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Lay abstract

Bone is a hierarchical material, meaning that smaller components are progressively organized into
larger structures. This midtvel architecture is hard to visualize because different techniques are
required to obtaimformation &adi f f er ent |l ength scal es. Howeve:
believingo, and our understanding of f{THsi ngs i
thesis appliea characterization approach more typical of materiale goishaly the structure,
composition, and repair bbne across multiple length scaléss characterization approach is
multimodal because usesdifferent techniquegndmultiscale because it targets different length
scales in bondn particular, tis thesis focuses on bone in compromised conditions, namely
osteoporosis, diabetes, and medicagilated osteonecrosis, to understand the impact of disease
induced changes in bone properties. It also exdroimé®mne organizes itself at a fundamentd| le

which is aritical aspect to understasidcebone is built from the bottoump.



Abstract

Seeing is belie®ng understanding ghenomenafteninvolvesheir direcbbservationrHowever,
bone architecturas challenging to visualize given its Aay&l hierarchical organizatiém this
thesis, bone and bone interfaces are charactesimedtimodabndmultiscal@latfornms, combining
different techniquescrossseveral length scaldsnaging technigseacross the micr@ano
continuum areomplemented bgpectroscopy methods aaplore respectivelyhe structure and
compositionof bone and bone interfacesing bothlight and electron probeBy applyinga
characterizatiomethodology more typical wiaterials scienctisthesisaims to unveil structural
and compositional abnormalit@sboneinduced by diseafeapers-ll], and bone response to
functionalized biomaterials in compromised condjiapersll -1V]. Additionally, it expandsree
dimensional3D) characterizatiompportunitiest the nanoscale in both natwvel perimplantbone
[Papers WI].

This characterization approashmcovered changes in bone quality (structure and/or compaosition) in
thecompromised conditions under invedianin this theg i.e., leptin receptcepR)deficiency

and medicatiorelated osteonecrosis of the [AMRONJ)[Papers-Il]. In a preclinical model of

LepR deficiency for type 2 diabetes/obgesytimodal characterization of baatethemicroscale
showedstructural abnormaliti@sdicatve ofdelayed skeletal developmdagpite unaffectdzbne

matrix composition [Paper I]. A combination of multiscale imaging and spectroscopy techniques
spanning the mictim-nanoscalenabled a detailstudy of the interface between necrotic bone and
bacterian a case of MRON&hedding light on possible mechanisms of bone degradation. When
applied to bondiomaterial interfaces, the application of a multimodal and multiscale characterization
workflow nformed perspectives on bone response to novel biomaterial solutions aimed to promote
osseointegratioim osteoportic conditionsvialocal drug delivery of phytoestrogens [Paper Ill] or
anabolic agents [Paper 1V]. This highlighted the importance afgpalyimplant bone at the
mesoscale [Paper Ill] and of confirming biomaterial behavietwan the presence of surface
functionalization [Paper Mlastly, this thesismphasized the importance3® imaging at the
nanoscale with electron tomography to resolve bone ultrastructure at biomaterial interfaces [Paper V]
and in native conditions [Paper VI]. SpecifiaaBgper Vlartifactfree onaxis electron tomography
resolved somngdebated aspicregarding the organization of mineralized collagen fhwils
fundamental building block unitsbaine.

Keywords boneysseointegratioawacterizatiameralization; ultrastrudiaibetes; osteopbiBSiNJ;
surface functionalization; local dyugtaeiirar bioactive glass; ispagitigscopgroscale; nanoscale;
micrgaomputedry tomography; fRaran spectrossogyning electron mictosespyssion electron
microscopy; R&EBMV tonography; electron tomography.
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Introduction

Thischapteiintroducs relevanbackground informatico the studies in thithesis

In the first sectiorthe multiscaléjerarchicastructure of bone gdescribedwith a focus on the main
components (collagébrils and mineral) and dhe mineralized collagen fibril. Concepts related to
how bone form, modeland remodel are alseviewed Bone repair and regeneration following
biomaterialimplantation, i.e., osseointegratiare explainedespecially in relation to theo
biomaterialexaminedh this thesis, i.e., titanium and bioactive [jlagers IHV]. Somenotions on

surface furtenalization for local drug delivery are also provided, given its relevance to this thesis
[Papers [HIV].

In the second sectioar introductiorio bone density (quantigmd quality is provided, followed by
their contextualization in the@o diseasecbnditions relevant toifithesisi.e., diabetesellitusand
osteoporosisAn overview ofhe main therapiegsedin osteoporosiss givenfogether with some

reported side effectspecifically osteonecrosis of the gihesaspectare relevant tBapers H
V.

In the third and last sectidechnical information and example applications ohaie techniques
usedn this thesito characterizbone and bone interfaces e@ewed.
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BONE

Bones in the skeletal system of vertebratepaoiamount functions in the body, from protecting

internal organs, to working in concert with muscles and other connective tissues to allow the body to
move; from storing minerals like calcium and phosphorus, to releasing them whe T adea\fiéd

the requirements set by evolution, bones need to be lightweight, capable to adapt to the external
stimuli and selfepair, and at the same time tough and $trtinig this unique combination of
strength(i.e., resistance to nogcoverable deformatioand toughnes§.e., resistance to fracture)

which ishard to achieve in material design, that has prompted research to unveitstngtitumal
relationships in bon® learnfrom nature to inspire biomimetic dedign a sense, nature has
ocengineereal bones with an exquisite architecture toc
key biological functions.

