a medium complex phase. For a
complex phase (monoclinic to triclinicha value < 0.15 is good. Fdrighly symmetric
compoung (cubic) with few peaksa value < 0.08 start to be aaptable. The &y is the
minimum Ryp value reachable using a certain number of refineable parameters. It needs a valid

weighting scheme to be reliabl&2.

Many software exist thagnableRietveld refinement such as: GSAS, Fullprof, BGMN,
DBW, LHPM-Rietica, MAUD, Rietan, Simref, etc.

Rietveldmethods fit a multiariablestructurebackgrouneprofile model to experimental

datawhich is why there is a potential for false minima, diverging solutions, etc. The most
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important variables need to be refined first, and then more variables can be atided un

adequate solution is obtained.
The R.<RXQJTV 5HILQHPHQW 6WUDWHJI\ VXJIHVWV WKH IRO

X scale factor;

X zero shift or specimen displacement (not both);
x linear background;

X lattice parameters;

X background;

X

peak width, w;
atom positiois;

preferred orientation;

xX X X

isotropic temperature factors;

X

u, v, and other profile parameters;

X anisotropic temperature factors.

More refinement schemesan be foundn [131].

2.2.2.2. PDF analysis

The standard tool to study the atomic structure is crystallograghgh aim is to
determine the average atomic positions within a periodic lattice (fylggailine solid).On the
other hand, there are alseell-established method® characterie the structureof fully
disordered materials such as liquids and glasdewever there is a dearth of techniques for
the cases Hetweenlike crystalline solid with internalatomic ornanometer scale disorder.
The study of complex hierarchical matesiglichas bone tissue requsa technique that will
be able to detenine the deviation from aaverage crystal structure the short or middle
range order

Thepair distribution function (PDR)ppears to be a method which is ideal for such cases
[117]. It describes a probability of finding amgair of atoms aia given interatomic distance
(Fig. 2.12). The primary application of PDF analysis was the study of materials that do not
show a longrange lattice periodicity, i.e. liquids or glasses. Their PDFs show broad features

and do not extend over the shahge of the first few coordination spheres.
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Figure2.12. The principle ofPDF. Interatomic distancesi, give maxima in the PDF
G(r). The area below the peaks corresponds to the number of neighbors, scaled by the scattering

power of the respective atoms.

A PDF from crystalline material is much more structured and gives information on a
mediumrange of interatomic distances. This @mplanertary to the Rietveld methoeavhich
models the average crystal structure from the intensities of the Bragg reflectadiffiaction
pattern. hermal vibrations that are always present in crysaat$disturb tre ideal atomic
arrangemendre casidered in the Rietveld method by the thermal displacement parameters and
are treated as random deviations. Other deviations from the ideal symmetry, e-cargimrt
order, do not contribute to the Bragg reflections but to the diffuse scattéiivay ae, therefore,

not conglered by the Rietveld analysis

In contrary, PDF takes into account both Bragg and diffuse scatt&idigcan than
discriminate between shemrange order (represented by finite ramdom displacements from
the ideal crystal strugte) and random displacements of the atoms. Systematic deviations from
the ideal structure arendeedfrequently observed in very small particksd are expected in
our systemlin other words, PDF analysis does not use the gssoimof lattice peridicity but
uses information from Bragg reflections and the information burideiween Bragg peaks in
the form of diffuse scatteringt Imposes the fact thahe structure is nostrystalline even

though it has longange order.
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The PDFG(r) yields the prbability of finding a pair of atoms separated by a distance
Experimentally, the PDF is obtained from a powder diffraction pattern by realizing the Fourier
transform as132:

. 1
):NLvéNé:NFé4’?L—éi 3%5:3; Fs?«¢3N@ 3 (2-20)
4
where é:N is the pair densityS(@) the total scattering structure function, i.e. the

normalized coherent scattered intensity. It is worth notingtkieatvhole diffraction pattern is
used to obtainG(r), not just the Bragg peak intensities as for a classical crystallographic
analysis. Therefore the contributions of disorder, defects, etc. which contribute to the pattern

through diffuse scattering outld of the Bragg peaks, will also be encode@(r).

A set of corrections has to be applied in order to olfggh from diffraction data (same
as for Rietveld refinementhy excludng incoherent and inelastic contributions such as
Compton scattering, fluescence (Xays), Placzcek and incoherent scatteringufrons),
signak coming from the environment (sample holder, cryostat, air scattering, etc.), as well as
the effects of absorption, multiple scattering, &twen the functior(q) =q(SQ@ i is Fouier
transformed according to (2.18) in order to ob@G{n. To calculaethe PDF from experimental

datg software such as PDFgetX2, PDFgetA3J etc. can be used.

This experimentaG(r) is further compared to the model irsianilar way asis done in
the Rietveldrefinement The model usually consists of atomic positions, thermal factors,
symmetry elements, eggmental and sample corrections, medependent parameters for
broadening and damping@he PDF profile can be modeled and fit to the experimental data with
software such as PDFgui34], Diffpy-CMI [135], PDFfit [136], DISCUS [L37], RMCProfile
[139, etc.

Eventually, vhen the system of interest is goosed of more than one kind of atom, it is
generally desirable to understand the distinct structiiira particular chemical species.
Therefore, we caaxtracta partial pair distribution function)  : N, that gives the distribution

RI DWRP SDLUV LQ WKH PDWHULDO FRPLQJ RQO\ IthiRP DWRP

casethe total pair distribution function would be:

):NLT T ) :Na (2-21)
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2.2.23. CXDI analysis

Imaging techniques such as optical, fluorescence, ptageast, confocalX-ray and
electron microscopies are widely used in the field of materials science. These techniques are
based on the lenwicroscopy and are limited inesolution by both the lenses and the

wavelength of theadiation

X-raylensbasednicroscopy was also used for materials characterization due to its ability
to studythick and opaque samples with relatively high resolutiRecently, the development
of third-generation synchrotroand freeelectron laser radiatiosources that produce intense
X-ray beams with high degree of spatial coherenge &aabledlamong otherslensless Xray

imaging technique called coherentray diffraction imaging (CXDI]139.

CXDI is basedn measuring the Fraunhofgar-field) speckle pattern of an objefcily
illuminated bya highly coherent synchrotron beam and subselyugoplying aphaseretrieval
algorithmto reconstruct theanage in an attempt t@olve theso-called phase problem.

The phase problemis the name given to tHess ofinformation concerning the phase
that occus when making a physical measurement such -agyXdiffraction.Light detectors,
such as photographic plates or CCDs, measureloaintensity of the light that hits them. This
measurement is incomplete (even when neglecting other degrees of freedom such as
polarization)asa light wave has not only an amplitude (related to the intensity), but also a
phase, which is systematicalbst in a measurement. In diffraction or microscopy experiments,
the phase part of the wave often contains valuable information on the studied sp&tienen.
simple illustration of the phase problem is showhig. 2.18. The standard Lena image widely
usedin the field of image processing will be used as an example. First let us make a Fourier
transform of it and separate the magnitude and the phase. Magnitudesiplagedin the log
scale to improvéhe contrast.

To get further insight, let us reconstt an image from either just its magnitude or its
phase component by inverse Fourier tfarma of each of themThe reconstruction from the
phase contains the edge features in the original image, whereas the magnitude image contains
most of the coloringrom the original image. One can recognize the girl in the phase
reconstructed image, but cannot see anything resembling her in the magedostructed

image. Thus, knowing the phase information is absolutely crucial for image reconstruction.
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Figure2.13.lllustration of the phase problem. Separated Fourier transforms of magnitude

and phasec@lculatedwvith ImageMagick software).

Figure 214. Phase problem in Xay crystallography. Real and reciprocal space

information [L4Q.
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If we apply this concept to -Xays,one can see that simple Fourier transform of the
diffraction pattern that contains the struelunformation such as structure factor DG tdloes
not recover althereal space informatigms is showin Fig. 2.14. Because in order to calculate
the electron density that represents atomic positions in real, spece@eeds both amplitudes
( : DG tand phase® : DG H

We will then replace the use of the lebhg a computational scheme that will allow the

reconstruction of the missing phase informa(eee Fig. 2.15)

Figure 215. Idea of Xray microscope and its comparison to optical microscope: phase

retrieval computatical algorithm is used d@ke lens in optical microscop{4Qd.

The idea that phase information can be recovered from a diffraction pattern was first
proposed byD. Sayre in 1980141 and demonstratedor X-raysby J. Miao, D. Sayre, and
coworkers in 1999141]. In aclassicalCXDI experimentthe spatially and taporary coherent
beam is produced by the monochromator and set of slitsisbleed sample is scanned in
rotation within an angular range et70° (the maxiram rotational rangeallowed by the
geometrical sample holder limitatignsith the sufficient anglar step (on the order of 0.25
to achieve the proper samplingtbé reciprocal spacé42), see kg. 2.16. The proper sampling
is important in order to recover well enough the reciprocal space of the object for reconstruction.
The sample dimensions has to be smaller than the beam coherence length in order be fulfill t

isolated object requirement.
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Figure 216.General scheme of 3D CXDI acquisition at ID10 (ESRF). Synchrotron beam

achieves its temporal and spatial coherence by passing through monochromator and slits;

individual isolated sample is being rotéte +70° degrees; fdireld diffraction patterns are

recorded by CCD camera.

Collected diffraction patternseed to be corrected for data acquisition geometry and

detector characteristics. In practice, this invol¥les-field, detectordeadtime correctons,
background subtractiprmaskingof the beamstop andetector dead pixelsThe final 3D
reciprocal space volume is obtained by assembling the individual patterns lingag

interpolation

3D reconstructions are obtained by the usaraferative fhase retrieval algorithnThe
combination ofHybrid Input Output (HIO)algorithm (first 70% of iterations) and Error
Reduction (ER) algorithm (last 30% of iterations) is used for the object reconstruction.

The ER algorithmdevelopedby J. Fienud143 is a fast iterative algorithrthat uses
alternating constraints ongalesssolution in real and reciprocal spasehematically shown
Fig. 217). At the first step of phase retrieyale takeaninitial object(in real spacedf spherical
shapdilled with randomnumbersreferred toan initial estimateA Fourier transform-[], of
this initial estimate is then calculated resultingaciprocal space representation, i.e. structure
factor,F. Data constrairgtare then introduakbysubstituion of thestructure factoamplitudes
with the measured intensity from diffraction patterns. Fiverse Fourier transform, ™[], of
the updated structure facto},f provides a new real space object estimat§The sample

constrains aré¢hen introducedo obtain an updatedbject estimatef. This assumes that the

dimensions of the shape or object are known so solutions outside of the dimensions are set to
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zero and the solutions within the object are kept to form the new trial soltiiercalculation

continues in aiterativeway until itdoes not produce any new information.

Real space Reciprocatpace

Figure 217. Simplified scheme of CXDI iterative pbkaretrieval algorithm. Initial

random phases and amplitudes. Input parameters: amplitudes fronmexyal data.

The data constraint represents a-noigque operator; if this was the only constraint
applied the reconstruction could converge on any number of possible solutions and not the at
the object phase. The sample constraint drives the algativards theobjectphase solution
because this is the only solution that has the sharp defined edges of the shape dimensions. The
ER algorithm isalsoknown as a local minimizer algorithm as it reduces the error from the
previous solution. Reconstructiniget phase of objects often involves many laoalima, so
depending on the startirguessof the magnitude and phasecanstuck in a locaminimum
rather than thglobalminimum[144 or stagnateThis means that only using ER the program
may not convergeo the correct solution. This increases the program run time and computer

powerneeded.

HIO is one of many algorithms that were created in ordevéocome thestagnation and

local minima problem of ERt was proposed by Fienupin 1986 [L45. HIO uses the same
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basic iteration process as ER except for a slight difference in the sample space cddslhiieent.

ER, wherethe solutions inside the dimensions of the object are, lieHIO the solutions
outside of thegiven dimensions are allowed to vary and are not set to zero. This works by
subtracting the previous iteration output multiplied by a real parameter from the current
iteration output, all done in the frame outsidettté object dimensions. This forms a sort of
weighted average between the previous iteration and the current iteration with the real
SDUDPHWHU RIWHQ NQRZQ DV Z L WIK4. Gtanimghivitre8domD O U D Q
trial solutions or guess shapes HIO consistently reconstthe same structure and so it is
considered a reliable algorithib46. The solutions being allowed to vary outside of the sample
constraint makes this more powerful than ER as it is much better at avoiding both stagnation
and local nmima. However asit is a weighted average technique it can only reach its full

potential when used in combination with ER.

2.2.24. Sources of Xay radiation

2.2.24.1. Powder Xray diffraction athelaboratory source

In thelaboratory sourcexX-raysare produced by bombarding a metal target (Cu, Mo, Ag
usually) with a beam of electrons emitted from a hot filament (often tungsten). The incident
beam will ionize electrons from the-g¢hell (1s) of the target atom andrXys are emitted as
the resultanvacancies are filled by electrons dropping down from energetically higher levels.
The specific wavelengths are characteristic of the target material (Cu, Fe, Mo, Cr, etc.). In our
case $J.. UDGLDWLRQ Z&hw E=22.108&eV was chosen.

The samp@ was placed on the goniometdhat wasmounted on a diffractometer
(BRUKER-AXS KappaCCD equippedwith a CCD camera(Apex II) and an Xray
microsourcégIncoatec AglpS) as shownn Fig. 2.18. A beam of 150 m diametemwasfocused
on the sample. The anguleoverage of the detectoras2 =20°. 36 imagesvererecorded
while sample rotatiomvith the stepsize of 3° with increasing , allowing for a large angular
overlap between images and reachingaimum at ma=120 (gma=19.4A™1). In practice,
the stdistic on the largest anglesastoo low and the last few anglegere not used. The
exposure time wad0 min/image;therefore,24 hours per samplé@he background is also

recorded in the same conditions.
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Figure2.18. LaboratoryXRD setup (Instiite Neel).

Standard corrections aadimuthalaveraging was performed with tRewderize module
of the evalCCD software. An intensity evaluation meth®dAL-14 is described in the
reference 147]. Diffraction patternswere further averaged with homemadeVatlab script.
PDF profiles are calculated withDFGetX2.

2.2.24.2. Synchrotrorsource

The other part of Xay measurements was done widhsynchrotron source. The
description of its functioning, components and focusing opticsiseusised in detail in

Appendix 2 The experiments were performed on three different beamlines as described below.

ID11 beamline for PDF analysisID11 is a multipurposbeamline, concentrating @b
grain mapping, diffractiomnd PDF experiments in the areantditerials science. It hdsgh
flux (~10* photons/s for white beam and ~1xphotons/sdr monochromaticdam) and high
energy (18140 keV, in our casé8keV was used)X-ray beam dimensions can be tuned from

a few mm down to 100 nm.

ID11 is located at the output of an undulator soulide monochromatois made of a
double bent crystal (operating in horizahLaue geometry) and focusing system that consist

of atransfocator of 8 cylinders with Be lenses, Al lenses, and a pinbé& |t is equipped
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with the goniometersjtuated 94 m from the soujand Frelon detector of 2048x2048 Jéxd
45.85x4585 um? (see Fig. 2.1P In Fig. 220, the ID11 setup is showie use it in the high

resolution diffractometeconfiguration in scanning mode.

Figure 219.1D11 map schematic showing the locations of the Experimental Butch
(EH3) [148.

Figure 220.Photograph of the ID11 setupdigating the principle components.

Diffraction patterns for PDF analysis were recorded at EH3 hutch with energy of
78.25NH9 0.158 A) andbeam size of DALO0 P? (HxV, FWHM). Samples were scanned
with the step size of 10 um and the background was dedobefore each scan at the empty

position (hole in the sample).
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ID10 beamline for CXDI. ID10 is a multipurpose, higtbrilliance undulator beamline.
Endstation EH1 is dedicated to higksolution Xray scattering and surface diffraction on
liquid and sald interfaces, combining multiple techniques in a single instrument. Endstation

EH2 is adapted for coherent SAXS;rXy photon correlation spectroscopy and CXDI.

EH2 station was used for CXDI experimegnit has high coherent flux with 10x10 gm
beamsizeand intrinsicHQH U J\ UHV R O XMWIL®RQt Reés ivatér cooled silicon (111)

crystal pseudo channel cut monochromabig. 2.21)

Figure 221.1D10 beamline layoutl[4§).

The station is equipped with high resolution goniometer witbrn-axis micrescope and
MAXIPIX 516x516 pixX 7 Ppixel size detector. 3D reconstructions can be obtained

with an inrhouse software.

CXDI was performed witlahighly coherensourceatthe energy o7 keV (2.5 13°ph/s
and8 keV (8.3 13°ph/9. A coherent Xray beam was produced by beam defining rddlede
VOLWV RSHQH &aw flaced[0.5 m &pstream of the sample. The diifraétom the
slits was cleaned by a second set of rddlede slits placed 0.25 m upstream of the sample and
finally by guard slitavith Si blades situated 0.08 m upstream of the saralmples of interest

were selected and imaged dayin-line microscop.
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Figure 222. Experimental setup for CXDI experiment at ID10.

Samples were rotated to +70° with the 0.25° step size and 25 ms exposure time as shown
in Fig. 2.29 and theifar-field diffraction patterns and background was recorded at each
rotational step with MAXIPIX 2 x 2 clpi detector with 516 x 516 giand a pixel sie of 55x 55
um?, placed 5.27 ndownstream from the sample (as shawifrig.2.22). Rotational range is
chosen to be maximal in order to better oversample the reciprocalesqicgding angles that

give rise to saturation.

Phase retrieval was done by the use of IDléhdose software (Y. Chushkin).
80individual reconstructions are done withODOiterations each and 30 béstterms ofthe
square root ohormalized error metrecvalue {variant error metrics for image reconstruction

is defined in 149) are aligned and averaged with suikel interpolation of 1:2.