Bone matrix is composed of organicw®4) and inorganielements (7@1%), together with water

(6wt%Y. The organic phase mostly comprises type | collag@@3 addition ta small fraction

of noncollagenous protemsThe inorganic phase is a calcium phosphate mineral similar to
hydroxyapatite [@PQu)s(OH).], substituted with carbonate [EP(up to 6wt%) and other

elements (e.g., magnesium and sodluim}he hierarchical organizatioth&organic and inorganic
components across multiple length stiaéesmparts strength and toughness to the bone fatrix
Specifically, collagand mineratontribute toelasticity and stiffness, respectivéMater also plays

a role, increasingelileformability of collageand affecting the viscoelastic behaviour of*bdine

interplay betweesollagerand mineraina k es bone a composite materi a
c ol | a g asits bdildinig block uddt the nanoscd® The term oboned may ¢
reference to a family of materials (more precisely, biogenic minerals) sharing the mineralized collagen
fibril as their structural nanoscopic mod@é¢her than bone tissue in the vertebrate skeleton, other
memlers of the bone family are dentin, cementum, and mineralized tenttamshesis, the term

oboné is used tandicateskeletabonetissue mostly in reference to bone madbritky.

Bone herarchical structure

As mentioned above, the mineralized collfigel is just the building block for a highly complex
hierarchical structurgsshownin Figurel. At themolecular levghreepolypeptide chairaf type |
collagen(two & chainsand one & chair) are twisted in aighthanded triple helix, forming
tropocollagen moleculémat arel.5nm in diameter and 3@én in lengtk. Tropocollagen molecules
seltarrangen aquarterstaggered fashieneatinga 67 nm-periodcity of alternating gap (4®n) and
overlap regions (2i)“. Such an assem®@-100nm in diameter but with unspecified length, is
commonly referred to #se ocollagerfibril&

Collagen fibrils are mineralizedimh at becomes t he 0 nmiheexactspaiiaz ed c
relationship between mineral and collagen in the mineralized collagen fibrils has ltkevedebate

the years, leading to different ultrastructural models being proposed. Ovemilaitaepted that
mineralization occurs both inside an individual fibril, mainly in the gap regioffibrillatra
mineralization, and on the fibrilds outer sur-fomace, h
interfibrillar mineralizatiofY) However, while early investigators suggested that most of the mineral
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is located within the gap zones, eventually extending into the overldffegfioas have indicated

that mineral is mainly exfiarillar®? and it is organizedinstaokk p |l at es cal L ed o mi
which wrap around the fibfilsMore recently, the mineral phase has been shown to exceed the
dimensions of a single fibril, spanning several fibrils insteadfilfcitzss mineralizatioff)3

However, none of the different models for the spatial organization of collagen fibrils and mineral
crystalproposedio datehas beerfully adoptedby the entireboneresearcitommunity.This is

studedin this thesis in Paper VI.

Mineralcrystalsrealigned with their longest dimension, i.e géxes of the unit ceth the long axis

of thecollageriibrils*# The crystals atgpicallydescribed as plasbaped50nm in lengtff, 25nm

in widtht®, and 24 nm in thicknes$, but varying dimensions and morphologies, specifically
needlesods instead of plat&s®’ have also been repoftedlineral plates aggregate into larger
assembligbecoming themselves a hierarchical strécidrehe mesoscale, i.e., at a levaiecting

the nane and microscal@jineral aggregatkave thegeometricashape of ellipsoitts’? Mineral

ellipsoids have been only recently identified, but they appear to be ubiquitously found in native bone
and at bone interfacesdifferent species and anatomical locatasseviewed byehuthorof this

thesiqsee referen@3).

At the nat leves in boné multiscale architecture, mineralized collagen abgilassembled in
bundles, which in turn are organizedrmays wbse pattern varidgmsed on the type of bone, i.e.,
lamellavswovenvs parallel fiered. In lamellar boneyhich is the dominant type in the skeleton of
humans and other mamnidibril bundles 33 um in sizZéare organized &6 um thicksheetsgalled
oamellaé. In addition tolamellae irtircumferential lamellar bone, tetouctural motifs can be
identified in lamellar bone, i.e., trabeculae and ostaomdlae are organized in packets with slightly
different orientatiamin the trabeculae, while they form concentric lag@rad blood vesseéisthe
osteon$ In partcular, secondary osteomgyich form as aresult of bone remodelingte also
sometimes referred to as faversian systémas thédamellaencirclehe Haversian canal, which
hosts blood vessels and netv@steonal lamellar bone is commonly destis a twisted/rotate
plywood structure, where arraysromeralizeccollagen fibrils are oriented at different angles in
different(sub)lamelld&® However, other models have also been profiosed

Lastly, at thewhole bone leveli.e., macrospically compact and trabecular booan be
distinguished. Compact bone is the outer, densthabeticlogsa porous, spongike interior, i.e.,
trabecular bone.
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Figure 1 Schematic representation of bone hierarchical structure, starting from the two main componer
fibrils (A) and mineral (B). In A, arrays of tropocollagen molecules (1) are staggered to form a cc
characterized by altermatifdaekoloured) and overlagdl@mired) regions witing&riodicity. In B,

mineral platelets (3) assemble instpsaidsttuctures (4). At the mineralized collagen filaril level (C),
collagenineral spatial relationship has dmsshtprbp mostly ([@ly@&xtrg(6) or crosibrillar (7). At the

next levels (D), shown in detsiédmbbne, arrays of fibrils (8) assemble in lamellae (9), which in turn :
organized in a twistateglywood fashion in the os)edtsh@@vhole bone level, cortical (11) and trabecular
(12) bone can be distinglnsnges numbered 4 to 7 are reproduced with permisS3a8B¢onigaiatences
fromL8), 39 an23 respectivityages numbetzdridi 1-12 are created withficonBRender.com].