2.2.3. Electron radiation based techniques
2.2.3.1. Electron diffraction and TEM

The principal scheme of TEM is showim Fig. 2.11. A TEM is composed of sevdra
components, which include a vacuum system in which the electrons travel, an electron emission
source for generation of the electron stream, a series of electromagnetic lenses, as well as
electrostatic plates. The last two allow the operator to guidensrdpulate the beam as
required. Imaging devices are subsequently used to create an image from the electrons that exit

the system.
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2.2.3. Electron radiation based techniques

Contrast formation iMEM depends greatly on the mode of operatidms stems from
the unique ability to changhe electremagneticlensescharacteristicer to deactivatehem
which allow many operating modeA. few operation modessuch as bright field, dark field

and diffraction that were used in this study will be described.

The mosttommon mode of operation f&EM is the bright field imaging mode. In this
mode the contrastwhen considered classicallg formed directlypy occlusiorand absorption
of electrons in the sample. Thicker regions of the sample, or regions with a higher atomic
number willabsorb more strongland, henceappear dark, whilst regions with no sample in

the beam path will appear brighthis is where the term "bright field" comes from.

By adjusting the magnetic lenses such that the back focal plane of tH{eakes than
the imaging planes placed on the imaging apparatasliffraction pattern can be generated.
For thin crystalline samples, this produces an image that consists of a pattern of dots in the case
of a single crystal, a series stfiarprings in the case of a polycrystallinetwpad rings for an
amorphous solid materidh the single crystal case, the diffraction pattern is dependent on the
orientation of the specimen and the structure of the sample. This image provides information
about the space group symmetriéshe crystalandits relativeorientationwith respecto the
beam path. This is typicallgbtainedwithout using anytherinformation but the position at

which the diffraction spots appear and the observed image symmetries.

Analysis of diffraction patterns can bengplex, as the image is sensitive to a number of
factors such as spimen thicknesbjective lens defocuspherical and chromatic aberratson
and, most importantly, due to multiple scattering which occurs when a diffracted photon is
diffracted again byother part of the sampl&his changes the relative intensities measured

on the detector, such that crystal structure analysis becomes more complex.

If the reflections that are selected do not includedibexct beamthen the imagérmed
in the image [anewill appear dark. This is known aglark-field image. It involves tilting the
incident illumination until a diffracted, rather than the incident, beam passes through an
objective aperture in the objective lens back focal plane. -Belck images, uner these
conditions, allow mapingthe diffracted intensity coming from a single collection of diffracting
planeslt can be used, for example,himhlightall the crystals in the field of view that produce

the given diffraction spot.
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Energy dispersive Xray analysis(EDX) is another modality availabie many modern
electron microscopesquipped withan energy sensitivé-ray detector. It is a technique used
for the elemental analysis or chemical characterization of a sample. Since each element has a
unique atomic structurdeDX allows collecting a unique set of peal@responding tats X-
ray emission spectrum. To stimulate the emission of characteristgsfrom a specimen, a
high-energy beam of electrons is focused into the sarpits lowest enggy state an atom in
the sample contains ground state electrons in discrete energy levels or electron shells bound to
the nucleus. The incident beam may excite an electron in an inner shell, ejecting it from the
shell while creating an electron hole whtre electron was located. An electron from an outer,
higherenergyshell then fills the hole, and the difference in energy between the lsigiehe
lower-energy shei may be released in the form of arrdy, collected by the detector. As the
energies bthe X-rays are characteristic of the difference in energy between the two shells and
of the atomic strucire of the emitting element, EDallows the elemental composition of the

specimen to be measuretb().

TEM setup. The TEM usal was a high-resolution transmission electron microscope
JEOL 2100FRwith afield emission guras show in Fig. 23.

Figure2.23. TheJEOL 2100Rransmissiorelectron microscope.
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The instrument hethe following specifications

x 200 kv accelerating voltage

X Schottky FEG Emissic@r/W;

X Image Resolution: 1.5 nm with HTP (Bright Field STEM at 200;kV)
x Low Mag: 100x to 15,000x

X High Mag: 20,000x to 15,000,000x

x JEOL bright field detector

X ACOM setup.

2.2.3.2. Automated Crystal Orientatidtapping

The Automated Crystal Orientation Mapping (ACGMEM) tool is an extension
technique to the classical TEM approach that allows automated crystal orientation and phase
mapping. Itis based on the collection diffraction patternsvith afast CCD canera while the
beam is scanning the thin film. The data analysis relies on the comparison between the electron
diffraction patterns collected at every scan position and the simulated patterns calculated for a
given crystal structure in all possible oridmdas [L51,152. This allowsreconstructingrystal
orientation magp The method can be equally applied fiwe spatially resolved phase

identification problem by usg several structural templates (models)

Currently,the integrated TEM cameras for direct diffraction pattern acquisitsomlly
do not fulfill the requirements for ACOM in terms of spe€ldesecameras are better optimized
for resolution and sensitivity than for speed. A reasonable orientation map contains typically
100,000 pixels, all being related to a given diffraction pattéroollecting rate oafew frames
per second would require hods gathering the complete set of pictures, with potential beam
drift and radiation damageroblems. An alternative solution consists in using an external
dedicated high speed, high sensitiatyd low resolutiotamera focused on the phosphorous
screen thwugh the TEM front windowl[53. A typical acquisition runs at 1d@ame par second
with a step size thahayrange between 0.5 and 50 nm. Consequently a 20Qx28Dscan

will take lesshan 10 min.

The requirementn the probe beam size depsmh WKH PDWHULDOVY FU\WWDC

to properlyresolvethe bone structureve usedhe minimumavailablebeam sizef 2 nm.
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Acquisition scheme and data interpretation.After selecting anr@a of interest using
bright field imaging it then scanned in diffraction ode by the fast camerdig. 224).
Distortion and camera length corrections are applied and the virtual bright field image is
constructednumerically by selecting onlythe transmited beam intensitiegas shown in
Fig. 2.25) The structure templatis used in order to create a set of calculated diffraction
patterns for all possible orientations of the given ph@mak). For bone samplegthe
hydroxyapatite structure file was us@@4d]. Each diffraction pattern is compared tioe
generatedbank oftemplates for all possible orientations and the best fit is chosen ang/ddspla
in the fitting window and istereographic projection. The dastcolor code corresponds to the
best fit. Thereforethe orientation map is obtained withe corresponding inverse pole figure
color map. In order to judge tlyiality of fit, two parameterare calculadfor every template

match: index and reliability.

Figure 224. General scheme of ACONIEM acquisition and data interpretation: bright
field image of bone with shown scanning area, set of diffraction patterns, virtual bright field
image, structure template for hydroxyapatite, example of fit with stereographic projection,
orientation map with inverse pole figure color map, index and reliability mapgh are

explained in the following

In order to obtain orientation maphe struture templates are calculated for every
possible orientation and expected phésank) For a known phase, it is straightforward to
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calculate the reciprocal lattice. The theoretical diffraction pattern, called template, is the
intersection of the reciprottattice toriented accordingp the chosen set of Eulers angles

and the Ewald sphere whose radius scales with the inverse of the electron wavelength.

Figure 225. Schematic representation of virtual bright field reconstruction. A virtual
apeture is used to select only the transmitted beam and then plotted on the Tiniages.

equivalent to introducingn aperture in the beam path.

The image correlatiohndex is calculated foevery template match iz 226). In the
index equation, the difaction pattern is represented by th&ensityfunctionP(x,y)and every
templatei, is given by the functioii(x,y). The highesQ valuecorresponds to thieest fit of a
single template diffraction pattern (in the givarientation) to the data that we will further refer

to asolution[157.

In particular, the Index map is a plot of the matching index at every location. This
parameter measures the degree of correlation and may be understthal cagntity of
information that is filtered out of the successive diffraction pattéitms at the measured

diffraction pattern intensities that are not described by the template
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Plotting its value in grey levels provides a contrasted map that highlights dark areas
related to structural features like grain or interphase boundaries, laaswabnconsidered
phases (e.g.: precipitates) for which the matching cannot be good.

Figure 226. Template matching scheme and the definition of index. Each acquired
diffraction pattern is compared to the template with all possitatationdor the given phase.
The best solution is found by the method describedd]{ the solutionis shown as d&est

point in astereographic projection and the Index calculation (the degree of correlation) is done.

It is worth emphasizing that themplate matching strategy alwgysovidesa solution.
Therefore, the validity of the proposed phase/orientation is questionable in particular for
overlapping grains (crystals). A further parameter was designedesathis point, Reliability
(Fig. 2.27).

This parameter indicates how safe the indexing is. It is set proportional to the ratio of the
matching indexes for the two best solutions. Reliability is intimately related to the indexing
guality. Its value ranges betweearero (unsafe/black) and 10@njgue solution/white).
Practically speaking, a value above 15 is sufficient to ascertain the validity of the matching, at

least when the diffraction patterns are of good qualibi]|
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Figure 227.The reliability definition L5]]. If there are twdestorientationsm asingle
template that givéhe single phasmdexes( 3sand 3¢ with 35 P 3¢ then the reliability will

be calculated as shown.

Figure 228. Phase identification scheme. The same bone diffraction pattern is compared
to two phase templates (hydroxyapatite and CaO) with the corresgandexesfor two
phaseq +and ¢ not to confuse with single phase indexgsand 3¢in Fig. 2.27. Then the

phase reliabity will be calculated as shown.
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It is often required to have access to coupled information such as chemicgbluzde
identification) and structural data (crystal structure and orientation, grain boundary
characteristics). ACOMEM mayalso be usetbr phase identification. Templates of several
phaseghat areexpectedo be present in the sampdan befit simultaneously andh addition

to orientation, index and reliabilityhe phase map can be built (Fig. 2)28

Since templates are calculated for kinematical conditions, the matching would be better
if dynamical effects in recorded patterns are minimized. iBhisade possible by precessing
the incident beaml1p4 using the deflection coils tmted above the sampleigF229). The
dynamical signals are smoothed out leaving the less sensitive kinematical signal enhanced. The

matching with templates is far bettlrading to improvedrientation and phase mappifip5.

Figure 229. An illustration of diffraction pattern quayi improvement with precession

compare to standard setting.
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Chapter 3. Results

3.1. Coherent Xay Diffraction imaging of dentin and bone ultrastructure
3.1.1. Motivation

As seen from the complex structure of bone, the firstistpemultiscale characterization
should providea microscopic field of viewwith the best achievable spatial resolufiamich
for bone offers histological information. With the recent progress in tgeheation
synchrotron radiation soces with highdegree of coherenc€XDI is beaming a powerful
tool that allows 3Dmaging ofmicroscopic samples withspatial resolution better than 50 nm.
Therefore,CXDI was the first step of bone characterization providing the 3D visualization of
microscopic arragements of bone components. Thiial goalwas to study the fluctuations
of the mineral phase at the nanoscale tmdest whether CXDI could allowisualiang
individual crystalliteswhich requires a spatial resolution €1 nm. Although this was not
adieved,we were able to visualize the collagen organization arude strikingly, we found
that this technique was able to clearly imagemoscale porosifywhoseexistence is a matter

of debates.

Previous studies1b6,157 have shown the importance of understanding multiscale
porosity in bone materiala relation to its biological functionsascular (Haversian channels,
20-40 um diameter) 15§, cellular (lacunacanaliculi system, down to 150 nm)58A.6(0 and
collagenapatite porosity 161,162 (CAP, less than 10 nmHigher scale porosity, up to
cellular, had been well defined Hyifd characterization methods, such as mercury porosimetry
that are nobased on any kind of visualization, but rather on pressure/volume changes of the
fluid. While most studies at thdevel lowerare based orconfocalfluid transprt methods
[163,164 that require assumptionon the structure of théully interconnected multiscale
networkand ultimatebondingof staining molecules to any surface of porasiiyrrently, the
termnanoporositynostly appears in studies focusedtloa structuraimechanical role and was
mainly used in the field of artificial bone materials such as implants, sinthelroxyapatite

and scaffolcconstruction 165:6§. In this manuscript, we will refer toanoscale porosity
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designate porosity ahe order of 50 nm or beloand we will try to givehypothesison its

functions.

Because of itsimpler hierarchy of porous netwofk69, dentin was chosen as a model
for the first CXDI investigationDentin issimilar to bone up to the fibrillar organization. It is
formed by odontoblast cells that mineralize the collagen matrix during the tooth growth by
moving from the outer side to the pulp leaving behind the dental tubuegirflin diameter
in human). Unlike bone, adult dentin tissue does not colinaig cells, so it does not remodel
nor does it heal as other tissues [dae to its structuran a localizeddentinvolume, porosity
can beassumed to be essentially oriented alomgmain direction (the tubulesain axis which
is related to the tissue growth).is, thereforegasier to orient the sample by visualizing the
porosity at the microscale andpnsequentlyto visualize the tissue (and eventually the
nanoporosity) with respect to the microscopic orientation. This is much more difficult to do
with bore. The successful reconstructions of dentin sampiegided a proof of concept for the
feasibility of such studies and their future applicatmbone tissues.

With the reent development of high brilliance sourcdbe application of Xay
microscopy to biological tissuds gradually gaining scientific interest. Extracted collagen
fibers from the rat tail tendon weamalyzed by CXDI indicating the feasibility of collagen
repetition pattern observatio©70,17]. The group of J. Miadirst appliedCXDI to bonefish
bonesamplesof 2 um diameter{172 with different degree of mineralization imag with
voxel size of 12im. However, except for collagen repetition, no rich internal structure such as
nanoporosity or individual mineral crystal organization was oesk Whereas dentin was
well described by micr€T with pm-resolution butto the best of our knowledgevas not
visualized by CXD[169

Therefore, in this subchaptere will discuss bone and dentin nanoscale porosity that was
visualized and characterized with the spatial resolution better than 50 nm. The observation of

the collagen banding pattern enabled assumptions to be made about the fibrils orientation.

3.1.2. &mple preparation peculiarities

The amplesize washosen based on the ID10 beamline characteristics. limigsd to

5x 5 x 5um?in order to provide sufficient sampling of reciprocal space with the dieam
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3.1. Coherent Xray Diffraction imaging of dentin and bone ultrastructure

size, detector pixel sizareaand resulting spatialesolution in real space (s€hapter2).

Furthermore, the samples neddo be fully illuminated by the beam during the full scan.

Therefore, éhydratechonembedded human dentin and bovine bonelslegere cuby
ultramicrotomy into 5um thick sections (see Chapt2rl.6.) as shown ini§. 3.1a. The
following step had to providehe final cubes o6 x 5 x 5um? by cuttingthe5 x 5pum? squares
from the sectionsDue to thedifficulty to control precisely the resulting size and/or damage of
the samples, we trietiree different ways to produce the requigetbmetry thatre discussed

below.

Focused iorbeam (FIB) milling was used on a first group of dentin samples5Time
thick sectiorpreviously obtained was covered wéttonductivegold layerof 2 nmin order to
avoid electron charge accumulation during SEM observatiom the SEM image®ne can
clearly observe dentin tubulesigF 3.1bc) of around 2um diameterrunning horizontally.
Fig. 3.1d shows dentin pieces after FIB sectioning that weeehanically deposited disN4

membrans.

Figure3.1. FIB/SEM sectioning of dentin tissue: a) a fuikw of ultramicrotomy slice,

b) and c) zoom in on dental tubules, ditting of5 x 5 x 5um® geometry objects.
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The second technique that was usegrodu® the5 x 5 x 5um? separated cubes was
UV laser microdissectiarBy tuning the laser energy, the focus and the cutting spaectan
achieve the smallest beam size (in our case ar0En in diametey.

The ultramicrotomy slice wasgeposited on &EM grid (to providea flat samplesurface
andits fixation by electrostatic forceyhich was positioned on thieame of theSisN4 holder
that is approximatelyl mm higher than the membranas shown in Fig. 3.2In this
configuration thesamples fall directly on the membramggravity and optical forcesyithout
use of any liquids or micromanipulatqfsg. 3.3) However, the positin of the samples on the

membrane cannot be controlladd requires further characterization.

Figure 32. Scheme of the UV laser curty process (leftand photographs (right) of the
setup prior and after cutting where the sample section is indicatbe ked arrow.

Figure 33. UV laser microdissection system-line microscope view on the cutting

process: left) programmed and right) resulting cuts.
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The third group of dentin samples was prepared by grinding. The grinded powder was
mixed withwaterfiltered with 0.2 um mesh solidilters and one drop of the final solution was
deposited on th8izN4 membrane.

The choice of th&isN4 membrane is important for CXDI. First of all, the thinrlee
membrane is the larger angular range for tomography is accessible (50 rptimal)o
Secondly, inthecase of UV laser cutting, the membrane window size (the distance between the

opposite borders) should be 3 cm or smaller in order to position the TEM grid.

3.1.3. Acquisition and reconstruction features

Human dentin and bovine besamples werevestgated by CXDI at ID10 beamline,
ESRF[173. The ampleswere imagedising theonline microscop@f ID10 and selecteblased
on thespekle size, separationand diffraction patterrextensioncriteria which define data

quality andare important for theuccess ofeconstruction

The speckle pattern is generated by the interference between the diffracted beams from
different inhomogeneitiein the sample. When the sample is fully illuminated by the beam, the
speckle size is inversely proportional to the sample size. The extension of the speckle pattern
(gmax) on the detector iproportional to the flux and sample scattering power iandrsdy
proportional to the inhomogeneities si2es. for the lasffactor, the speckle separationgitmes

from the experimental setup (the detector area and pixel size and sample to detector distance).