Bone formation, modeling, and remodeling

Bones are primarily formed by eithemdochondral or intramembranous ossific&tion
Endochondral ossificatigegtoceeds through a cartdagmplate. As this cartilage matrix grows, it
progressively calcifies and is replaced by boné tissiteamembranous ossificatibone tissue is
laid down directlyde noywithout the intervention of the cartilagecpreof®2 This ossification
route is followed by several bones in the!Skuljeneral, ines grow by apposition of new tissue
the outer surface (periosteum). Long bones formed by endochondral ossification also grow
longitudinally at the growth (epiphyseal) plate, wehible cartilage layer separatipigphys and
diaphysisintil growth is complei@ adulthood The couterpart of the growth plate in cranial bones
formed by intramembranous ossification is represented bystramed Suturesct accentres of
intramembranous bomggowth, withnewbone being deposited atithedge in response to signal
from theexpanéhg craniurft.

During skeletal developmenth e si ze and shape of bones are ac
model ing6, where bone is formed or removed by
boneforming cells) and osteoclagte poneresorbing cellS) Bone formation and resorption during

modeling occur independently from each other and are mostly initiated in resgionaédba
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mechanical natyrensuring that the overall structure is adapted toetiganicdlnctior?*? This

adaptation is exemplified by the fact that both osteons in cortical bone and trabeculae in trabecular
bone are oriented along the direction of the principal stfelssédse welknown law bearing his

name, Wolfbbserved thahe patternof thetrabeculain the proximal femus analogous to that of

the stress trajectories in the Culmann ¥rakmalogouslynilong bones, osteonseparallel to the

long axiof the boné

Osteoblasts and osteoclasts work instead in a
which i s at t he b as. iEwery getr, abooitrd®o Gaisd 2@y af eorticakcandn at u
trabecular bone, respectively, are replacedntiveemicrodamaged and old tisagwell at

maintain bone mass and regulate minenatostasisA remodeling cycle is composed of five phases:

i) activation, where osteoclasts are recruited at the remodeling site; ii) resorption, where bone is
removed byheosteoclasts; iii) reversal, where the transition from resorption to formation occurs; iv)
formation, where new bone is depositeithdgstedlasts, first in the form ah organic matrix, the

osteoid, which later becomes mineralized; v) quiescence (resting), where formation stops and bone
lining cells cover the quiescent bone sdtface

Osteocytes andacuno-canalicular network

Increasing egtencepoints towardsthe osteocytes, i.e., the resident bone celfgvasya roleas
orchestrairs ofbone remodeliriy Osteocytes are the most abundant type of bone cells, constituting
over 90% of bone cells in the mature human sk&l&tfmm an estimated total of 42 billibn
Osteocytes differentiate from osteoblasts astibeomeburiedin their ownmineralizingnatrix®.

Each ateocyte resideinside within a lensshapedspace calledlacuna and connects with
neighbouring steocyte through its cell processes, which are housed in narrow channels, the
ocanalicuf®. In osteonal lamellar bone, lacunae are primarily disposed in concentric layers around the
Haversian canal, while canaliculi run in the orthodjoeetion, i.e., perpendicular to the Haversian
candP. The extensive network of lacunae and canaldhiin the hierarchically structured bone
matrixconstitutes the swalleddlacunecanalicular netwadKLCN), which is key to the sensing and
transnission of mechanical lo&t Specifically, osteocytes act as mechanotrassdig, they

sense mechanical strains to then coordinate the response of osteoblasts and'osteacksts
osteocytes play an important part in regulating boneolisgtednd bone qualfity; not just in native

bone, but also in bone forming at the interface with bioméaterials

Bonerepair: bomaterials and osseointegration

Bonet i ssue | s acapaldenofsettpair Fractuee healimd add baepair follow similar

steps as mebryonic skeletal development, specifically endochondral ossification, where bone
formation is preceded by a cartilage ratdgwever, tcaugment orestorelos functiors when

selfrepair is not enougtor example ithecase of large and complex defeatsimpromised healing

conditions biomaterials are ofteeededin addition to common biomaterial requirements such as
biocompatibility, bonmterfacingbiomaterialssuch aseaing implantsand endosseous dental

implarts, are selected also based on their ability to osseointedrage t er m 0 omefeesoi nt e g
to 0a direc on light microscopic levélcontact between living bone and img@igralthough it is
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now clear thathis contactoccurs at th€subhanoscale, at a level beyond what light microscopy can
resolve®™’, Variousultrastructural arrangemenfshe bondémplant interface have beenpwsed

over the years, but current intetptions emphasize the role of mineralized collagen fibrils as the
buildingblocksof the interfacesimilarlyto native bon&. Interestinglyperkimplant bone initially laid
down as woven bonerismodetd to closely mimic its native status. The-bopkant interface is
thushierarchical in nature, with intermixing between ingléaace elemerasd bone at thatomic

leve] andmineralizedollagen fibrils oriented parallel to the implant surface at the n&ésoale

the microscaleosteocytes connect through th@iocesse$o the implantsurface establishing a
mechanosensifigaseccommunication pathwanith the implant itséff