Fig. 3.4 illustrates how the visualization of a test patt&n guide the choice of sample
size and experimental setup parameters. Fig. 3.4a provides optimal conditions, because the
speckle size is large enough to be sampled correctly (with at least 3 pixels) and they appear up
to the border of the detector (hig). Fig. 3.4b and Fig. 3crepresent a poor choice: b) the
speckle size is large but they do not extend to jgh speckles appear in all the detector area
but they are too small and not sufficiently separated from each other to ensure the success of

the reconstruction.

The diffraction patterns of isolated samples were recontehe far-field region with
highly coherensynchrotron beam of keV and8 keV for dentin and boneespectivelyThe
samples were rotated ta@ with the0.25’ step size and5ms exposure timand background
scatteringvas recorded at each rotational sfEpe iotational rangevaschosen to be maximal

in order tobettersample the reciprocal spaexcludingtheanglesnvhere the membrane border
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or neighboringsample gave additionacattering 142. No sign of radiation dange was

observed with this energy and exposure time.

a)

b)

Figure3.4. Choice of sample size and experimental conditions: a) good clegparated
specklesin majority bigger in size than 3 pixels; b) and c¢) bad cheosreallg-range and small

speckles, respectively.

Different sample orientations give rise to characteristic diffraction patterns that contain

principal structural informationf sample ultrastructure suchlasrder fringes, classical ben
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like tissue diffractiorand weak collage ring (Fig. 3.5, top) Rotation to ¥0° is sufficient to
sample reciprocal space and to assemble 3D reciprocal space u@ligne.5, bottom
left) [142).

Figure3.5. Reciprocal vs real space of dentin. Top: Speckle patterns from dentin sample
rotated to-36°, 0° and +72° showing characteristic patterns (border, homogeneous speckles
distribution, collagen ring)Bottom-left: 3D reciprocal space volum8ottom-right: 3D real
space reconstructed object volume. Scale panl1

Speckle patterns of nirdfferent angular positions are presented in Fig. 3.6, showing the

reciprocal space information evolution during the data acquisition.

Collected diffraction patternsequire several experimentalcorrectons, background
subtractionpeanstop anddetector dead pixels masking. The final 3D reciprocal space volume
is obtained by assembling the individipatterns using centreymmetry andatural neighbor
interpolation(Fig. 35, bottomtleft). The3D reconstructions were done using the code available
at ID10 (Y. Chushkin)based oran iterative phase retrieval algorithm described in detail in
Chapter2. The resulting voxel size of the reconstrans is 28 nm for dentin and 3in for

bone.
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Figure 36. Evolution of reciprocal space information during data acquisition (crystal

rotation from-68° to +70°).

For each sample80 successfulindividual reconstructions are obtained with 1000
iterations each and 30 best (in term&wbr metrics) are aligned and averaged with suikel
interpolation of 1:43147. Therefore thdinal image voxel sizés 14 nmand 15.5 nnfor dentin
and bonerespectivelylt is important to mention that if the sample ofrext size was chosen
(smaller than % 5x5um® for the described experimental conditions and it has a
heterogeneous internal structure (not amorphous and with electron density contrast from the
constituent elements) the reconstructions end with the safation in 906 of cases or more

independenfrom the starting conditions (in case that reasonable sample related comstrain
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chose. The reason why #herror netrics selection was applied to average 30 reconstructions

is purely for visualizatiopurposeandit wasnot usedfor further nanoporosity analysis.

3.1.4. Bone and dentin by CXDI

At first, the decision had to be made concerning the optimal sample preparation method
for future experiments. The main criterion was the succesgseoéconstuction as well as the
damage thata particular technique induces to the samgle.Fig. 3.7, the result ofa

reconstruction anthe characteristic speckle pattern &t 8 shown.

FIB prepared sampdehave very regular shape of «%.5x 5um? that allows the
histological orientatiomithin the tissue. The centriable of 1x 2 um? corresponds to the dental
tubule as shown with SEM in Fig. 3l1A thin layer ofmatter of about 120hm surrounds the
sample. It is believed to be attributed ta&deposition that came from the Baferused as a
substrate for FIB cutting. The reconstructed images have rich internal structure but many

artefacts are also visible.

Figure 37. Human dentin samples prepared by FIB, grinding and UV micradisse
From left to right: the three orthogonal cuib reconstructios, 3D volume renderingand

characteristicscattering pattern. Scale bamqm.
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The ample obtained by grindirgxhibitedwell separated speckles that alloveatetailed
reconstructionHowever,in generalgrindedsamples had a broad size distribution, they were
highly damaged and no information about prior histological positiathin the tissue could

be derived.

The UV laser allowed preparation of wehaped-5x 5 x 5um?® sample thaprovided a
rich scattering pattern. The reconstruction was successful for all samples prepared by this
method that allows the internal dentin structure preservation. Therefore, UV microdissection is
advised aswell-suitedtechniqueo prepae sensitive specimens for CXPHuchas biological

materials Our future analysis will concentrate on dentin and bone samples cut by UV laser.

Figure 38. Three orthogonal cuts of dentin (top) and bone (bottom) reconstructions. Scale

bar: 1um.

Orthogonal cutef samples reconstruction$ human dentin and bovine bone are shown
in Fig. 3.8. The ranoscale porosity isbservedin both cases. On yalane the nanoscale

porosity is shown in longitudinal direction grmh xy-plane ttransversally.

The ranoscale porosity appears to be strongly orientedhagidy interconnectedTo

analyze thaanoscale porosity 3D, real space volumasereresliced in orthogonal and non
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orthogonal directions andshown in longitudinal and transverse pland§ig. 3.9).
20longitudinal and transverse intensity line profiles of nanoscale posbsityaveragevalues
of 50 nm. Another, more automatic way to extract porosity diameter was used to obtain the

histogram of daimeterdistribution [L74 that confirms our 50 nm avage size (. 3.10).

Figure 39. Nanoscale porosity in dentirLeft: longitudinal slice withone of its
characteristirofile. Right: transversal slic&ith the one of theorresponthg profile. Line

intensity profilesvere measured along red lines drawn in top figusesle barl pm.

For 3D visualizationpurpose, the anoscale 3D porositywassegmentedy combinng

adaptive and interactive thresholding and visualized by Avizo software pa¢kgge. {1a,b).
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Figure 310. Porosity diameter distribution in human dentin sample.

Figure 311.Nanoporosity segmentation and visualization: a) volume rendering of dentin
reconstruction; b) nanoporosity segmentation; c) nanoporosity netwoviewd)shown with

the arrowin c, representing longitudinal orientation of nanoporosity.

3.1.5. Collagenapetition by CXDI

Unexpectedly, the spatial resolution achieved by CXDI allowed not only tahsee
internal structure of bone/dentin but also to visualexollagen repetition ahe single fibril

level.

By looking at diffraction ptterns at65-70 angles (k. 3.12a), one can mentiorthe
appearance afrelatively weak ring that caesponds tthe 15t order collagen pealig. 3.12b).

Part ofthe diffraction patternvas radially ineégrated within the cake drawn kig. 3.12a and
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the integrationprofile was fited with a Gaussian function that showed the periodicity of
64.7nm (Fig. 3.12c). After re-slicing of the obtained reconstructed object using a plane 6f 70
rotation we could also see the collagen repetitroreconstructed imagéfllowing red arrows

in Fig. 3.12c) On the basis of 2lne profiles of dottylike collagen bandingatterns the
average periodicity value 6f7.1 nm was foundKig. 3.12b,d)for both bone and dentin samples

thatis in agreement witf46.

b) d)

Figure 312.Collagen banding pattera) diffraction at +71° with radial integration cake
for 15t order collagen ring shown in rell), integrated profile showing a weak peak at 64.7 nm,
c) slice of reconstructed volume with collagen repetisbawn adight spotsfollowing the red
arrows directionsscale bar 500 nnd) intensity profile along one ahe arrows from (c)
showing mean repetition d7.1 nm with principal scheme of collagen gaperlap zones
arrangement.

3.1.6. CXDlof heated bone

The last attempt was dedicatedhe heated cortical bovine bomeodel evaluationvith

CXDI. It would allow primary higher scale examination tkated samples micrand
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ultrasructure prior to individual nanocrystal and crys@aphic phase study with ACOM
TEM and PDF analysis.

The samples were prepared as describadlxchapter 2.1.3 at theame time as the one

used for PDF analysis (seabchapter 3.3.2Jollowed by UV laser microdissection

The final reconstructions of 60C, 800°C heated and control bovine bone samples are
show in Fig. 3.13The control sample looks very similar to the one show in Fig. 3.8: rich
internal nanoporosity structure with strong preferential orientation. Thé@0b@ated sample
loses its continuity while 800C sampleappears as number of fused regular clusterl wit
homogeneously distributed porosity. This is in a good agreement with ATENIresults as

will be show in the following.

Figure 3.13. Cortical bovine bone samples heated t660800°C and in reference state
prepared by UV laser microdissectiofrom left to right: the three orthogonal cuts of

reconstructions3D volumerenderingand itscharacteristic scattering pattern. Scale bamml
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3.2. ACOM-TEM of heated cortical bovine bone
3.2.1. Motivation

A general problem of imaging is thidie increa in spatial resolutiomenerallyleads to
areduction of the field of viewThis is a typical problem foFEM studies ofoone structure
However mapping the specimevith a2 nmelectronbeam sizevith diffraction contrasallows
investigaing the orientation, organization and the structure of individual crystallites of apatite.

Moreover the minerahanocrystallingphaseand possible ionic substitutionan be accessed

The main difficulty standm the necessity of analyzifgpththe nanocrystals morphology
andorganization as well as crystal structure, which, generally, requiresaisamgbination of
methods. Electron microscojg/the most widely used technique to visualize the nanocrystals
in real space, while Xay diffraction is generallyused to analyze écrystal structure in
reciprocal space, thugiving information on thecrystal structure as well as on tbeystat
chemistrydisorder The ideal methodtherefore,should provide both insights. Automated
Crystal Orientation Mapping WitlTEM (ACOM-TEM, alo known as ASTARY tool from
NanoMEGAS [155 allows such complex studys decribed insubchapter2.2.3

However, difficulty was encountedin analyzingoone samples the native stateith
ACOM-TEM. The available beam size at the FEEM (JEOL 2100F)s limited to 2 nm and
the smallest dimension of the mineral nanocrystals may range betveem3Therefore, we
were at the limit ofhespatial resolutiomequired taresolvethe individualnanarystals.

For thisreasona set ofheat treated borganples waspreparedand analyzedThemean
crystal sizeis expected to increase dramaticaligon heatingtherefore enablingto testthe
instrumentation limit. In other word#)is should allowanswering the questioto whatextert

in crystal sizeonecanapply the ACOMTEM on bonego study individual nanocrystals

Moreover the study of the effect of heating boneis a question oparticular interest
since the presence phasetransition beyond heating arige co-existence of different phases
at high temperature is a subject of mangates (as shown in Chapter The amount of ionic
substitutions was also reported to chart@wvever, the first and most importanbtivation in
the study of heated bone comesnfrarcheology, paleanthropology and forensic science
Archaeological bone remains contain a considerabt@unt ofinformation, whichcan be
altered by heating (e.g. radiocarbon dating). Traces of heating areobernved on bone

fragments, but it beenes quie difficult to distinguish itseffect, particularly at temperatures
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below 600°C. Below this temperature, macroscopic structural parameters become inadequate

to characteriz¢he effect of heating and the nanosaakolutionneeds to bachieved175.

The ACOMTEM, therefore, provides detailed information about orientation, size, phase

and structure that is obtained on the imndlial crystallites.

3.2.2. Sample preparation peculiarities

The requirements sample thickness for studying bone tissue with ACOEM are
strongly dependenbn mineral crystal sizesSince ACOMTEM is based on recording
diffraction patterns in scanning mode andsitbsequertfitting with the structure template that
allows finding only one best oriatton(seesub-chapter2.2.3, one haso avoid having crystal
superposition in illuminated volume. In other words)ce bone mineral nanocrystals in a
reference state ambout3 x 25x 50 nn’ in size we had tprepareultramicrobmy sectionsof
50nmin thicknessr less. Een in this caseve often had crystauperpositiondepending on

crystalorientation in native bone tissue

In order to testhe limits of the methodppledto boneand itssensitivity, we investigated
theheat treated bone sample.dé¢¢ated bone is known to be a good model for crystalamd
orientation evolution studgince mineral nanocrystals grasiagnificantly upon heating after
600°C as discussed in Chapter 1

Therefore, fixed and dehydrated bovine cortical blocks2x2 x10 mm? volume (see
Fig. 314) werefirst prepared. Samples were heat treatedine temperatures (100, 150, 200,
300, 400, 600, 700, 80@P0O0°C) for 10 min in vacuunand cooled in air

Figure 314. Heat treated bovine cortical bone samptgasACOM-TEM. From right to
left: control, 100,150, 200, 30, 400, 600, 700, 800, 100C.
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3.2. ACOMTEM of heated corttal bovinebone

After cooling the samples were embedded in PMMA, trimmed and cut \aith
ultramicrotome to 5@min thickness in th&ransverselirectionand positionednto TEM grids
(see Chapter)2The 200 mesh Cu gridwith lacey carbon stabilized by formvar were chosen.
Theformvar layer was removed and grids were plasteaned prior to use. The carbon layer
is important for studying bone tissue because it praveample charging and therefore
movement undethe electon beam. Neverthelesa,continuous carbon layevould drastically
decreasethe contrast. Tis is whylacey carbon was the best choice since itdsn spider
netlike structure with large holaa whichthe measurements could be domhes minimizing

theoverall charge effect.

3.2.3. Mineral nanocrystals orientation

The general acquisition and data treatment scheenéllowed isshownin Fig. 224
(Chapter2). The heat treated bone sample set was scanned with AUENVwith a beam size
of 2nm anda field of view of 400x 400nm?, 10 ms acquisition time and 2 nm step sixe.
camera lengtlof 30 cmwas chosengxceptfor the 800 and 100C heattreated samples$or
which camera length was 40 cm andatron precession was used watlprecession angle of

1.2° andaprecessiorirequency ofLOOHz.

Figure 3.15. ACOM-TEM orientation maps of heated bone (conft®00°C) mineral

crystals.
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From the variougxperimentally determinestructurs of hydroxyapatite available in the
literature the structure refined by-Kay diffraction fromJ.M. Hughes[64] was chosemsthe
construction template due to its reliable composition, stoichiometry and absence of
substitutionsThe orientation maps were combined with index maps in order to get rid of noise,
resin and unreliable poin{&ig. 315). It is important to notice @t one should compare sizes
of crystals that have the sam@or-codedue toplateletshape crystals geometry. For example,
crystals that are displayed in red are oriented close to the zone axis, in other wordsxigith
perpendicular to scanning plarMoreover, the crystals that aoeientedin this manner have
their longestaxis perpendicular to the section surface. The overlap of several crystals in this
configuration istherefore mostly improbable. Therystals displayed in green and blue have

60 ° missorientatiofrom the ¥ed” ones.

One can notice the difference betwéegratio of red color vs green and blue for different
temperatures. This not a sign o$tructural changesith temperaturdut heterogeneitieBom
one area to another withaparticular sampleTo confirm this hypothesjsarger field of view
scans weracquiredfor eachsample inthetemperature series (Fig.18) that show local color

(orientation) variations on the lamggcale

Figure3.16. ACOM-TEM large field of view orientation maps of heated bone (control

1000°C) mineral crystals. Scale bar: 200 nm.
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3.2. ACOMTEM of heated cortical bovindone

The step size andaonsequentlythe field of viewwere optimizedin order to avoid
unnecessary samplinghe field of view forthe control, 100 and 208C samples was 1x41m?
with the step size of @m. For 306700°C the field of view was 1.5 1.5pum? and the step size
of 2 nm.Eventually,for 800°C and 1000C, the field of view was 1.% 1.5um? and the step

sizeof 5 nm.

Mineral crystals orientation is very heterogeneous @vethe level ofL00 nm scalefor
temperatures lower than 80C and new orientationsevealedoy new colorcodes, appeamat
temperatures @00°C and 1000C, which is a usuahdication of recrystallizatior-lowever,
the discrimination between crystal growth and recrystallization may still be questicrtadsie
arephase transitions afifferent order that are characterized by different speed and dynamics
and only insitu investigation may address this question.

3.2.4. Mineral nanocrystals size

Our data show thahe crystals growlowly at low temperatures and are subjected to rapid
growth after 700°C, wherepolyhedronshapedcrystalsare observedn order to analyz¢he
crystals growthin more detailthe size®f red colorcoded crystalésmallest platelet dimension)
were measured with line profiling for temperatures below°8®&s we previously mentioned
red colorcoded crystals are oriented across the section antheneostreliable for the size

evaluation.

On the basis of 63 grey level intensity profiles that were measured and fit with Gaussian
function,the FWHM gives the measure of the partisiee (Fig. 317). The snallest particle
size increases from 34nm for low temperatusdo 5 nm at 700C.

For the temperatures of 80C and 1000°C, the crystal size was determined by using
grain boundaries and grain size distribution calculations WeéhACOM software.Grain
boundaries are defined as locasavhere he disorientation is higher thanthresold value
(Tolerance =5 °). These data are used as an inputafoadditonal PRGXOH FDOOHG 3*UDI
G L VW U Uttakowd pR#rig the grain size distributin as a bar chart withchosemumber
of bars andhe interval dimensioniQ our case 20 bars were uyelin average grain size is
estimatedusing aspherical approximatioaither with respect to the total number of grains or
weightedby the grains area. The last value is less@GQVLWLYH WR WKH QXPHURXYV
appearing in the map and resulting from orientation misindexing (in particular, a given grain

will appear fragmented in small volumiéshe orientation isaffected bythe 180° ambiguity).
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Ambiguity filter of 15 ° was used for datdeaning. Minimum grain size of threignes higher

than the pixel size is advised to be chosen, which is £5inmour case.

Figure 317. Particle sizeevaluation Top: example of orientation map ftire 700°C
sample with indication for line profiles asdallestparticle size distribution with temperature.

Bottom: examples of line profiles fit with Gaussian function.

In Fig. 318ab, the orientation and index mapstb&800°C sample is shown. Fig.18c
shows the result of grain boundaries calculation and Fi§d3s thecrystal size distribution
histogramweighted by the grains are@he average crystal diameter tbe 800°C heated
sample was found to be 70 nm amiaximumof 189 nm. Analysis is based on 529 crystals in
the field of view.
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3.2. ACOMTEM of heated cortical bovindone

Figure 318. Crystal size distribution fahe800 °C sample: a) orientation map; b) index

map; c) grain boundaries map);grain size distribution histogram. Scale bar: 860

For 1000°C heated samp|e¢he equivalent analysis is shownFig. 3.19. The average
crystal diameter is 94 nm atite maximumis 312 nm. Analysis is based on 411 crystals in the
field of view. Despite the fact that the average stal size ofthe 1000°C caseis higher
compare to 800°C, there is much broader sidestribution and higlarcontent of small crystals.

This is due to the fact that theseasurements are very position dependent and cannot be used
to descrile the bone tissue behavioraahole. However, it iswvery straightforward and useful

methodfor crystal size determination.

Thus, the average crystal size the 800°C and 1000C samples can be added to the
chart of crystal size evolution with temperature as shown in F2Q. Blowever, care must be
taken in comparing those valyesince we compare small crystal size of platelet (low
temperatures) with the diameter in spherical approximation to thehgmrigns (high

temperatures).
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Figure 319. Crystal size distribution fahe1000°C sample: a) orientation map) index

map;c) grain boundaries mag) grain size distribution histogram. Scale bar: 260

Figure 320. Bone mineral crystal size growth witmperature. The smallest particle size
measurements for temperature range from control t6 @9 shown in black. Crystalaieter

(spherical approximation) for temperatucgs800°C +1000°C represented in red.
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3.2.5. Phase identification

The mineral bone content is considered to be an apatite structure often called
SK\GUR[\DSDWLWH" HYHQ LI LW LV NQff2 theDRD dffrastidlJ DO G H |
data, that the real bone mineral structsihewsmodificaions with respect to stoichiometric
hydraxyapatite crystals crystalline chemistrgs well as nanocrystal siand strainThe XRD
profiles of bone show broadening of the diffraction pescompare to model hydroxyapatite
patterns which can be explained by different reasons, includialj&ystalsize, crystal strain,

presence of substitutions and vacancies, degree of crystallinity (order/disorder), etc.

Therefore, we wanted to seehethersubtle differences in crystal structure could be
picked up bythe ACOM-TEM methodand what couldve add to the heat treated bone model
in terms of crystal structure and phase identificafianaddress thse questionswe based the
analysis on thecan of bone heated to 100D dueto its best diffraction patterrguality and

high signal to noise ratio.

Natural apatite minerals. First of all,the acquired diffraction data weamalyzed with
structures that may havargestructural differences frorthe hydroxyapatite standard model.
Different apatite mineralsxisting in naturavith elemental composition compatible with bone
biochemistry such as brushite, monetite, tuite ahitlockite were chosef176479. The

structure, chemistry and symmetry of the mineead be compared inable 3.1

Table 3.1Chemical and structural data for minerals used for template matching and phase

identification.

Mineralname |Chemical formula a, A |bA c, A |Space group

Hydroxylapatitd CasPsO12H 9.4166 6.8745 |P 63/m
hexagonal

Brushite CaPQHs 5.7990(15.1255|6.1839 || 1al
monoclinic

Monetite CayP4O16Ha4 6.910 |6.627 [6.998 |P-1
triclinic

Tuite CasP20s 5.2487 18.6734R-3m
trigonal

Whitlockite | (Mg.ss#F€419Ca.00d7025/10.330 37.103 |R3¢
trigonal
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Figure 321. Combined orientation and index maps fiata fitted withfive apatite
minerals whoseelemental composition is compatible with bone biochemistry with

corresponding inverse pole figure color m&psale bar: 50 nm.

The result othefitsis shownin Fig. 3.21, where orientation nps combined with index

maps of fiveminerals are shown with corresponding inverse pole figure color maps.

The color map shapearies (triangle, circle or half circlewith the space grouplt
representshe minimum number of crystal orientatioabowed by the symmetrfexcluding
equivalent ones) that correspondsthe fraction of the stereographic projecticso thatall
possibleorientationsfor the higher symmetry crystals can be limited to smallenber of
possibilities On thecontrary thelower symmetry crystalbave largestereographicange of

possible orientations.

One way of deciding which structuresfibetter tothe recordeddiffraction set is a
comparison otorresponding indexes and reliabilities, presentddlrie 3.2 The higher ishe
maximum index and reliability valuethe betterthe templatematchingwas.lt is clear from

the table thahydroxyapatite template §ibest.
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Table 3.2 Minimum andmaximum of idex and reliability values for fivapatitemineral

structuredor the 1000°C heated bone sample

Mineral Index (min and max) Reliability (min and max)
Hydroxylapatite| 59-1092 0-45
Brushite 65-650 0-25
Monetite 43-669 0-32
Tuite 51-568 0-28
Whitlockite 33560 0-30

The other complementary way for deciding which structure template fit is better is to look

at orientation maps. Normally single crystal has to be fit witha uniform (or very close)

orientation(color) unless dislocations or mirror planes are pred#fetwill refer to it as single

crystallinity criterion. Thiscriterion is fulfilled for hydroxyapatite but not foother apatite

minerals (Fig. 21).

In Fig. 322, the phase map using all fitemplates simultaneouslpased on the phase
reliability values (as explained in Chapter 2, fig. 2.28shown with its structures alottige c-

axis. Red atoms are oxygens, greealcium, orange phosphorous, white hydrogen. From

the phase mapnecan safely conclude that the structure is better described by hydroxyapatite

mineral and that ACOMEM can easily distinguish between different symmetry phases of

close chemical composition.

Figure 322. Orientation(left) and phase mafmiddle) of the 1000 °C samplewith five

apatite mineral structur€gght). Scale bar: 50 nm.
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Monoclinic vs hexagonal. Another debate in the literature is wherever at high
temperaturgahexagonal to monoclinighase transitiotakesplace[71]. This issuavas tested
by ahexagonal $4] and a monoclinic B5] hydroxyapatite templates matchiggg. 3.23). It
was shown thathe high temperature phase hashexagonal structer This excludes the

possibilityof hexagonal to monoclinic phase transition upon heating.

[: 59-1092; R: 0-45

I: 64-923; R: 0-37
Figure 323. Crystal structure of hexagonal and monoclinic hydroxyap@titagc-axis),

corresponding orientation mapsr the 1000°C samplewith color code and the phase map

showing mainly presence of hexagonal phassex (1) and Reliability (Ryalues will be noted

for each structure for all following images in this sect®cale bar: 50 nm.

CaO formation. Some authorfiad showrthe formdion of CaO[97] appearingwhile
boneheatingfrom 800°C coexisting withhydroxyapatite According to reconstructed phase
map (Kg. 3.24), the CaO phase was not detected, at least in the scanning field of Mew.
matching of CaO shows grains with not uniform color and lovadues of index and reliability
in comparison to hydroxyapatiteloreover, matching with two phases only shows theqre
of hydroxyapatite (Fig. 24, right).
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Thiscan be explained by the fact tl@2dO formatioris stated for heat treatment in air. In

vacuum oxides formation rate is usually much lower.

. 41-447,
R: 0-42

I: 59-1092;
R: 0-45

Figure 324. CaO vs HAP: crystal structures (alooigxis), CaO orientation mdpr the
1000°C samplewith cubic color map, phase map stating only hydroxyapatite presence. Scale

bar: 50 nm.

Carbonates. Bone apatite contains approximately 7 %t.of carbonate In principle,
carbonate ions can substitute in #patite structureither in the Oksite (Atype substitution)
or in the P@-site (Btype substitution).lt seems now to be generally accepted that’CO
dominantly replaces PO in biological apatite72]. However, discussiastill existabout how

carbonate iomareincorporated into the apatikattice[180,18].

Template matching with two phasdise Atype and Btype substituted hydroxyapatite
was performedB-type carbonate substitutionltiyydroxyapatite gives cleanorientation map
(Fig. 325) in terms ofsingle crystallinity criterion dolor uniformity). The phas map was
constructed usinthree templates: hydroxyapatite without carbonate substitutiggpé and
B-type substituted hydxyapatites Hydroxyapatite phase dominates, theyBe appears but
A-type is negligibleThus, &cording toour results, particularly thphase reliability, Btype
substitution is more probable in bone tissliee reason for that may lie in the incorpavati
mechanism.Synthetically, Atype carbonate apatite care produced only at very high
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temperature (solidgtatereactions at 100€C), whereas synthetic-B/pe carbonate@patite
precipitates from solutions in the temperature rasfdg®H00°C [182:4.84). It is alsopossible
to synthetically produce mixed Atype/B-type carbonated apatited85. However, many
results show thatBype carbonates adominantlypresent in bongl86,187 that is confirmed

by ourresults

o ©
1 1
D
o6
(o]
N

I: 31-948;
R:0-24

I: 30-971;
R: 0-47

Figure 325. Carbonate substitutions in hydroxyapatite: crystal structure of model
hydroxyapatite together with A andtigpe substitutions; corresponding orientation maps and
phase map fahe1000°C sample showing Bype to bahepreferentiakubstitution type. Scale

bar: 50nm.

Other ionic substitutions. The number of ionic substitutions possible in biological
apatite isvast, in principle, bulimited to theavailable elements in the bodyhe substituting
ions that are known and/or reportedoone andooth mineral are FCI, Na", K*, F&*, Zr?*,
SP*, Mg?*, citrate, and carbonat€&he effect of sveral ionic substitutions such as'Nal, F,
SrP*[1884.91] on the structural analysigere testedFig. 3.39.

From orientation maps (Fig.2%), one can conclude that N&F and Sf* can bepresent
in thehydroxyapatite latticewhile CI cannot, @spite the fact that is abundant in thBuman

body (the Clconcentration in blood plasma is the order of tenths of w&). It is in a good
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3.2. ACOMTEM of heated cortical bovindone

agreement with72]. However, St'is not detecteth the phase magPlease note that the phase
map as it is defined in ACOM (ssebchapter 2.2.3) does not show thebstitution elements
distribution in hydroxyapatite but only refeto the crystalline phase with the highest index
among others. It is only possible, thereforeyatify which substitution element has the highest
probability (in absolute scaledf beingincorporated into the latticé better indicator, as for
example,the relative phase probabilitywould be more suitable to our case and should be

implemented ithe ACOM routine.

I: 30-970; R: 0-46 I: 36-660; R: 0-39 I: 49-993; R: 0-43 I: 28-872; R: 0-47

Figure 326. Orientation mapgor the1000°C samplewith corresponding colecode and

the phase map of hydroxyapatites with different ionic substitutions. Scale bar: 50 nm.

Sensitivity to lattice parameters Another way to testhe ACOM-TEM method
sensitivity is to verify how @btle lattice parameters differencesn be picked up. Thus, the
same data set was fitted with a set of structure templates for hydroxyapatite in which the lattice
parametersa, b andc) were gradually changedith 0.1 A step higher and lowé¢han the
experimental value if64]. More preciselya=b andc lattice parameters were changed leading
to the variabn inthea/cratio. A constana/cratio would be compensated by the camera length
refinement and therefore useless for the sensitivity test. It is shown @pttat the acquired
data can be well fitted by the structures with lattice parametersiffeatby -0.1A to +0.1A
from the experimental value. This implies that the precision on the lattice parameters in ACOM
TEM is around 0.2 A, which represe% of thea=b lattice spacing.
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Figure 327. Orientation and phase map for lattice parametfisementin the 1000°C
sample The data can be fitd with threetemplates that correspond to &zell parameter

precision. Scale bar: 50 nm.

3.2.6. Temperature series

All the phase identification was done filve bone sampleeated att000°C in order to
testsensitivityof the ACOM-TEM method.But the question remainghat is hapening with
bone during heatirRjAre we able to work on phas#entification with diffraction patternsf

worse qualitysuch agecorded from theontrol sample

In order to answer thse questionsanalysissuchas ionic substitution and lattice spacing

werealso performedor five temperatures: control, 20C, 400°C, 700°C and D00 °C.

First of all, e structure is better describedthg hexagonal space group P63dwer the
whole temperature range, contrary to resutisthe literature pointing to a monoclinic to

hexagonal phase transition.

Then the carbonatsubstitutiors were investigatedn Fig. 3.28 the phase maps dhe
temperature serieme shown. The maps are constructed with two phasesydnexiyapatite
without carbonatesubstitutions and the -Bjpe substituted hydroxyapatitds was shown
earlier, thismethod does not give any quantitative informatidaverthelesst is clearthatthe
probabilityof finding carbonatsubstitutions decreases witdmperature (see Fig.28) which
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is in agreement with72]. For lower tenperaturs, the structure with carbonate substitutions
gives higher index values than hydroxyapatite without substitutions close to grain boundaries
and does not define full crystalBhis mayreflectsthe inhomogeneous carbon contentthe

level of 100nm scale.

Figure 328. Temperature series phase map hydroxyapatite with Bype carbonate

substitutions. Scale bar: 100 nm.

The rextquestiorwas to verifywhetheNa" and F substitutions are presentthe treated
sampleswithin the wholetemperature rangén Fig. 3.29, the phasenaps of various samples
are present showing that Nand F substitutions dmot disappear during heating. Pleasesnot
that these maps cannot show simultaneousaNd F substitutions at the same point. Due to
the method limitationonly single orientation of the singphaseLV FRQVLGHUHG WR EH
the basis of index value. So we can only discuss the fact ofafiff@areasvith different

probabilitiesof finding Na" and F substitutions.

The last attempt was performed in order to understand the lattice spacing precision and,
possibly, its evolution upon heating. From the temperature series phase mapS80Qig.iS.
clear that the data is always fit with thregructure (colors) which means that the accuracy of
cell parameter verification bk COM-TEM does not depenain the crystals size or diffraction

quality and is still equal to 0.2 A.
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Figure 329. Temperature series phase maps of hydroxyapatite with ddd F
substitutions. Scale bar: 100 nm.

Figure 330. Temperature series phase maps of hydroxyapatite with different cell

parameters. Scale bar: 100 nm.
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However, the surfaciaction of colors preset in the data set is changing and gives an
idea about the average lattice parameter for each temperature. Thus, in the control sample, pink
color is dominant (+0.4), followed by green (+0.AR) andthenred (+0A). For temperatures
of 200°C, 400°C and700°G, the dominant color is green (+03), followed by pink (+0.2R)
andthenred (+0A). At last, forthe 1000°C heated samp]enost of the image appears in blue
(-0.1A), followed by red (+08) andthengreen (+0.13). This trend indicates the slight lattice
parameter decrease (cell shrinkage) during the heat treatwlaoh is in good agreement
with [102.

Therefore, TEMs a powerful tool that allowmdividual nanocrystals visualization and
size determination and, with ACOM setapientation mappingonstructioncontraryto X-ray
diffraction techniques thairovideaveraged information over the illuminated sample volume
(thateven in scanning mods limited to the probe sizef around 150 nnin diamete). The
sample thickness in ACOMEM is the remaining source of averaging time casewhen
crystallitesaremuch smaller than the standard TEM sample thickness. Moreoveserisgive
to subtlestructurechemistry changesffering the informationabout substitution content and

lattice parameter variations.

In principle, dectrontomographyenables th&D position and elemental resolved data
acquisition as has beenshown for the dentinimplant interface [102, but the sample

preparation requigevery sophisticatetechniques and specific expertise.

.63.2.7. EDX analysis

In order toanalyzethe chemical composition of bone aitslpossiblemodificatiors in
the temperature seriean EDX analysiswas performedn a scanning mode with spot size of
0.7nm in the regioncloseto the one scanned by ACOIVEM for each heattreatment

temperature.

The field of view had to be adapted to the crystal size present in the structure. Therefore,
the 1000°C and 800C samples were scanngdth a magnificationof x 50k while rest of
samples were analyzed aP&0k. In order to achieve good statisti2S frames were summed
for each sampléA bright field image was recorded before every frame and the probe tracking
wasperformed after every 10 ms in order to corfecthesample charging and moving effect

Elemental maps of O, C, P and Ca were constructed. The scanning area and elemental maps for
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the 1000°C and control samples are shown in Fi®gl3and Fig. 332, while the rest of the

samples information can be foumdAppendix3.

Figure 331 Scanning EDX othe1000°C bone sample: ah) bright field images of the
scan positiong), d) bright field images before thiest and the last scanning frangg; f), g), h)
elemental maps of C, O, P and Ca, respectively.

Figure 332. Scanning EDX othe control bone sample: a), b) bright field images of the
scan positionc), d) bright field images before the first and the last scanning fiey®, g), h)
elemental mapsfeC, O, P and Ca, respectively.
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Elements are homogeneously distributeetr the scan area. However, differeadge
content may be found for crystals of different thickness. No sign of radiation damasge
observed for 1000C, while for the control samplea clear radiation damage is vighbf one
compares bright fieltbefore first and last scanning frame.

The chaacteristic EDX spectra with itdentification (except for contamination elements)
for control and 1000C sampés are presentad Fig. 3.33. Spectra for all temperature series
are shown inrAppendix 3. Instrumental contaminatierfrom the following elementsBe, C

(membrane), CiCu (grid), Co,Fe Au arepresent anthave not beendentifiedin the sgctra

Massconcentration of all elements detected within thepiemature series is summarized
in Table3.3 Beyond the elements that built the hydroxyapatite lattice such as Ca, B, and O
minor traces of substitution atoms of F, Na and Mg were found (in some calsediuit of
method sensitivity, but showing a clgagakin the spectra). Presenoé N (also close to the
limit of sensitivity) for low temperatures (control and 1) and its absence for higher
temperatures is an interesting feature that may releadénaturation and the disappearance of

collagen molecules during heating.