The ultimate goal of osseointegration is to close the gap between the implant andeatitre b

new boneNew bone formationccurs over two fronts: one directed froeive bone towards the

implant (distance osteogenesis), and the other directed from the implant itself towards native bone
(contact osteogenesis), for which it is importaat the implant surface displays rogti
physicochemical properties to promote formation of bone direcffy on it

An important distinction should be made betwlegnadable and nalegradablenplantmaterials

In the case of degradable materials, theibgolant interface is nat afixed position in the peri
implant compartment, but moves as the implant itself dégladibss thesis, both nedegradable
titaniumbased implants and degradable bioagithesparticesare used, hence more background
informationon these biomateriaseintroducedn the following sulections.

Titanium -based bone implants

The mechanical properties of titaniegmmbined with its biocompatibility and corrosésistance,
make ifasuitableeandidatéor loadbearingponeimplans®’. Commercially pure titanium {€p and
the alloy F6AI-4V are extensively employed in dental and orthomgglicationsrespectively
Titaniumspontaneously passivatear forminga5-10nm-thick layer of titanid {O)®. This surface
oxide layereffectively renders the implanba e r anaterial from the viewpoint of the host
environment, anfhvoursosseointegratidhanks to its bioactive nattire

The physicochemical properties of the implant surface greatly affect osseointegratioff.outcomes
Implant surface topography is often modified to introduce-mamdor nanoscale featureghich

are beneficial tos®ointegratioty®%*’. Commonsurface modification strategieslude acid etching

to add submicron texturing ttheimplantsurfac&. Micro-rough surface topograptan be directly
obtained without the need of ppsbcessing by additive manufactuiiig) via powder bed fusion
techniques due to residual microparticles from incomplete melting/sintering of feedstock. powders
AM alsooffers highly customizable sa@us, including engineered porous implants prébise

control overpore sizevolume and architectui€® Bone ingrowth can occur within the pores,
increasing the area of bamglant contact(BIC), in turn improving implant stability and
osseointgratior:"2

Bioactive glasses

Bioactive glassase aclass okilicabasedioceramicsisuallynade ofSi0,, NaO, CaO, and ©s.
Specifically, the first developed bioactive glaS&Bioglasy has the following composition by
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weight: 43t% SiQ; 24.5wt% NaO; 24.5wt% CaO;and 6wt% P.Os . This is analogous to
Biograf used irthis thesi§Papers IW], which isa bioactive glass commercialinetthe form of
granulesypically306360um in sizeBiograf granules are used in the clinical practice as fillers to
augment bone volume, for exanplelevate the sinus floor prior to implant installation in edentulous
patienté.

Bioactive glasses display high surface redntwinpmaking thenchemicalljpond withbone On

the biomateriaide five reactions take place: i) leachmgrelease akali and alkaline elemewits

ion exchange; ii) dissolutitmough breakg of 8SBOASH bonds; iii) formation of a Si€ich gel

iv) migration of Caand PQ® to the SiGrich surface and formation a€aPrichouter layer around

the Sirich gel corev) crystallization of the CaP 1&yén the host sidgphagocytosing celisach

the Sirich core through cracks in the €&fR outer layer and start resorbiffy itndifferentiated
mesenchymal cells also migrate through these cracks and adhere to the CaP surface, which triggers
their dfferentiation into osteoblasts, likely due to its-hkaeompositiofi. Osteoblasts then start
depositing new bonpromoting osseointegratioia contact osteogenesis.

Surface functionalizationfor local drug delivery

Not only can the surface bfomaterials be modified to optimize its physindlor chemical
properties, but it can also be functionalized to deliver specific molecules and therapdotiallygents
at the implant sit€. Local drug delivery presents advantages over conversysigmic
administration in terms t@dining drug concentratiandbioavailability at the site of interest, and
avoiding adverse side effects in unaffected parts of thé&ehbdgcing bone response in the-peri
implant space by locadleaseof therapeuticgan especially be useful when systemic conditions
compromisdone repair and regeneratioRor examplein a study by Bai et a@. porouditanium
scaffold fabricated by AM was injected with a hydrogel loaded with a common miedicadion
osteoporosis which was releaseid vivoupon hydrogel degradation, in turn imprgv
osseointegration in osteoporotic rabbils this thesissurface fuctionalization ofwo different
biomaterials (titanium and bioactive glasdpcal drug deliveryurposes is exploréd promote
osseointegratian osteoporotidike conditiongPaperdll -IV]. The specific therapeutigens used

in those studieareintroducel in theOsteoporasstionsegpagel ).
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BONE QUANTITY AND QUALITY IN DISEASE