The pesence of Si is more difficult to explailespite the fet that it was often reported.
It may come from sample preparation contaminatiorooid beoriginally incorporateavithin
hydroxyapatite lattice. Another possibility is that Si contamination comes from the heat

treatment stage due to the use of quarts sample holder during heating.

The carbon content in the samples cannot be verified since the TEM grids had carbon

coaing and due to overall carbon contaminatidithe chamber.

Overall Ca, P and O concentration is increasing with temperature (Bi.18ft ) with a
decay of substitution elements concentraanh as F, Na, Mg (Fig. 34, right). This can be
expectedn the case of recrystallization. N content becomes zero aftet00a/P ratio is

oscillating aroundinaverage value of 1.950.2 over the whole temperature range.

Increased mineral crystal size the800°C and 1000C casegave the possibilityatdo
single crystal EDX scanning in order to correcttfoe crystal thickness differences described
above. InFig. 335, four scan positions are shown for both temperatures with corresponding

single crystal main elements distribution.
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Figure3.33. EDX spectra fothe 1000°C and control samples. Nadentified elements
correspond to contamination from the setup inclu@egCr, Cu (grid), Co, Fe, Au.
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Table 3.3EDX atomicconcentratior{in mass%) of detected elements vs heat treatment

temperature.
Mass%

o C F Na Mg Si P Ca
1000 6.22 0.3 -0.06 0.04 [18.83 [35.84
800 11.41 024 [0.05 [0.15 [0.31 [17.84 [33.23
700 14.08 026 [0.36 [0.47 [055 [15.61 [33.91
600 11.63 01 [0.03 [055 [2.17 [14.82 [34.9
400 11.41 044 |00 [0.47 [2.93 [16.23 [30.82
200 14.11 074 [0.16 [052 [0.96 [15.45 [33.3
100 1478 |6.65 [29.83 [0.37 [0.10 [0.19 [0.10 [11.73 [36.25
0 1354 6.82 [32.47 085 (062 [05 [0.17 [15.41 [29.63

Figure 334. Evolution of atomic concentration (in m&43 of detected elements with

temperature. Left: full scale. Right: zoomred boxfor showing low concentration elements

Single crystal EDX analysiallows determination of the Ca/P ratio variations between
individud crystals. As was stated ®hapter 1the Ca/P ratio of stoichiometric hydroxyapatite
is 1.67, therefore, the deviation from this value will give us the estimation of the degree of
substitutions atCa and P positiondMost of the values we record are higher than for the
stoichiometric case thataw indicate the presence oftiye carbonatsubstitutions that replace

2 147 by % $? andconsequentlyncreases the Ca/P ratio.
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pos| 1 2 3 4 average pos| 1 2 3 4 average
el. el.
Ca 35.88 | 36.68 | 37.80 | 36.54 | 36.73 Ca 33.42 | 31.26 | 30.95 | 32.83 | 32.12
P 18.83 | 19.38 | 17.96 | 19.29 | 18.87 P 18.57 | 17.62 | 17.16 | 15.32 | 17.17
@] 38.64 | 39.67 | 38.28 | 39.50 | 39.02 @] 37.32 | 35.24 | 34.51 | 32.89 | 34.99
Ca/P| 190 (189 |210 |1.89 |1.95 Ca/P| 180 |1.77 |1.80 |214 | 1.87

Figure 335. Single crystal EDX analysis. Bright fielthages showing scan positions with

corresponding elemental mass concentrafian%) and Ca/P ratio for 1000C (left) and

800°C (right).

In order to summarize the EDX data, the overall decay in minor elements concentration

and rise in Ca and P conceation are observed along with the collagen denaturation (N

disappearance) after 200°C. However, the radiation damage may play an importantthele

organic phase modifications present at samples heated BBRAEZ and data interpretation,

therefore, hve to be taken with care.
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3.3. PDF analysis of bone

3.3. PDF analysis of bone
3.3.1. Motivation

Following the ACOMTEM investigations that provided the individual crystals
organization, orientation as well as structural ahemical phaseve are now interested in the
atomic local disorder in bone tissue. Therefore, such questions as local deviations from the ideal

structure, amorphous phase and nanocrystallinity will be discussed in thikagtier.

XRD is widely used fo bone structure characterizatjgnint to TEM, providing an
average information over statistically representative sample volumes when TEM allows
obtaining reakpace pictures of thin samples. However, XRD gtitsentsa number of
problems mostly due feeak broadening resulting in strong overlapping in some spectra regions
which can be explained by different reasons, including small crystal size, crystal strain,
presence of substitutions and vacancies, degree of crystallinity (order/disexisgnceof

amorphous phasetc.[197.

PDF analysis as an alternative method of analyzing diffraction data without the
assumption of lattice periodicityvill be used for characterizinpe bone tissue. A periodic
lattice is a prerequisite for standard crystallographic study. However, small randomness and
local deviations from perfect periodicity often characterize complex materials such as bone.
Thus determining these deviations is an essé part of structural characterization. While
crystallographic analysis takes into account only the Bragg peaks, the PDF method utilizes
information hidden irbetween the Bragg peaks in the form of diffuse scattering, in addition to
the Bragg peakslfL7].

PDF analysis is an ideailethod for our purposes since the structural information can be
used to analyze amorphous and disordered crystalline materials including particle size effects
but, to the best of our knowledgeas never applied to bone studies of crystallographic disorder
It allows going beyond the information obtained by THMprobing he atomic scale of bone
tissue: bonenanocrystal size, phases, interatomic bomasstence of amorphous pheaed

order/disorder relationan beassessed

The possibility of having annaorphous phase and/or amorphous layer surrounding
mineral nanocrystals can be addressed with PDF andlysiase of heated bone, mastydies
[95,193 pointedout no differences in crystal structure for temperatures below®0Qur

hypothesis is that the differences are subtle andbeattributed to thiecal structuradisorder,
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atomic substitutions and vacancies and may simply not be accessible by using simple XRD

analysis schemes due to peaks broadening.

3.3.2. Sample preparation peculiarities

Two key experiments werarriedoutfor bone tissue PDF analysis and will be présen

in this subchapter.

The first one was performed on hé&aated unembedded bovine cortical samples with
ODERUDWRU\ VRXUFH -%1 U.F O B GG IDI\WULIRFQN ARREEDR/ 10 86ke V)
with mosaic monochromator §dacing=20.%). Fixed anddehydrated bovine cortical blocks
of ~0.3x 0.3x 10 mm? volume werdirst prepared. In the next stegamples were heat treated
in exactly the same conditions and at the same time as samptifer ACOM-TEM analysis
(seeChapter 2 to nine temperature$100, 150, 200, 300, 400, 600, 700, 800, 1BOPfor
10min in vacuumandthenair cooled Fig. 3.49. Samples were measuredanunembedded
state.

Figure 3.44 Heat treated bovine cortical bone samples for PDF analysis. [Efbto
right: control, 100 150, 200, 300, 400, 600, 700, 800, 16G0

The second egeriment was carried out usingnehrotron radiation at ID11 beamline
(ESRF, Grenoble) with E=78.2578 H 9 A) and sample to detector distance of

101 mm. Specimensvere prepared from two sets of available human iliac bone biopsies:
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3.3. PDF analysis of bone

1) control group : healthy women, before menopause, with normal bone mineral density

and mass;

2) pathological group: Osteopetrosis (samples with high mineral content),
Hyperparathyroidis (low mineral content) and Fluorosis (excessive accumulation of fluoride
in the bones) representing a wide range of pathological mineralization conditions.

Samples wereembedded in PMMAand theregionsof interest were selected based on
histological examination and polarized light microscopy measems)(see Chapter 3).
Samples were then cut in sections @00 um in thickness and reduced by polishing to u@®
in thickness. Theesulting sample geometry was e x 2 cmx 100pm? (Fig. 3.45. The
sections were glueatto theteflon rings (2mm thin) One of them(HPT1)wasnot flat enough
and was additionallgnounted in between two kapton foils.

Sample names were devoted time following manner and will bereferred to by

abbreviations later:

- contol transverse section #1CT1,

- control transverse section #CT2;

- control longitudinal section #1CL1,
- Fluorosis- Fluo1l;

- Hyperparathyroidism #1HPT1;

- Hyperparathyroidism #2HPT2;

- OsteopetrosisOPT1.

Figure 3.45 Phdo of thepathologicalsample set used for XRD at ID11. From left to
right: CT1, CT2, CL1, Fluol, HPT1, HPT2, OPTL1.

117



Chapter 3. Results

3.3.3. Rietveld refinement for heated bone

XRD patternsZHUH FROOHFWHG ZLWK V DFTXLVEWLRQ WLF
each temperature and tbaclground was measured in the same conditibns andl (q)
dependencies are presenieffig. 3.46 One can mention that thegfites are offset in intensity
due todifferences in illuminated volume of the samplbsqause oprecision of the cutting

machine and shape change after heating).

As a first step of data treatment, Rietveld analysis was performed using FullProf tool
[194] for the samples ithetemperature series. Peak shape for fitting was ch@séhanpson
Cox-Hastings psado-Voigt function, the background was fit linearly usingpdint fit.
Hydroxyapatite structure wassed for the refinemeii64]. Thescale factor, overall Bactor,
lattice spacing & G DQJOH EDFNJURXQ, yV &Da8H inSorhebt®& HW HU V

displacemenivere refined subsequentl{encycles fit was used to refine each parameter.

Figure3.46 XRD spectra for heated bone. Left: ight: I ().

The resit of refinementis shown inFig. 3.47for the control and 1000C samples. The

rest ofthe profiles can be seen in Appendix

Basedon the Rietveld refinement, hydroxyapatite cell parameters and volume were
obtainedand are dran in Fig. 3.48 An overall decrease tie cell volume (lattice shrinkage)
as well asa and c parameters islserved.This appears to be igood agreement with our
expecations from ACOMTEM analysis (Fig. 3.38 The curves foa andc lattice parameters
seems to follow an exponential decay until 3GQvith theasubsequent rise with the maximum

at 400°C for a parameter and at 60C for c. After 600°C, decreasing of both values is
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observedThevolume increase the range between 300 a@d0 °C andrapiddecay aftecan
be explained by pr&ransition state with high intdattice strain which taleplace at this

temperatureHig. 3.48, righj.

contr 1000°C

Figure3.47. Rietveldrefined diffraction patternfor thecontrol and 1000C samples.

Black - experimental data, redit result, blue- misfit function.

Figure 3.48Refined bone lattice parameters vs heat treatment temperature=bednd

c latticedistances. Right: cell volunmand isotropic strain parameter

The smallestrystallites sizeX00orientation) changes from 2im for thecontrol sample
to 33nm for the 600°C and th@ goesto infinity (due to the method limitatigiigh domain
sizes appear as infinity after refinemeas) shown in Fig. 3.49, lefEurthermore, e largest
particle size @01 orientation) varies frol28 nmat control state to 300 nm at 80G and then

rises to infinity. The fact thatat control statehe domains have very close dimensions goes
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against the TEM observations and the literature and is related to disability of Rietveld method
to describe materials withmall domain sizes. PDF analyssstherefore nezssary to address

suchaquestion

*RRGQHVV Rlpanaketerhd iltherange of 0.5 to 2.2i¢F 3.49 right) which is
satisfactory.

Figure3.49 Left: smallest anthrgestparticle size Right: goodness of the fit.

3.3.4. PDF analysis foheated cortical bovine bone

In the next step of dataterpretation PDF analysis was applied to the acquired data set.
PDF analysis appears to be a good tool for verifying amorphous phase component and local

disorder as it is treating the data as an amorphous compound.

The correctias used foS(q)andG(r) calculations were the following using PDFgetX2
software [L33.

X Samplecorrections geometry (cylindrical capillary)chemical content, lattice
number densitynumber of atoms per lattice unit volum@)9d6,packing fraction:
0.6, sample thickness: 0.3 miattenuatiorcoefficient: 0.34.

X S(q) corrections: sample sedfbsorption, multiplescattering (2 only), X-ray
polarization, Compton scattering (energy dependent fit WHquadr. function),
Laue diffuse scattering, weighting function (<a§fQmin extrapolatiorto 0.

X F(q) corrections: damping with Lorch function was used.

x G(r) optimization: using5(Q)<=>1 in aQ-range from 12 to 14,
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3.3. PDF analysis of bone

The S(q)were constructed frommin=0.7 A" to gmax=18 A%, G(r) were calculated using
rmin:O.lA, I’max=250A andrgrid:0.0lA.

As a standard procedur8(q)dependencies for each teempturewere first calculated
(Fig. 3.5Q left). S(g)were optimized in order to achieve the oscillations around a line for high
g-s (1218 A) which is a criteria for corre€(r) calculation.

Figure 3.50 S(q)andG(r) for heated bone. Each curve@f{r) is offset by +1 for better

comparison

Figure 3.51G(r) for heated bone with different zoom.fte offset, right- no offset.

Calculateds(r) for the temperature series are shown in a full scale in Fig. 3.50, right; and

with zoom in first 30 and 28% in Fig. 3.51. One can clearlyes¢hat the oscillations around
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zeroof G(r) extend to much higheystarting from 700C which indicats considerable domain
size growth Also the intensity of peaks (Fig. 3.51, right) is increasing with temperature,
pointing out themprovementin crystallinity.

In order to extract qualitative information about the local structure disorder, modeling of
PDF profiles and its fit to experimental ones were done using PDFgui softv@dyeThe initial
model structure was chosen as hydroxyapafid§ the same one used for ACGMEM and

Rietveld refinement.

The parameters refinement and fit was done in the following scheme for a control sample.
The refinement ange was chosen to be from 1 to 80" with the spacing of 0.0A™,
gma=18 A (Finite data range used in the Fourier transform)stpm=0.035A" (Gaussian
dampng envelope due to limiteg-resolution experimentally verified)goroac=0.02A (peak
broadening from increased intensity noise at lggbften only significant for wide-range$.

The refined parameters were fit one by one in the following order and refined values

accepted after every cycle. Refinement parameters were:

1) scale factor(data set scale faclpr

2) deltal @/r contribution to peak sharpening);

3) lattice parametersa( b);

4) lattice parameter;

5) spdiameter (particle diameter for PDF shape damping fundijon

6) ull, u22, u33isotropic thermal parametefor all atoms except two oxygens that are
bound to water);

7) ull,u22, u33 of two oxygenhat are bound to water

After the successful fit was achieved with=0.17 (goodness of the fifpr a control
sample (see Fig. 3.52)he sequential fittingpf each sampl®f the temperature series was
performed following the scheme described abd@re PDF profiles for the temperature series
with their fits can be accessedAppendix4. Therw evolution for the Tseries is presented in

Fig. 3.53, left, and always falithin an acceptable range.

The scale factor (Fig. 3.53ght) was found to be close to owhich is a good indication

of the fit quality.
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3.3. PDF analysis of bone

Figure 3.52 PDFqui fit fora control sample. Blue circles: experimental PDF; red curve:
modelled PDF; greemisfit function.

Figure 3.53.Left: the rw - parameter (goodness of the fit) evolution with the heat

treatment temperature. Right: Scale factor.

The spdiameter value that describes the particle diameter (with spherical approximation)
is increasing frm 70A for thecontrol sample up to 15000 for the800°C caseandthen ge@s
to infinity for the 1000°C, which isin agood agrement(note that spherical approximation is
applied herewith ACOM-TEM analysis(4 nm min size for contro})unlike theRietveld

refinement results
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Figure 3.54 Left: lattice parameters vs temperature. Right: spdiameter vs temperature
(errors areof the order of 16 A™Y).

3.3.4.1. Partial pair distribution functions

Partial pair distribution function analysis allows the study of individual atomic pair
contribution intoG(r). Once the resulting model is refined, it is used to calculate the theoretical
contributionG;(r) from each atomic pairf€€aCa, RP, G-O, CaO, P-O and CaP pair$ to the
total G(r) as it is described in eq. 2.21

As it can be seeim Fig. 3.55 the result of the simulation showsat the PDF technique
is mostly sensitive to the relative positiongGafand Oatoms. Thd>-P contributionto the total

PDF is very low

Figure3.55 Partial pair distribution functions effect of tota(r) for control (left) and

1000°C. All curves are offset for clarity.
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3.3. PDF analysis of bone

The two first peaks in tot&(r) reflect RO and Ca0 bondsonly, and the following peaks
are already a superposition of many bond length contributions.

By looking at the plots of partial PDFs fibretemperature series, it is very difficult to see
some particular changes with temperatureeex the increase of crystallinitgg in example of
P-O bond shown inig. 3.56, lef) that give rise to overall intensity raise and peaks sharpening
and separations from the broad superimposed maxima. Thus, the bond lengths were calculated
from the resuing model structures (as ing- 3.56, righ). The plots for all sixatomic bonds
partial PDFs (C&a, Ca0O, CaP, RO, O-O and PP) and their bond length evolution tvit
temperature are shown in Appendix

Figure 3.56P-O atomic bondLeft: Evolutionof partial PDFs with temperature. Right:
Bond lengtls vs temperature (each color shows a particular bond ldragtieerthe 15t to 71"

pair of P-O atoms.

In order to study the bond lengths distribution with temperature, it is important to mention
that one should concentrate on bond lengths that give highest contribution inB(thtahich
are in our caseCa and O atoms since differences #® Bond lagth cannot be appropriately

resolved.

CaCa G(r) undergas a clear change after08 °C, and eventuallyatomic bonds get
stabilized at 1000C at new valueggrey areas in Fig. 3.57But the most interesting is the

behavior of CeO bonds. An average dease is observed with temperature
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Figure 3.57. Bond length shifts from positions of control sample vs temperature. Each
color shows a particular bond lengdtrom 15 to 7" atoms paiy asindicatedfor the P-O bond
shift.
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Overall, from 70C0°C, all bond lengthseach a plateaun a very striking manner, clearly
signifying the occurrence of a structural transition (lattice energy is minimized). This effect can
be better observed by plotting the bond lengths shifts from thidgoof control sample as is
done in Fig. 3.57. Moreover, the evolution of all bond lesgtiow 600°C is very disordered
(non monotonic), before reaching a neat evolution toward the high temperature structure. This
disorganized evolution is a cleardication of the complex modifications that bone tissue
underg@s when heated at temperatures lower than “@€0in contrary to the absence of
modifications that was concluded frdrRietveldand other classical XRihethods However,
it is not clear if suclsubtle changesf the order of 0.0A aresignificant.Previous refinements
indeed only showed a trend in lattice parameters and volume evolution vs temperature and the

PDF analysis, thereforepuld bring additional information

Many debates exist abbuhe possibility of ceexistence ofboth crystalline and
amorphous minergdhases in bone at control st§i®5,196. A new modé[169 was recently
proposed implying the amorphous calcium phosphate layer surrounding crystalline
hydroxyapatite. PDF analysis is, in principle, a perfect tool to verify existence of amorphous

phase besidadassical hydroxyapatite phase.

First of all, the hydroxyapatite structure obtained after modeling describes very well the
experimentals(r) profile for the control sample (Fig. 3.58) and there is no nieech second
phase for improvinghe fit as it wastested bythe multiple phase modéhcluding both
crystallineand amorphous calciumphosphatgthe model resulted in 0% amorphous phase
contenj. Neverthéess, we compared our dataan artificially synthesized amorphous calcium
phosphate PDF profile (which is the phase expected to be present in bone by some authors) that
was measured bwnother group(A. FernandeaMartinez et. al, ISTER, Grenob)eat
synchrotron ID15B beamlin&ESRFE

The amorphous calcium phosph@CP) G(r) was calculated and refined with PDFgui
starting fromthe samanitial hydroxyapatitestructure[64] used for bone fjtreducing the
domain sizeo 6 A. However, he stoichiometry of ACP data differs fronydroxyapatiteas
can be seem Fig. 3.58: he first peak of ACP that corresponds t®Mond lengths has higher
intensity than the second one (&a bond lengths)contrary to what is observed in
hydroxyapatiteThe stoichiometrys, thereforegxpected to bbetween CaP£and CaROxs. In
order to improve our modehe hydroxyapatitestructure usetbr the fit was chosen to ea
deficient(with Ca vacanciegnabling the satisfactofit of ACP data to bachieved. The scale
factor obtainedfrom this fit was used in order to normalize the ACP &ode data for
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comparison as shown in Fig. 3.2&suming that distinguishable anmdffew volume percent)

of ACP was present in bone structyrehe difference curvebetween bone data and
hydroxyapatite fit(pink curve in Fig. 3.58) would be equivalent in shape (not in intensity) to
the ACP curve (blue curv&hich is not what is obserdeTherdore, the PDF analysis, unlike

Rietveld, enables to draw the conclusion that within these experimental conditions no

amorphous phase is obsengdts quantity is too low to be distinguished.

Figure 3.58The @ntrol samplés(r) with its model fit superimposed with experimentally

obtained amorphous calcium phosphate).

4.3.5. PDF analysis of pathological bone

Human @thological bonsections of 100um thicknegscluding control (CT1), fluorosis
(Fluol), hyperparathyroidism(HPT1, HPT2) and eteopetrosifOPTJ) diffraction patterns
wererecordedat ID11 beamline (ESRF) in a scanning mode with the energ8.8§78) keV
(  0.158A), beam diameter of 10 yml0 pm step sizend sample to detector distance of
100mm. The detector (Freh with45.85x 45.85 P? (Hx 9 and 2048 2048binning) was
shifted horizontally to1/3 of detector length in order to record higk. This allowed theg-
range toextend tagmax=245 nm' despite the fact that some texture effémformation was lost.
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CeQ powderin 100 um capillaryand empty capillary were measured for calibrgtion
data was masked for beaims and detector dead pixetxrrected folbeam decayflat-field,
spatial distortions andark current

The experimentakesolution function parameters suchQgmp and Qoroad Wererefined
by calculating the PDF d€eG and its fit to the model structur&g7]. The refinement scheme
consisted ofcale factor, delta, lattice parameters and temperature faetioementresulting
in thefollowing values 0fQdamp=0.0534 Qbroad =0.01 withrw=0.21. These values were used

for therefinement of pathological bone samples.

Figure 3.59.Experimental resolution function parameters refinement from crystalline
CeQ PDF fit.

The measured pathological bone sample set profiles were radially integrated and PDF
profiles were calculated for each scanning position by PDFgetX3 wih=0.9
Omaxinst= 19 A_l, Omin = 1.2A_l andqmax: 190A'1

Several masks were then built Eiminationof the resin positions and for calculation of
average PDF profiles for each sample. Optical (a) and polarized light (b) micrograghswn
for control (Fig. 3.60) and Fluol sample (Fig. 3.61) with indication of the scan position.
Informationabout the rest of samples can be found in Appendikhg. integrated intensity
maps (c) ofl (q) from 0 to 30 nrrt are plotted withwo masksaconservative bone mask (d)
used for calculation of sample average PDF pradihelanintermediate mask (gbhat contains
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data close to Haversian canals and external parts of trabeamdecombined with the

conservative bone magkwas used for the positienesolved study.

Figure 3.6Q Control sample @T1): a) optical micrograph and b) polarized light
micrograph with indication of scanning area, c) integrated intensity map, d) conservative bone
mask, e) intermediate bone maSkale bar: 20Qm.

Figure 3.61. Fluorosis sampl&luol): a) optical micrograph and b) polarized light
micrograph with indication of scanning area, c) integrated intensity map, d) conservative bone

mask, e) intermediate bone maSkale bar: 20Qm.
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4.3.51. Average PDF profiles gfathological bone

Thereby PDF profiles were averaged for each samgiag the conservative bone mask
such as in Fig. 3.60d and Fig. 3.61d. The average PDF protite obntrol sample was first
compared to the control sample of the heated Iseheneasured in powder difftction mode
with laboratory source (sesibchapter 3.3.4) as shown in Fig. 3\6Bere several differences
can be observe®ynchrotron measured profile has better-fosesolution as it is well seen at
3-4 A peak in Fig. 3.62At higherr, an overall peles positiorshiftis observegwhich is inherent
to the sample, indicating change in mineral phase lattice parameters. An extra peak at 2 A of

the black curve comes from tl&€q)corrections higlg and is not related to the structure.

Figure 3.62Comparison of antrol sample$DF profilesat differentr-rangesneasured
in powder diffraction mode with laboratory source (red curve) ianscanning mode with

synchrotron 1(um diameter source.

The averagés(r) profiles for five samples (CT1, Fluol, HPT1, HPT2 and OPTL1) are
plotted in Fig. 3.63 at differentranges.lt is clear that first several peaks (up to 4 tAxt
correspond to first coordination sphere bond lengths e©Gad PO (Fig. 3.64, rightjare
perfectlyequivalen for all samples whilat higherr many differences in both peak positions
and width is observeaks is shown ifrig. 3.64, left This may indicate lattice parameters change
that will be refined in the following. The extension &{r) oscillations at highr is slightly
different: the coherence length (or domain size) is higher for Fluol and HPT1 compidwed to

control sample.
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Figure 3.63. Average PDF profiles for pathological sampleGEL (Fluol, HPT1, HPT2
and OPT] at differentr-ranges. eft: no offset. Right: with offset.

Figure 3.64. Average PDF profiles of pathological sample ath{git) and partial PDF
contributionsof the control sampl® the totalG(r) (all G(r) are represented)
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3.3. PDF analysis of bone

The PDF refinement was done by PDFgui software for averaged profilélseof
pathological sample set. The structure file for refinement was chosen to be the same as for
ACOM-TEM and heated bone PDF analys&][ The experimental resolution function

parametersQdampandQoroad) refined forCe® etalon were fixed.
The refinement scheme was chosen to be as following for each PDF profile:

1) scale factor;

2) delta;

3) spdiameter;

4) aandb lattice parameters;
5) clattice parameter;

6) nine parameters fasotropic thermafactors.

Examples of fit are shown in Fig. 3.65 for CT1 and Fluol sample (other samples are
shown in Appendix 5)The resultingw factors range from 0.21 to 0.28hichis considered as

a reliable fit

CT1 Fluol

r, A r, A
Figure 3.65PDFgui refinement for CT1 and Fluol samples: blggperimental profile,

red #fit, green xdifference curve.

The refined lattice parameteasb and c for four samples (Control, Fluol, HPT1 and
OPT1) are shown in Fig. 3.68. decrease in dith a and c parameters is observed for bone
affected by fluoros andanincrease is seen folyperparathyroidisnand osteopetrosis. The
spdiameter which is attributed to the domain size in spherical approximation diminishes
strongly for the osteopetrosis sample, slightly ftine fluorosis case and is increasdsr

hyperparathyroidisnas shown in Fig. 3.67.
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Figure 3.66. Lattice parameters refinement for pathological bone sample set indicating a

decrease for Fluol and increase for HPT1 and OPT1.

Figure 3.67Thespdiameter refinement for pathological bone sample set

4.3.52. Positionresolved PDF opathological bone

The advantage of the scanning mode in recording the diffraction patterns fanBIy&is
not only decrease the illumination volume but also allows positionresolved bone

characterization.

In order toaddress the heterogeneity of the sample and the afegdsitionresolved
measurements(r) for each sample was analyzed by fitting four selected patleach
scanning positiomt differentr-extensions: 1.5, 2.4, 11.5 and 1A §that are shwn with red

arrows in Fig. 3.68) with a Gaussian (first two) and an asymmetric Gaussian functions (last
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two) depending on the peak shape. Therefore, the maps indicatirgppsdion, intensity and
FWHM were obtained by applying the mask that combingh lsonservative bone mask
(Fig. 3.60d) and intermediate mask (Fig. 3.60¢€fjlter the data coming frortheresin.

Figure 3.68Averaged bon&(r) profiles for pathological sample set with indication of
four selected peaks for fitting for positivasolved study.

The example of position, intensity and FWHM maps for 1.5, 2.4, 11.5 and\Treéks
of thecontrol sample are drawn in Fig69 andFig. 3.70, equivalent maps are constructed for
pathological samples and are shown in Appendii&. first peak of 1.5 A corresponds to first
coordination sphere-B bond lengths as shown in Fig. 3.55 and Fig. 3.64 (rigst)ndicated
by quite homogeneaucolors,no differences in peak position and widtte observed fothe
control sample (which is not the case for HPT1 and OPT1). However, the peak at 2.4 A
indicating the first coordination sphere of-Oabond lengthsshowsa shift in peak position of
0.03 A between trabecular bone part and-otidicaland a difference in FWHM of 0.1.A

The same tendency is observed for other samples depending on scan pisitigher
r, peaks encodeo many bond length contributions ktheir position shifts indicatéattice
parameters differences of the local structure from the average structure. The 11.5 A peak does
not show muchdiscrepancie$or most samples except for HPTlhe 17.6 A peak shows the
position shifts of 0.4 gradualy moving from one sample side to another (see Fig. 30r0)
control as well as for Fluol and OPT1 samp@santitative changes should be further refined
in terms oflattice parameter shifts by PDF modeling.
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Figure 3.69Position, intensity and FWHM df.5and2.4 A peaks fothecontrol sample.

Figure 3.70.Position, intensity and FWHM of1.5 and 17.6A peaks forthe control

sample.
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It is clear from current results that positimsolved PDF analysis is required. However
a tool for large dataset multipurpose PDF fit is currently not available and is under development
by S. Billinge grougColumbia University USA).
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Discussion and perspectives

The foremost goal of the current work lies in understanding how the mineral structure of
bone tissueis organizedat different length scales. Rg#ively new methods currently in
development for materials science analysis, such as CXDI, ACEM and PDF analysis,

were used to characterize bone mineral phase.

CXDI is a powerful technique for high resolution 3D visualization; however, its use
remains very challenging for biological materials, particularly with respect to sample
preparation: sample size is definedtbg coherence beam regisizeand is currently limited
to isolated samples of around 5 um in diametdre reconstruction algorithm iskbast and
provides successful reconstructions when all experimental requirements are fulfilled (sample
size, isolation, scattering power, etc.). However, the averaging of selectedtnections

based on error metriemlue[149 is advised for visualization purposes.

The first application of CXDI to dentin tissue provided spatial resoluticghexorder of
20-50 nm that allowed nanoporosity and the collagen periodicity to be observed. However,
the differences in mineral contrast at different locations are not significant to consider CXDI a
viable future tool for mineralization studie®verall, for very heterogeneous hierarchical
biological materials such as bonedadentin, application of CXDI due to the small sample
size requirement may present difficultiesnolude the histological relevance. Application of
FIB or UV laser cutter in the final gp of sample preparatiaa therefore requiredllowing
attributing the obtained results to the precise location of the ultramicrotomy slice within the
tissue.Such sample size limitatiomakes CXDI perfectly suited for nanocrystals, eshell
structures,nancobjects, etc.Yet, in order that CXDI becomes significant in the field of
biological materials, the semiautomatic sample preparation, measuring and analysis tools
should be developed. Improving the detector properties (pixel size and area), thee sourc
coherence and brilliance will be a step forward in terms of spatial resolution and field of view

that draws strong perspectives for individual bone nanocrystals visualization.
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Overall, CXDI provides complementary information to other methods at few
micrometers field of view anavith 20-50 nm resolution. Compared to nanotomography, it
shows significantly better resolution but lacks in field of viéwr examplea number of
papers reported the trabecular bone organizatith the resolution of the ordef 10 um and
a field of view of few cn{19820(, the resolution of 1 um with a field of view of few mm
[20]] and, at last, the 300 nm voxel size with 600 um field of vi202].

The other coherenimaging technique, ptychography, is a strongly progressing tool
based on oversampling the object reciprocal space by scanning it with a nanobeam in
overlapping configuration and simultaneously reconstructing the beam profile prud iob
real spacg203,204. This partially allows overcoming the problem of limited sample size;
however, the instrumental stability becomes crucial. &tperimental setup required to focus
an X-ray nanobeam for scanning experiment is much more complex than for CXDI, and any
slight drift duing scanning can introduce ddets in the reconstruction procedure. In
collaboration with B. Weinhausen at ID13 (S, ptychography experiments were
performed on bovine bone sections of 100 nm thickness prepared by ultramicrotomy as
described in Chapter 2. Several successful reconstructions were obtained indicating slight
mineral contrast change near lacuraealiculinetwork compared to other bone regions. The
new development in quantitative interior ptychographic nanotomography is based on two
measurements: the classical hanobeam scanning tomography of a small inner part of the
sample and the low exposure overvievarsof the whole sample volunjg05. It allows
combining the high resolution advantage of ptychograpipyto 10 nm voxel sizednd the
relatively large field of view anduantitative measures of the classical scanning diffraction.

Historically for investigation of individual nanocrystals, TEM was the tool of choice.
The subangstrom resolution is currently achieved with the stétte-art double corrected
Titan microsopes. However, the sample preparation is very difficult (especially for
mineralized tissues). Both insights, relative high resolution and stryutase information,
are combined in ACOMEM where the sample is scanned with a be&the order of 2 nm
diameter in the diffraction mode and the template matching algorithm allows reconstructing
the orientation maps. The nanocrystal orientation, organization, phase, symmetry and ionic
substitutions were accessed by ACAMM in bone for the first time. This todd proven to
be ideal for the study of borissue withcrystal size larger than in a control state as in some

pathological cases such as fluorosis.
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Some improvements can be made in the fast camera resolution that would allow
analysis beyond crystal orieion mapping. PDF analysis based on scanning electron
diffraction has a great potential due to much smaller illumination vo[@@®@. Smaller beam
size would provide an advantage in resolution after overcoming problems with beam

convergence.

Cryo-ultramicrotomy in combination with crydEM may slightly impree the bone
sample quality and reduce the radiation damage risks. Environmental TEM may also provide
a unique possibility of looking at the bone sample without dehydration and fixation in the

state the closest to native, however, with a loss in resolution.

In addition, current developments ielectron tomography[13] and atom probe
tomography[207] offer 3D information at high spatial and elemental resolution despite very
specific FIB sample preparation schenecluding the protective layer deposition and beam

current fine tuning.

PDF analysis was also applied to bone, to the best of our knowledge, for the first time.
Bone structure and subtle local chemistry deviations from the average structure were
investigated dr the heated bone sample set. Its power in pathological bone cases is confirmed

and illustrated.

Bone is known to give a highly overlapping-ray diffraction profile with large
broadening of peaks. The Rietveld method allows taking into account peakiiirgy and
overlapping in the refinement process. An alternative solution is offered by PDF analysis

where those profiles are analyzed in real space.

However, there are several advantages and disadvantages of the two methods that have
to be consideredf the diffraction correlation domain of the measured material extends far,
Rietveld will provide a decent refinement, and there is no real need for PDF analysis.
Otherwise, if correlation domains are small, Rietveld will fauf PDF analysiswill allow
dealing with such structures. However, if comparison or parallel investigation of both large
and small correlation domain structures are required, PDF analysis offers the possibility of

such complex study.

In addition, fitting of different parts d&(r) prdfile, i.e. at differentr extensions, to the

model structure allows investigating local deviations from the average structure. Another
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advantage of PDF is that even noisy laboratory source profiles with poor statistics will be

suitable for PDF refinementhile Rietveld will fail to describe the overlapping peaks.