The hierarchicalrganizatiorof bone and its maintenance through modeling and remodeling are
essential tadhe mechanical functioning. Imbalances in bone remodeithigbone resorption

prevailing over formation, wice versecan lead to sutptimal bone masA. parameteroutinely

monitoredin the clinical practide bone mineral density (BMDIYhich representhie amount of

bone mass per unit volunexgressed ig/cm?® and istypically measured by deakrgy Xay
absorptiomet). However, BMD is not the satleterminantf bone fragilityln addition to this

quantityr el at ed metric, the concept of Obwtality qual.i
of featuresah characteristics that i nélTohesdeatueesara b on e ¢
mostly bone material propertielted tatsstructure€.g., shapenicrearchitecture, micrporosity)

and compositiore(g. degree ofnineralization, properties of bone mineral and/or colfaéen)

The increase in bone fragility that accompanies aging and/or diseases can often be attributed to altered
bone turnover, affecting bone quantity, ant@tructural and compositional ches deteriorating

bone qualifi?® Hereinafterabnormalities in bone quantity and quelilybe reviewed in greater

detail for diabetes mellifespecially typed@hd osteoporosis, which askevanto thisthesis.

Diabetesmellitus

Diabetes mellitusistagr oup of metabol ic disorders char acH
hyperglycemi a i n % @Gheoniahyperglycenta isalfi@botormafunttiomsa t 6

of p a n c r edbt which afgesponsibldor secréng insulin,the hormone contrdihg blood
glucosdevels According to the World Health Organization, 422 million pecuke affected by
diabetemellitusn 2014° The vast majority (Sb%)of cases ai& type Aiabetes mellity$2DM),
characterized by insulin resist&n®thercommonformsof diabetes includgpel diabeteswhich

is an aut oi mmu n e-celt destracion end linsutind defitigrayd gestatibnal

diabetés.

The rumberof people with diabetéas been rising over the past three dedadesticular, T2DM

is now considered epidemassedentarfifestyls havecontributed tcan increasg prevalence of

obesity, which is a significant risk factor for T’DMDM often ceexists not only with obesity,

but also withother metabolic disturbancesreating a cluster of conditdn@ b el | ed as 0 me
s y n d r(Met8wdichincreasethe susceptibility teardiovascular diseése

The metabolic changes causgdiabeteand/or obesityaffect many organs and tissues, including
bone. Idividuals witir2DM are agreaterisk of bone fractusgyet they oftedisplaya normal or
even higher BMD compared to healthy indivittusihile thisapparentontradiction coul@ein
partattributed to collateral effects such as a greater likelihood%cfhfabiserallreduction in bone
strengthcan be explained by changebadne material properties, i.e., bone qdalityA positive
correlation beteen BMD and body weight, as well as fat and lean mass, is commonl$f egyabrted
attributed to skeletal adaptation to mechastoaulj with increasetbading promoting bone
formatiorf®. This regulation pathway of bone mass related to mechaiirej leas been termed as
the omecdhanostaté
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The accumulation ofleanced glycation epdoducts (AGEsh hyperglycemia @dten indicated as
one of the maikulpriss of the increase in skeletal fragility in T2D@rosslinking types of AGEs
like pentosidine induce nenzymatic crodimking of collagen, whictausesibril embrittlemerst.
Together with nowrosslinking typed AGES, such as carboxymethydne,the interaction between
AGE and its receptoinduce oxidative stresses and inflammaétionith consequences on
osteoblastic and osteoclastic activity.

Hyperglycemiand obesity have besssociatedith a low rate of bone turnov@me of the possible
explanationsthatadipogenesis is favoured over osteoblastogenesis in obesity due to the preferential
differentiation of mesenchymal stem cells in adipocytes rather than o8tebhtatSEAGE
receptoraxis and oxidative stresses play a role in bone formatiohighthlevelof AGEs and

oxidative stressdeading to reducedsteoblast proliferation and differentidfiéh It remains
controversial whether and how osteoclastic actiatiecded by T2DM. Chronic inflammation in
obesity appears to increase the production ehfl@nmatory cytokines that stimulate osteeclast
induced bone resorption throughe activation of theosteoprotegeriiRANKL (RANK-

ligand/ RANK (receptomactivator of nuclear factor kagpgpathwaif®

Leptin and bone metabolism

Energy and bone metabolism are interconnected through the action of leptiis. & piitipokine,

i.e., a cytokine produced by the adipose tissue, responsible for comeiijpgsterage and
appetit®* For example, low leptin levels during starvation stimulate appetite. Leptin acts directly on
bone cells and indirectly on bone metabolism vidybethalamusand sympathetic nervous

systertf? Inconsistencies in the inelit effects of leptin on bone mass have been reported. In general,
leptin displays an anabolic action through the peripheral pathway and a catabolic effect through the
central pathwdyj, although deviations from thishaviouhave also been reporféd

Given the effect of leptin on bone metaboligmipusanimal models employed in T2DM research
have mutations in the gene encoding |€p#ip)or its receptor (LepRAbnormal leptin signaling
results in hyperphagia, herlogp'LepR-deficient animals become obese, in turn displaying
hyperglycemia and impaired glucose tolerance analogously to T2DM ééntiketiology in
humans does not typically involve genatitations, but some rare cases of humans epthepR
mutations, causing severe obesity at an early age, have beefi%&€pArtesvel monogenicbese
rodent model, the Lund MetS'fats examinedh this thesisHaper ].