Nevertheless, Rietveld refinement allows taking into account anisotropy whereas the
current implementations of PDF analysis using availaa#wareis based on spherical
approximation. In additin, Rietveld permits the strain determination,jlevin PDF analysis

the stain information is encoded within atomic thermal factors.

Three new techniques were applied to bone tissue -sudte characterization: TEM
ACOM and PDF for the first time to borsd CXDI for the first time to both dentin and
mammal bone. The complementarity of these methods was shown covering the wide range of
hierarchical length scales: from micrometer scale with tens of nm resolution with CXDI to

subangstrom scale with PDF amais.

The use of CXDI, ACOMIEM and PDF eventually gave us information that is

summarized below.

From CXDI, we investigated micneeterfield of view with 20 nm resolution, observed
for the first time collagen banding patternntammal sampledVe also sha the lighton the
existence of collageapatite porositythat was not, to the best of our knowledge, evidenced

before

ACOM-TEM providesthe single crystal investigation with atonriesolution over a
field of view of around400 nm. It enables the charaiation of crystals orientation, space
group, and deviationfrom the model hydroxyapatite structuia addition to lattice
parameters, ionic sutigition, apatite stoichiometry and chemical compositidhis first
application of ACOMTEM on bone enabledarification on various debates on the phases

and phase transitions that take place in bone upon heating.

Eventually PDF gives insight into thdomain size, latticearameterandbond lengtk
as well aglassical Rietveld refinemeit the case thahe sample exhibits good crystallinity,
but leading to different resultstherwise.We therefore obtained new information dre
control samplepones heatkat temperatures lower than 600 when detecting such subtle
changes was not expected by the commurMoreover, itallows an investigation othe
disorder present in the system, enabling to draw the conclusion that in our experimental
conditions, no amorphoutomainscould be identifiedThe first promisinginvestigation of

pathologicalbones with PDF raalysis, both in average PDF and in scanning mode, allowed
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identification of subatomic scale characteristics that differ between pathologies and, even

more striking, depending on the histological location.

It is well known thatthe structural organizatio of bones is relevant on very different
length scales. We investigated samples from theirasigstrom arrangemenéaking into
accountchemical compositionthrough individual crystal organization (one ystal with
respect to the next) to themicrometer organization with nanometer resolution, i.e.

nanoporositystructue withinthe tissue.

We demonstrated that differences can be characterized \etttiree techniques on
heated boneof interest in archeology, anthropology and forensic sciefilce doman size
increase, structural phase variatiomprovement in crystallinity, lattice parameters
deviations, the collagen denaturation before 300ch@otic changeism atomic bonddetween
100 and 600C followed by rapid stabilization from 70C are obseved in heatedbone.
Furthermore, we report the evolutionimdividual crystal organizatiohy therecrystallization
mechanism followed by thi®rmation of large crystal clusters and ovefa@imogenization at

the micraneterscale with anncrease imangorosity volume.

For pathological bone tissuet is expected that differences are preskom the
micrometerto individual crystal organization scaléWe valicated CXDI and ACOM-TEM
application for bone and dentin tissundgathering of the nanostrucadrinformation from
the pathological sample set can be further perfornviateover we were able talemonstrate
using PDF analysisn the pathological sample gétat structural differences, depending on
the pathology, appear already at the-angstrom aganization scaléWe thereforepropose

advanced and compldsut valuablenewtools for biemedical studies.

These results show promising perspectives in understanding the nanostructural
characteristics of bone tissue and identifying key structural madfguathological human
bone, providing possibliture development of new diagnostic and pharmaceutical toois.
multiscale characterization scheme described in current work can be easily applieerto o

biomaterial such as antler or fish bone as wetioa broad range of nanostructured materials.
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Appendix 1 Sample preparation supplementary

Information

A.1.1. Detailed embedding protocols

PMMA embedding:

I.  Fixation: at least 10 days in ethanol 70%. Can be longer especially for cortical
bone depending on sample volume.
II.  Dehydration: 48 hours in ethantd0%.
lll.  Substitution: 48 hours in methylcyclohexane (not more).
IV.  Impregnation and inclusion:
- Purify methyl methacrylate (MMA) with aluminium oxide @&k grains).
Add ~75 ml of Al>Os grains into I of MMA and stir for 15 min. Then filter
MMA with the solidfilter or teflon filter of 0.2 um porosity. The glass dishes
and cringes have to be used because MMA dissolves plastics. Repeat 3 times.

- Mix 80% of purified MMA with 20% of dibutyl phthalate. The resulting
solution is called MMAL. Keep samples in MMAL fat least 5 days for
cortical bone (48 hours min for trabecular) at 4°C. Theppepared MMA1
solution can be stored in the fridge.

- Mix MMA1 with 1 gr percent of benzoyl peroxide (just before the process).
The resulting solution is called MMA2. Keep sanspile MMAZ2 for at least 3
days (cortical), 2 days (trabecular) at 4°C.

- Mix MMA with 2 gr percent of benzoyl peroxide (just before the process) =
MMA3. Keep samples in MMA3 for at least 3 days (cortical), 2 days
(trabecular) at 4°C.

- Forinclusion, fill samms with MMAS3 in glass bottles with covers or in PTFE
flat embedding molds. In the second case ACLAR film has to be used to

provide oxygen free solidification. The mold is covered with the
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corresponding size of ACLAR film slowly starting from the cornealtdhe
mold. In this way bubbles formation under the film can be avoided. Keep
samples at 32°C for 48 hours. Temperature has to be well controlled at 32°C

or slightly less to prevent bubbles formation.

Epon embedding:

l.  Fixation:
- 1 volume ofglutaraldehyde of 4%;
- 1 volume of cacodylate of 0.2M. Adjust pH to 7.4. Leave for 2 hours maximum
at 4°C.
II.  Washing:
- 1 volume sucrose of 0.4M;
- 1 volume cacodylate of 0.2M; pH=7.4. Make two baths of 1 hour and then one
bath overnight at 4°C. Rinse in distdlevater.
[ll.  Dehydration:
- 30 min in ethanol 30%;
- 30 min in ethanol 50%;
- 30 min in ethanol 70%:;
- 30 min in ethanol 95%;
- three baths of 30 min in ethanol 100%.
IV.  Substitution:
- two baths of 1 hour in 50% propylene oxide in ethanol,
- 1 hour in 100% propylene oxide.
V. Impregnation:
To prepare Epon solution EmB8d2 Embedding kit from EMS was used. For
hard tissues, as bone, Epon B solution is prepared in the following proportion:
EMBed812: 20ml; DDSA: 9ml; NMA: 12 ml; accelerator DMF30:0.62
0.82ml.
Prior to measting and mixing, the resin and anhydrides should be warmed to
60°C to reduce their viscosity. First, EMB8d?2 is well mixed with DDSA and
NMA and accelerator is added in the end (it will change the color of the solution).
Mixing is imperative to be abl®tachieve uniform blocks.
- bath overnight in 50% Epon without accelerator in propylene oxide;
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A.1.1. Detailed embedding protocols

- 1 day in Epon 100% without accelerator (change the bath 3 times during a
day);
- bath overnight in Epon 100% with accelerator (DBB.
In all impregnation stagesppendorf centrifuge should be used.
VI.  Inclusion: in Epon 100% with accelerator. Pour small quantity of the mixture into
flat embedding mold and cure in the oven for 15 min. Then, position the samples
in the mold, cover them with resin and cure for 48 hatig0°C.

LR white embedding

|.  Dehydration:
- 30 min in ethanol 30%;
- 30 min in ethanol 50%;
- 60 min in ethanol 70%;
- 60 min in ethanol 85%;
- 60 min in ethanol 95%;
- 60 min in ethanol 100%;
- 120 min in ethanol 100%;
- overnight in ethanol 100%.

II.  Impregnation: should be done in sealed glass bottles in centrifuge. In this protocol
LR white is used without accelerator.
- 120 min in 80% of absolute ethanol in 20% of LR white;
- 120 min in 60% of absolute ethanol in 20% of LR white;
- 120 min in 40% of abdote ethanol in 20% of LR white;
- 120 min in 20% of absolute ethanol in 20% of LR white;
- overnight in LR white 100% at 4°C;
- 8 hours in LR white 100% at 4°C;
- overnight in LR white 100% at 4°C.

lll.  Inclusion:
The molds (gelatin capsules or PTFE flat embeddnodds) are filled with the
resin. The samples are then positioned in the molds. Molds are overfilled with
resin and covered with capsule covers or ACLAR film to block access to oxygen
in the way that no air bubbles are created. Cure samples for 4 d@y€at 6
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Epofix embedding

Epofix embedding kit from Struers is used. Mix 15 ml of resin and 2 ml of hardener (or
equivalent) by avoiding as much as possible bubbles formation. Pour it into plastic molds that
contain samples. Put them under dynamical vacuuthd desiccator for 10 min, enabling the
bubbles created in the resin to move to the mold surface. Keep it then closed under vacuum for

the solidification time of 8 hour at room temperature.

A.1.2. Ultramicrotomy cutting

First, sample is trimmed byand under the loop with the metallic blade to achieve flat
cubic shaped surface of 1x1 rinThe second step of trimming is done with the use of trim
diamond knife Fig. A.1.).

FigureA.l. Diamond knifes used in ultramicrotomy. From left to right: trimgnkmife,
histo (semithin sections 10 uriiLl50 nm), ultra 35° (ultrathin sections 100 nm).

The optimal trimming scheme is shownFig. A.2 and is described as:

1. First, trim the sample surface with the front facet (stepFig. A.2). Mark the original
sample angular position.

2. Turn the sample to +20° and shift the knife on the left in the way that its right side cut
the sample (stepif Fig. A.2). Trim until the all sample side is cut.

3. Turn the sample to-40° (-20° from original position) and shift the knife
correspondingly to the right and cut until all side is cut (stepFsg. A.2).

4. Turn the sample back to starting position.

5. Turn the sample to +90° and cut the fetpyramid togside (step 4 inig. A.2).
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A.1.2. Ultramicrotomy cutting

6. Shift the knife on the left side and cut the future pyramid bottom side (step 5
in Fig. A.2).

7. At last, turn the sample to starting position and finish the sample surface (again) with
the front facet (stefh in Fig. A.2).

8. Check ly the knife motors the geometry of the resulting trapezoidal pyramid. The
correct distances are: bottom side: 400 pum; top side: 100 pm, height: 330 pm. This is
the maximum area; in some cases the trapezia should be decreased (by keeping the
size ratio conmnt with a min of fum for the top side). If the sizes are too large, repeat

the necessary steps above until correct dimensions are achieved.

Figure A.2. Trimming scheme for achieving the pyramid with the trapezoid shape face:
1) trim the sample surfaceitiv the front facet; 2) trim first trapezoid pyramid side with the right
knife edge; 3) trim second first trapezoid pyramid side with the left knife edge; 4) trim up
pyramid side with the left knife edge; 5) trim bottom pyramid side with the right kngfe. ed

All angles shown are relative to initial angular position.

Figure A.3 View of the sample before and after trimmimigh the trapezoid dimensions.
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Before starting trimming after any change in sample angle or knife position, set correct
start and engosition of the specimen arm. The optimal advance for trimming bone tissue with
trim 45 diamond knife is im and the speed is 100m/s

After the trimming is complete,hange the knife to histo (Fig. A.1.) and follow the
following steps:

1. Set the clearancangle on the knife stage to the value advised by the knife in
specification.

2. Bring the knife close to the block so that you can see both the block face and the knife
edge with a binocular of the ultramicrotome. Focus the binocular on the knife edge.

3. Align the block face with the knife edge.

Proper alignment of knife and specimen block is critical for successful
sectioning and requires practice and patief&@g. You can change angles and
positions of your block and knife using the knobs on the microtome. First, the parallel
sides of the trapezoid block face are oriented parallel to tiie &dge(see kg. A.4,
front view). Subsequently, the surface of the block face must be oriented parallel to
the knife edge in both vertical and horizontal directidng. (A.4, top and side view).

The proper alignment is judged by observing the reflectioneokttife edge
on the block face. The width of the reflection represents the distance between the
knife and the block face. If the knife and the block face are parallel to each other, the
reflection should have the same thickness across the blockgca @, top view)
and the same thickness should be maintained when the bloasrpast the knife
edge (Fig. A.4side view). When reflection disappeatbe knife and block face are
in contact (or almost in contact). The reflection may appear somewhatediffe

depending on the specific knife and resin that is used.

4. Set the set the correct start and end position of the specimen arm, the adysnye (1
DQG WKH UHWULHYLQJ VSHHG 3:IDVW’

5. Fill up the knife boat with fresh distilled water (with the slight oMarf the way that
water covers fully all knife edge). Swipe the surface of the water with Parafilm piece

to remove any dust particles.
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A.1.2. Ultramicrotomy cutting

Figure A.4. Aligning the resin block and knife for thin sectioning. Possible correct and
incorrect positions of the block with respect to the knife edge in all three dimena@hs
Advance the block face towards the knife and observe the reflection of the knife edge getting

thinner and thinner. Use the 1um advance once you get very close to the knife edge.

6. Adjust the water amount to the correct level. The general rule is to bteefibath
first and to slowly suck the water out until the uniform+ti@msparent silvery surface
is observed in the whole water bath.

This works for all resin types described before, except for Epon for which the
water bath should be greatly overfilleNote that water level should be checked
frequently as it will naturally become lower due to evaporation. The correct water
level is essential to seeing the interference colors of your sections (see below).
Improper water levels can cause sectioning @oisl

7. Launch an automatic cut and look for the first section. The first section will be most
likely incomplete so wait until the knife cuts the entire sample surface and stop

cutting.
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8. Swipe the surface of the water again with Parafilm piece to removecathplete
and broken pieces. Repeat from 7.

9. Continue the automatic cutting. The sections will float on the surface of water due to
surface tension forming the ribbdAd. A.5).

FigureA.5. Ribbon formation while sectioning with ultramicrotomy.

Although the ultramicrotome has a section thickness control, the accurate
thickness of the sections can be determined from interference colors. By illuminating
the floating section with white light, the reflections from the top section surface and
water surface Wi interfere for a wavelength that depends on the section thickness
(aL t@ Ok Jihe interference cardFig.A.6), given by Leica, provides the
calibration of the section thickness as function of color.

In the case of histological 1 um sections, the color will appear white but for
the cutting of ultrathin sections, the verification of thickness according to the diagram
is mandatory.

10. Sections collecting. The sections/ribbons can be moved to differennsegf the
reservoir with an eyelash manipulator (eyelash or fine hair glued onto a wooden stick).
Sections must be moved away from the knife edge and can be collected from water
reservoir with a PERFECT LOOP as descrilbeBig. A.7. Samples are collecteahd

placed at the preleaned glass slides and dried in air (covered by a petri dish to slow
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down the dehydration process). Tissue cutting with histo knife is necessary in order

to prepare the surface for cutting with more sensitive ultra knife.

FigureA.6. Color/thickness diagram for determination of the slices thickness from Leica.

Figure A.7 Procedure of sections tigporting with SUPER LOOP209: 1) centerthe
loop above the sections; 2lowly lower the loop overhe sections and touch the water;
3). gently lift up the loop with the sections indeoplet of water4) lower the lop onto a grid
and lift up againb) the grid holds tahe loop by surface tension; I®wer the loop to the filter
paper to remove water) for coated grids touch withlter paper to remove water; 8parate

the grid flom the loop with an eyelashneeded
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11.The kn

ife has to be changed to ultra 35. In order to end the use of a specific knife the

preciseprocedure has to be followed. Swipe the surface of the water again with

Parafilm piece to remove all floating sectiofsick away the water from the knife

reservoir. Wash the bath with distilled water.

12. Cleanng the knifeis mandatory in order to avoid the quick degradatioitsatutting

capacity

Remount the diamond knife securely in the ultramicrotome knife stage.

Takea polystyrene cleaning stick and using a clean razor blade, bevel it to an

angle of approximately 60°.

Cleanthestick into 100% ethan@nd shake off the excess.

Pass the stick over the diamond knife edge without applying pressure so that
it just cuts thepolystyrene FFig. A.8.).

Make one sweep across tkrafe.

Make a second cleaning pass in the other direction. If necessary repeat the
procedure until the edge is cleahl[l].

FigureA.8. Scheme of diamond knife cleanipgpceduravith polystyrene cleaning

stick[111].
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13. Set ultra 35 knife. Repeat p:1D with chasing 4070 nm thickness for TEM study
and 515 mm/s speed depending on the resin used for embedding. The optimal speed
for bone in LR white was 5 mm/s, in Epef5 mm/s, for PMMA- 8 mm/s.

14.Prepare grids by cleaning them in acetone 100%, drying andadigeg with glow
GLVFKDUJH FOHDQLQJ V\VWHP VXFK DV 3(/&2 HDVL*OR
be done maximum 10 min before placingsketions on the grid henplacethe grids
onasheet of filter pape

15. Transport the sections using PERFECT LO@#Pthe grid in a way that the filter
paper sucks the water through the grid allowing the sticking of the sections on the
grid.

16.Clean ultra 35 knife as it is describe in p-112
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Appendix2. Synchrotron radiation

A.2.1. Synchrotrorsource

A synchrotron is an extremely powerful source ofrdys. These are produced by highly
energetic electrons moving in a large circle in the synchrotron. The entire world of synchrotron
science depends on one physical phenomenon: when a moving electron changes direction,
emits energy. When the electron is moving fast enough, the emitted energy igat X

wavelength.

A synchrotron machinaccelerateglectrons to extremely high energy and then make
them change direction periodically. The resultingays are emitted adozens of thin beams,
each directed toward a beamline next to the accelerator. The machine operates day and night,
with periodic short and lontermshutdowns for maintenance. More than 40 synchrotron light

sources have been built around the world.

FigureA.2.1. Scheme of the synchrotron at ESRF (Grenoble, Framitk)its principle
component$148].

The diffraction measurements for CXDI, SAXS and PDF analysis of the present work
were performeat athird-generation synchrotron facilitythe European Synchrotron Radiation
Facility (ESRF) in Grenoble, France.
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Every synchrotron consists of the followipgrts: Linac, Booster, Storage ring and

Beamlinegas shown in Fig. A.2.1)

In theLinac, the electrons for the storage ring are produced in an electronegievice
VLPLODU WR FDWKRGH UD\ WXEHY 7KHVH HOHFAU®RQV DUH

200 million electrorvolts, enough for injection into the booster synchrotron.

The Boosteris a 308meterlong preaccelerator where the electrons are accelerated to
an energy of 6 billion electrewolts (6 GeV) before being injected into thrage ring. The
booster synchrotron only works a few times a day for a few minutes, when the storage ring is

refilled. Every 50 milliseconds, it can send a bunch of 6 GeV electrons into to the storage ring.

The Storage ring is a tube 844 meters in circenence where the electrons circle for
hours close to the speed of light. The tube is maintained at very low pressure (aréund 10
mbar). As the electrons travalound inthe ring, they pass through different types of magnets
(see below) and in the proseproduce Xrays. Units called RF cavities resupply the energy

electrons have emitted asrAys.

The X-ray beams emitted by the electrons are directed toviadilines that surround
the storage ring in the experimental hall. Each beamline is designededonith a specific
technique or for a specific type of research. Experiments run throughout the day and night.
Within the experiment hall, a beamline consists of an optics cabin, an experimental cabin, and

a catrol cabin, aligned in a row (& A.2.2).

Figure A2.2 Thebeamline principal schenj&48].
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In ESREF currently 43 different beamlines are producing top level scientific research

(Fig. A.2.3) [148].

FigureA.2.3. Representation of the assible ESRF beamlines in 20[138].

A.2.2. Magnets in the storage ring

The storage ring at ESRF includes 32 straight and 32 curved sections in alternating order.
In each curved section, two large bending magnets force the path of the electrons into a
racetrackshaped orbiB44 meters in circumference. In each straight section, several focusing
magnets ensure that the electrons remain close to their ideal orbital path. The straight sections

also host the undulators, where the intense beamsays<are produced.

The three mia insertiondevicesare bending magnets, wigglers and undulators providing

different focusing ancas a resultbrilliance of the radiation.

The simplest inséion deviceis a bending magnet {§. A.2.4). The main function of
which is to bend the electrons into their racetrack orbit. However, as the electrons are deflected
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from their straight path when passing through these magnets, they emit a spragysf X
tangentially to the plane of the electron beame $finchrotron light from a bending magnet
covers a wide and continuous spectrum, from microwaves to haagio<{and it is much less

focused, obrilliant, than the fine beam of-Kays from other insertion devices.

FigureA.2.4. Bending magnet scheme.

An undulator (Fig. A.2.5) is an insertion device from higgnergy physics and usually
part of a larger installation, a synchrotron storage ring. It consists of a periodic structure of
dipole magnets. The static magnetic field is alternating along the lehtité undulator with a
wavelength . Electrons traversing the periodic magnet structure are forced to undergo
oscillations and thus to radiate energy. The radiation produced in an undulator is very intense
and concentrated in narrow energy bands ingleetsum. It is also collimated on the orbit plane

of the electrons.

For the characteristics of undulatopse uses the dimensionless parameter, K:
A B
tel 4z?
whereeis the particle charg® is the magnetic fieldJ L R ?4R+speed of particle, ¢ is

5
¥57

(A-1)

the speed of light) 4 +the electron rest mas§] L

The K-Factor determines the energy of radiation produced. Fof,Khe oscillation
amplitude of the motion is small and the radiation displays interference patteahsledd to
narrow energy bands. If K1, the oscillation amplitude is bigger and the radiation contributions
from each field period sum up independently, leading to a broad energy spectrum. In this regime

of fields, the device is no longer called an undoiait is called aviggler. Wiggler radiation is
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also generated from a periodic magnet structure, but isttbieg magnetic field limit where in

at least one plane the angular excursions are significantly greater than the natural radiation cone.

Figure A.25. Principal scheme of the undulator:- Inagnets, 2 electron beam, 3

synchrotron radiation,u.. - undulator wavelength.

Undulators can provide several orders of magnitude higher flux than a simple bending
magnet and as such are in hagmand at synchrotron radiation facilities. For an undulator with
N periods, the brightness can be up fonfore than a bending magnet ($ég. A.2.6). The
difference in the performance of these devices arises from differences in the maximum angles
of the electron oscillations in the horizontal plane: K is around 20 for a wiggler, and 1 for an

undulator.

The polarization of the emitted radiation can be controlled by using permanent magnets
to induce different periodic electron trajectories through the latwtu If the oscillations are
confined to a plan¢he radiation will be linearly polarized. If the oscillation trajectory is helical,

the radiation will be circularly polarized.

161



Appendix 2. Synchrotron radiation

Figure A.2.6. Synchrotron radiation emitted by the three kind of inserievicesand

theirradiation spectrfl19].

The three types of insertion devicaggyrise to different emittance and radiation spectra
as shownn Fig. A.2.6.

7KH UDGLDWLRQ VSHFWUXP RI EHQGLQJ PDJQHW UDGLDYV
O L JX-k4Y light bulb. The emission angle is typicaLFyZ KHUH bént?Vdoiaction

factor (sed¢119] for more details).

The frequency spread of undulator radiatian be very narrow, and the radiation can be
extremely bright and partially coherent, under certain circumstances. The characteristic
emission angle is narrowed by a factor ¥ (where N § the number of magnetic periods,

typically of the order of 10D

The characteristic emission angle for wiggler radiation is higher thamatural =

radiation cone. The radiation that is generatedspeaks at higher photon energies and is more
abundant (higher photon flux and more power). Its radiation spectrvenyidroad, similar to
that of the bending magnet. Although more power is radiated, wiggler radiation is less bright

because of the substantially increased radiation cone.
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A.2.3. Properties of synchrotron radiation: brilliance and coherence

A.2.3. Properties of synchrotron radiation: brilliance and coherence

When comparig X-ray sources, an important measure of quality of the source is called

brilliance [210]. Brilliance takes into account:

X number of photons produced per second;

X the angular divergence of the photons, or howtfesbeam spreads out;

X the crosssectional area of the beam;

x the photons falling within a bandwidth (BW) of 0.1% of the central wavelength

or frequency.
The resulting formula is:

$NEHHE=32A LKPKJO (A-2)
OA?KAD=-@R| @&~ $9

The greater the brilliance, the more photons of a given wavelength and direction are

concentrated on a spot per unit of time. In mosay literature, the units for brilliance appear
as: photons/s/mffmrad/0.1%BW.

A.2.4. X-ray focusing optics

Optical lenses (from glass or plastic) work effectively since their refractive index deviates
considerably from unity, and this produces a significant change in the direction of light
propagation at the adlens interface. In addition, they are transpaagk hardly any losses take

place in transmitting the beam through the lens.

The refraction at an interface also occurs fara)s, but there are two basic differences
from the case of visible light: the deviation in the index of refraction from unugrissmall,
of order 105 and the refractive index is less than one, not greater than one as it is for visible
light. This implies that the shape of a converginga) lens must be the same as that of a
diverging optical lens. One consequence of the cefr@index in the Xray region being close
to unity is that the focal length of a single lens would be of order 1J@10}. Severakypes of

modern Xray optics used for this study will be described.

Compound refractive lens(CRL) is a series of individual lenses arranged in a linear
array in order to achieve focusing ofr&ys in the energy range ofl50 keV. With a series of
single lenseghe combined focal length may be reduced in proportieghgamumber of lenses
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Appendix 2. Synchrotron radiation

as shown iffrig. A.2.7 [211]. To minimize the absorptigthe lens must be made franmaterial

such asluminum beryllium, or lithium.

FigureA.2.7. Parabolic compound refractive transfocator. Left: A single refractive lens
illustrating the rotational symmetry about the optical axis. Right: A compound refractive lens
with six elements (three lenses are shown cut in half). Putting N lenses in licesele focal
length by a factor of N with respect to a single lensfdeal length, R radius of the parabola
apex, d- spacing212].

Kirkpatrick-Baezoptics KB-mirrors ) [213] consist of two mirrorslf for example,the
surface of the first mirror is aligned horizontally, the secamdor is aligned vertically
(Fig. A.2.8). In order to achieve a common focal point, both mirrors have tllipgically
curvedin a waysuch that théorizontal focus line of the first mirror and the vertical focus line
of the second mirrocoincidein the same plane. The curvature of the mirrors is realized by
sophisticated and highly precise mechanics, allowing for focal spot diameters in the 50 nm
range. The quality of the focal spot image of thea}{ source worsens rapidly, with the source
point geting larger.

Figure A.2.8. Two-mirror KirkpatrickBBaez systemsS - source; - mirror incidence

angle;F - focal length[214].
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Appendix3. EDX spectra for heated bone series

An extensive data including all temperatureE@X analysison heated bone sample set
is presented. Each image includes:

a) Large field of viewbright field imagen TEM mode for the region selection;
b) Bright field image in TEM modef the scan positign

c) Bright field imagesn EDX modebefore the first scanning frame

d) Bright field imagesn EDX modebefore the last scanning frame

e) C elemental map;

f) O elemental maps

g) Pelemental maps

h) Caelemental map

i) EDX spectra

1000°C

Figure A.3.1.Scanning EDX othe1000°C bone sample.

165



Appendix 3. EDX spectra for heated bone series

700°C

600°C

Figure A.3.2.Scanning EDX othe700°C and 600°C bone sampke 166



400°C

300°C

Figure A.3.3.Scanning EDX othe 400°C and 300°C bone sampke 167



Appendix 3.EDX spectra for heated bone series

200°C

100°C

Figure A.3.4.Scanning EDX othe 200°C and 100°C bone sampke 168



Control

Figure A.3.5.Scanning EDX othe controlbone sample
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Appendix 4. Heated boneRietveld and PDF

analysis supplementary information

A.4.1. Rietveldrefinement resudtfor heated bone

contr 100°C

FigureA.4.1. Rietveldrefined diffraction patterns fahecontrol and 100C samples.

Black - experimental data, redit result, blue- misfit function.

150°C 200°C

Figure A.4.2. Rietveldrefined diffraction patterns fahe 150 °C and 20 °C samples.
Black - experimental data, redit result, blue- misfit function
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300°C 400°C

Figure A.4.3. Rietveldrefined diffraction patterns fahe 300 °C and 90 °C samples.

Black - experimental data, redit result, blue- misfit function

600°C 700°C

Figure A.4.4. Rietveldrefined diffraction patterns fahe 600 °C and 00 °C samples.

Black - experimental data, redit result, blue- misfit function
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A.4.2. DF refinement results for heated bone

800°C 1000°C

FigureA.4.5. Rietveldrefined diffraction patterns fahe 800 °C and 1®0 °C samples.

Black - experimental data, redit result, blue- misfit function

A.4.2. PDFrefinement resudt for heated bone

Figure A.4.6. PDFqui fit for the control sample. Blue circles: experimental PDF; red
curve: modelled PDF; green: misfit function.
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Figure A.4.7. PDFqui fit for the 10C sample. Blue circles: experimental PDF; red

curve: modelled PDF; green: misfit function.

Figure A.4.8. PDFqui fit for the 18QC sample. Blue circles: experimental PDF; red
curve: modelled PDF; green: misfit function.
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A.4.2. PDF refinement results for heated bone

Figure A.4.9. PDFqui fit fothe 200C sample. Blue circles: experimental PDF; red

curve: modelled PDF; green: misfit function.

Figure A.4.10. PDFqui fit for the 30CQ sample. Blue circles: experimental PDF; red
curve: modelled PDF; green: misfit function
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Appendix 4. Heated bone Rietveld and PDF analysis supplementary information

Figure A.4.11. PDFqguiit for the 400C sample. Blue circles: experimental PDF; red
curve: modelled PDF; green: misfit function

Figure A.4.12. PDFqui fit for the 60C sample. Blue circles: experimental PDF; red

curve: modelled PDF; green: misfit function

176



A.4.2. PDF efinement results for heated bone

Figure A.4.13.PDFqui fit for the 700C sample. Blue circles: experimental PDF; red
curve: modelled PDF; green: misfit function

Figure A.4.14. PDFqui fit for the 80C sample. Blue circles: experimental PDF; red

curve: modelled PDF; green: misfit function
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Figure A4.15. PDFqui fit for the 100C€ sample. Blue circles: experimental PDF; red
curve: modelled PDF; green: misfit function

A .4.3. PartialPDF of heated bone

The plots for all six atomic bonds partial PDFs+{Ca CaO, CaP, RO, O-O and PP)
evolution upon heatingre represented in Fig. A.4.46th the offset of+1 for the display

The bond lengths were also calculated from the resulting model structures for each
heating temperature and for each of@a Ca0O, CaP, RO, O-O and PP pairs pto 5 A. The
temperature dependence of first 4 to 7 bond lengths for each atomic pair is represented in
Fig. A.4.17 by different colors.
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A.4.3. Partial PDF of heated bone

Figure A.4.16. Evolution of partial PDFs with temperatime6 pairs of atomic bonds
(CaCa, RP, OO, CaO, RO and CaP pairg. Offset+1 is used for clarity.
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FigureA.4.17.Bond lengtls vs temperature (each color shows a particular bond length

betweerthe 15 to 71" pair as signified folP-O pair).
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Appendix5. PDF analysiof pathological bone

supplementary information

A.5.1. Pathological bone scan selection and masks

In the current section the scans for pathological bone PDF analysis are shown in
Fig. A.5.1. Fig. A.5.5. The optical micrograph (a) and polarized light micrograph (b) of the
whole sample with the indication of the scan area are represented on thaeleft gures.
The right side contains the integrated intensity mabp(qj profiles (c) with conservative (d)
and intermediate (e) bone masks used for average pathological bone PDF analysis and position

resolvedstudy, respectively.

Figure A.5.1. Control sample (CT1): a) optical micrograph and b) polarized light
micrograph with indication of scanning area, c) integrated intemsty, d) conservative bone

mask ane) intermediate bone mask. Scale bar: 200
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Figure A.5.2. Fluorosis sampld€Fluol): a) gtical micrograph and b) polarized light
micrograph with indication of scanning area, c) integrated intensity map, d) conservative bone
mask and e) intermediate bone mask. Scale bam200

Figure A.5.3. Hyperparathyroidismsample (HPT1): a) optical micrograph and b)
polarized light micrograph with indication of scanning area, c) integrated intensity map, d)

conservative bone mask and e) intermediate bone mask. Scale bam.200

182



A.5.1. Pathological bone scan selection amésks

Figure A.5.4. Hyperparathyroidismsample (HPT2): a) optical micrograph and b)
polarized light micrograph with indication of scanning area, c) integrated intensity map, d)

conservative bone mask and e) intermediate bone mask. Scale bam.200

Figure A.5.5. Osteopetrosissample (OPTYt a) optical micrograplwith indication of
scanning area, c) integrated intensitypm@) conservative bone mask ajdntermediate bone

mask.
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A.5.2. Average pathological bone PDF fit

PDF refinementor the average profiles of pathological bone set are show on Fig. A.5.6
+Fig. A.5.10.

Figure A.5.6.PDFgui refinement for the control sample (CT1): bltiexperimental

profile, red fit, green xdifference curve.

Figure A.5.7. PDFgui refinement for th fluorosis sample (Fluol): blugexperimental

profile, red fit, green xdifference curve.
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A.5.2. Average pathological bone PDF fit

Figure A.5.8. PDFgui refinement for théyperparathyroidisnsample (HPT1): bluet

experimental profile, redfit, green xdifference curve.

Figure A.5.9. PDFgui refinement for théyperparathyroidismsample (HPT2): bluet
experimental profile, redfit, green xdifference curve.
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Figure A.5.10. PDFgui refinement for the steopetrosissample (HPT1): bluex

experimental profile, redfit, green xdifference curve.

A.5.3. Positionresolvedpathological bonéour peakdit

TheG(r) for eachof pathological samples weamalyzed by fittingour selected peaks at
each scanning position at differep¢xtensions: 1.5, 2.4, 11.5 and 17.6 with a Gaussian (first

two) and an asymmetric Gaussian functions (last two) depending on the peak shape.

FigureA.5.11.Position, intensity and FWHM df.5and 2.4 A peaks for CT1 sample.
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A.5.3. Positionresolved pathological bone four peakis

The peaks positionintensity and FWHMmapsare obtained by applying the mask that
combines both comesvative bone masérd intermediate masto filter the data coming from
the resinandplotted in Fig. A.5.11+Fig. A.5.18

FigureA.5.12.Position, intensity and FWHM dfl.5 and17.6 A peaks for CT1 sample.

FigureA.5.13.Position, intensity and FWHM df.5and2.4 A peaks for Fluol sample.
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FigureA.5.14.Position, intensity and FWHM df1.5 and17.6 A peaks foiFluol sample.

FigureA.5.15.Position, intensity and FWHM df.5and2.4 A peaks for HPT1 sample.
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A.5.3. Positionresolved pathological bone four peakis

FigureA.5.16.Position, intensity and FWHM dfl.5and17.6 A peaks for HPT1 sample.

Figure A.5.17. Position, intensity and FWHM af.5 (left) and2.4A (right) peaks for
OPT1 sample.
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FigureA.5.18.Position, intensity and FWHM df1.5 (left) and17.6 A (right) peaks for
OTP1 sample
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