Osteoporosis

Osteoporosiro p or o udiseabehmes been defined as a O0systemi
by low bone mass and microarchitectural deterioration of bone tissue with a consequent increase in
bone fragility and susceptibility toffrac t:@éteoporosis is typically associated with aging, although

it can al so devel opforeaxampbese toglacdcarticgiosrapsegsteroigh or o s i s
induced osteoporosi&) Osteoporosiselated rfagility fractures, i.dractures occurring at leta-
moderatdeves oftrauma, account for around 60% obafiefractures in individuals above 50 years

of agé™ As the aging population keegurgingacross the globé the diagnosis, prevention, and
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treatmentof osteoprosis become increasingly important for the quality of life of the senior
population, as well as the economic burden on the health care system

Osteoporosis is characterized by low bone imas® diagnosis of osteoporo8dID is typically
expressed ash e-s © din tertns of standard deviation from the mean value in the young healthy
population.A T-score below2.5 is indicative of osteoporosis, betwdeand-2.5 determines
osteopeniaand abovel is considered nornfalLoss in bone mass osteoporosiss due to
imbalancetbone remodelingith bone resorption previaid over bone formatid#. This naturally

occus with aging due to the decline in hormone levels, especially estrogeaffedticbne
metabolisnThe effect®f agingrelatechormone deficien@n bone strengthre especialypparent

in postmenopausal womamd agadjusted fracture riskgignificantly higher in female than male
individuals™

Estrogen is the main hormonal regulator of oe®bolism in both sex€sEstrogen has direct

effects on various bone cells, specifically decreasing apoptosis of osteocytes and osteoblasts, and
converselyincreasing apoptosis of osteoclastd decreasing their formation and actiVitif

Estrogen appears to modulsttainsensingiat h e 0 me ¢ haadit Bnydlvadtindhéntestinal
absorptiorof calciunandits renal onservatioh®. Collectively, direct and indirect effects of estrogen

on bone metabolism make bone resamptiutweigh bone formatiom contexs of estrogen
deficiency, such adtermenopaus&. In male individuals, estrogen bioavailability decreases with
agé. Additionally, adrogenlevels affecbone remodeling. This is mostly noted in androgen
deprvation therapy to treat prostate car{cbemical/surgical castratiomhere lower levels of
androgen lead to an increased rate of bori&1tss

Becausef the role ofsex hormonesn bonemetabolismwidespreadinimal modelsised in
osteoporosis research are subjected to gonadectomy sergegriectomy (OVX) in females and
orchiectomy (ORX) in male§he OVX rat is especially used to mimic postmenopausal
osteoporostd’ ' While aged rats represent a more accurdts,rmature rats are typically preferred
due to their lower cost and greater avail&illtige male counterpart is the ORX rat, which mimics
conditions of androgen deprivatian

Not only bone density, but also bone quality is affected by ost®pbDeterioration in bone
microarchitecture is especially apparent in the trabecular compartment, with reolictévoinme
and trabeculdhicknessnd/or numbeY™ Other changes have been reported intmtbstructure
and compositigne.g., increased cortical porogitgater mineral crystallinigndlower mineral
heterogeneity?®

Given thealteredoone metabolism, it is reasonable to postulate thatbalwegat abiomaterial

interface may beompromisedh osteoporotic individualsiowever, there is no clear consensus on

the effect of osteoporosis on osseointegration, and osteoporosis is not typically considered a
contraindication to the installation of bone impf&n@n the other hand, it is known ttane

quantity and quality are key parameters to successful osseoiftedragiepstemic alteration in

bone metabolism, as well as the deteriorated bone stanmtld-@ffect primary implant stabiibd

early biological fixatipin turn comprornsing osseointegratiéfl Slower osseointegratiorigher

failure rateand peAmplant bone lossnd lower values of BIC have been reported for implants
placed in osteoporotic bdfé?®'%". Bone healing and osseointegratidd\iX/ORX rat modelsare

10
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studied in this thesis Rapers IHIV, especially to examine the effedbcdl drug deliveign bone
repair using some of thieerautic agents described below.

Common and emergingtherapies

Therapies to counteract bone loss are administered to both osteoporotic indidido&lsoaa
deemedthigh risk of fracture in order to prevent this from occurring. Commonly used meadication
are antresoptive agents, but anabolic therapies areaadslableThe therapeutic agents to treat
osteoporosigelevant tdahis thesis [PapersIN] are briefly discussed hereinafter.

Anti-resorptive medications are the gold standard in the treatment of oste@ptirgsie® suppress
boneresorption. In this group, bisphosphonateswidely used to treat skeletal disorders, not just
limited to osteoporosis but also skeletal complications due to metastatit \d4ticacomposition
similar tathatof pyrophosphatese.,mineral inhibitorfoundin the body fluid$®, bisphosphonates

can inhibit mineralizati@nd preventhe breakdown of hydroxyapatite crystals when bound to their
surfac&®!3! Bisphosphaatesalsodisplay toxicity towards osteoclasts, and linnitfémmation and
activity?®

Possibldreatmentlternativeare based ohnormone replacement, specificallgsifogenas bone
loss postmenopause is primarily calibg estrogen deficienty Howeverhormonereplacement
therapymay havesignificant side effects, as an increased incidence of breashasrimssn
reported® Lower breast cancer rates hiagadeen noted foindividuals consuming diets rich in
phytoestrogens fountbr examplein isoflavones insoybeart®® Therefore phyteestrogensould
offer an alternativereament forosteoporosis while avoidihgrmfulside effectsAn example of
isoflavoneused in this thesisdgenistein [Paper llI[Genisteirhas shown a positive effect lmone
mason postmenopausal individuaésatedn a randomized tri&l Howevertheuse ofgenisteirin
bone applications has mostly been exploasgstemiadministration and ntacally agvestigated
in Paper llI.

Differently from antresorptive medications, anabolic agents act by enhancing bone formation in the
remodeling cycfé The 134fragment of parathyroid hormone (PTHdjigaratide (PTH-34) was

the first anabolic drug approved for clinis®e in osteoporosis. Its intermittent use has anabolic
effects on bone, for example via promotion of osteoblastogenesis, suppression of sclerostin, and
hinderance of osteoclast differentidtfoim this thesis, the influence of PT84 administratioon
osseointegration in osteoporditie conditions istudiedn thecontextof local delivery in the peri

implant space via surface functionalization of bioactive glass\fPaper |

Sde effectsof bisphosphonates osteonecrosis of the jaw

A prolongedor highdos intakeof bisphosphonatelsas been associated wighgreaterisk of
developingnedicatiorrelatedosteonecrosis of the jgMRONJ)*®° According to the American
Association of Oral and Maxillofacial SurgddR§NJ can be dignosed when necrotic bone in the
jaw does not heal witheightweeks after intervention in an individual without any metastasis or
history of radiation therapy in tha¢& The pathogenesi$ MRONJis still not fully elucidatidue

to itscomplexy and multfactorial naturdPossibleausesclude the unresponsive status of bone
where resorption is suppressed, and the impaired healing due to tixsgtyosphonates cells

11
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of the soft tissue and immusiestertf''“? Bacteria areommonly foundat the necrotic sités the

jaw, but the causal/temporal relationship between infection and necrosis is not fully uti@étstood
This thesis includes a study on the effebacteria on bormatrix propertieand degradatian a
case oMRONJ[Paper II].

12
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MULTISCALE ANALYTICAL TOOLS FOR BONE AND BONE INTERFACES

Owing to its hierarchicafchitecturspanningrom the macroto the nanecalethe structure and
composition obone both native and at biomatemderfaceszan beexaminedising a plethora of
techniques, each addressing specific feafturterest at certainesin its hierarchyln other words,
comprehensive characterization of bone and bone interfaces is best done by atdftoglel
approach, correlating information acquired over multiple lengtPP-8céilé8This thesis@pliesa
multiscale characterizatiplatform whichis often also multimodal, i.e., differeahniques based
on dissimilar working principlase used, and sometimes multidimensional, combiningrgo
threedimensional2D and 3D)data.Hereinaftera review of the technicdétailsof the main
characterization tools used in this thesis is provided, together with relevant &xamghes
literature of their application in the study of bone and Hwmomaterial interfaceshe
characterization techniquisscribedare organizetlased on the nature of the main information
provided, i.e., steturalor compositionalThe typicakpdial (lateral) resolution and field of view
analyzed are graphically represented in reference to bone striigurezin

13
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Figure 2. Graph showihg typical field of view and spatial resolution for the main characterization techni
in this thesis, in relation to relevant features in bone hielarthecgiagthydtuedollowing abbreviations are
used: mi@d (microomputedrXy tomograpRgman (midkaman spectros&ipy) (scanning electron
microscqQ®BirIB (plasma focused ion beam); S/ITEM (scanning/transmission electromatrimnoscopy); ET
tomography); EDX (edepgrsiveray spectroscopy); and EELS(electron energy |02 speciidscopy).
techniques are shown as rectangles and cuboidstteggitetivedyistd fauiledy spectroscopy technique

to differéanidt fronthemaging techniques used for structural characterization (unless combined with spe

in SEMSTEM-EDX or STEMEELS).
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Characterization ofbone structure

Light probes optical microscopyand micro-CT
Visible light microscopy

The most immediate tool ppoducemagnifiedmages of bone structure ihe optical microscap

or, more preciselyhevisible light microsceplmaging of bone with light microsgafates back to

the 17" century where some structural eleseaw known atamellae and osteons were visudlized

Il n t he 19 6 O0dscover thai morencirmla direct contact wititanium was based on

Il i ght mi croscopy observations, and in fact t
mi cr os c ¢'fight midrascomy Iretaitise primary toolused in histologywp examine bone

tissue, including at biomateriakifaces, both quantitatively and qualitgti@lantitativelyhone
histomorphometrprovides information on four types of measurements, i.e., area, length (perimeter
or boundary), distance between points/lines, and number of some features of mtecedigje.
Qualitativelyhistological sections provide information on the general morphology and structural
patterns (e.g., wovealamellar bone), the state of the tissue (e.g., signs of necrdsi)ich cells

are present in it (e.g., bonksgcéut also from nearby tissattger than bonegspecially when specific
features can be enhanced by appropriate’stains

Micro-computed X-ray tomography

Bone histomorphometry is performed on 2D sections, and inferring 3D informatisteusoiggy

has limitatiort4”. A solution is offered by miecomputed Xray tomography (micr€T). MicroCT

is based oiX-ray absorption imaging, where images radiographare formed by the -Kays
transmittedthrough a object, which are attenuated based on absorption and density differences
within the objecitselfand its thicknes$n micro-CT experiments, the sample is mounted on a
rotating stagelhe stage is rotated typically over-B8, and aradiograph is gaired at each

rotation step. These radiographs represent 2D projections of the object at different angusar position
of the stagé® The projections are reconstructed by specific algorithms (e-grojeation) to

obtain a 3D representation of thgext.The t er m Otoroogp 0@s @ @ thypeha ot oa nd
writeodo) refers to thi 2Dsdslicefprojecfionsthat rg thea comliined ma g i
to repoducethe original 3D objett Some important parameters that determine the quality and
resolution of thenicro-CT reconstruction includbe X-rayenergyintensityand tube potentighe

voxel &e (pixel sizen x, y, z)theduration of each projection (integration time), the auwib

repeated acquisitions at each $tepé averagijgandthe number of projections collected, which

is related to the rotation st&ps

Micro-CT reconstructiom provide an accurate 3D representation of the overall geometry and
microstructuref bone or bondiomateriainterfaced>"*° In addition to qualitative observations,
various morphometry parameters cagquamtifiedn 3D. These parameters can charge relevant
structural properties of cortical bosech agortical thickness, cortical bone area, and cortical area
fraction,as well as properties of the trabecular compartsoehtas bone volume fraction, trabecular
thickness, trabecular separgtiand trabecular numbérin microCT volumes of donesample
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interfacing with diomaterial BIC can bequantified However, metal implants typically induce
artifacts in the reconstructjagspecially at the beimeplant interface, due to beam leaidg and
scatterin§’, in turn challenging the reliability of BIC measurerftént¢hile micreCT primarily
provides structural information, Ising standards bfdroxyapatite of known densitys possible

to obtain a linecorrelation betweeagreylevelsanddensity which can be used to estimate the tissue
mineral density (TMD) d&one samples acquired with the same sedtirthe standafd

Electron probes SEM, FIB-SEM tomography, S/TEM , and electron tomography

Resdution in light microscopy is diffractidimited as first theorized by Ahbin electron
microscopy,hanks to the much smaller waveleong#lectronccompared to lighg higher spatial
(lateral resolutioncan be achievetdlhe nteraction betweean electron beam arttie atomsof a
samplegeneratesnultiple signalsha can provide severalinformation both of structural and
compositional natur@his section focuses on electron signals used to obtain structural information,
while sgnaleemployed in spectroscdpghniques are reviewedthieCharacterizationafeomposition
section(seepage23. Despite focused ion beawanning electron microscopy @SBM) also
involves the use of an ion beam, as explab@dw this technique is included in this section as
imaging is accomplesth by the electron probe.

Scanning electron mcroscopy

SEM s based on the rasteringadinely focused electron beam across the surface of aptaceple
in a highvacuum chambex 10°-10* P9 (Figure3A). Some instrumentsanalsobe operated in
higher pressure regim@s2000Pa) for exampleéby supplying water vapoiihis type of SEMs
known aslow-vacuum or variable press@EM or sometimes environment&EM in the high
pressureangeand it is especially usefuimage insulating sangéthout anyconductiveoatings,
otherwise necessary to reduce chatging

The interaction of the incidesliectronbeam with the sample geates several signéfsgure3B).

Two of these signals, secondary electrons (SEs) and backscattered electrons (BSESs), are used to forn
SEM images$Esare inelastically scattered electrons, corresponding to weaklydubroms éh the
outeratomicshellthatare ejected due to the energy transferred mcitientbeam (i.e., therimary

beam, hence t he t )eBSHsaré aastralynsdatterey électeohsecortesponding

to the electrons in thecidentbeam that are deflectédb ac k 6 out of t he sampl e
with the atomicelectric field If BSEs have high enough energy to eject weakly baterdshell

electrons, they can also generateABER interacting with the atowfsthe sampleSEs have low

energ, henceonly those produced close to the sample surface (few nanometers) can escape and reach
the detector. On the other hand, BSEs come from de#per the sampleyp to hundredso-

thousands of nanometdrslow the surfat®@

The ollection of SEs or BSEs by appropriate detectors peatuceage of the sample surféee.
the SEs that escafsem the samplare those generategd tofew nanometers belats surface, the
contrasti.e., the difference in intensity between two adjacentare&&=SEM images provides
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information on the surfacaorphology andopographyBy optimizing the acquisition conditions,
3D-like image with high depth ofocuscanbe obtainedThe number ofBSEsproduced (BSE
coefficient) increases withe atomic number (Z), thus contrastBEESEM imageseflects
variations irompositionwith heavier elements appearing brigatet, converselighter elements
appearinglarker This type of contrast is referred toasontrash or ccompositional contrast?

SEM is widely used to characterize bone structure, especially in BSE mode as thithalkkasy for
identification of regions with dissimilar compmsifor examplédonevs.embedding resin or bone
vsimplant(Figure3C). Other features like osteons and lamelaegell as osteocyte lacunae within
the bone matrix can also be imad&dThanks to Zcontrast,area with heterogeous levels of
mineralization can be readily visuali&gebcificallyif the greylevels of BSESEM images are
calibrated using a standard of known Z, it is possible to conveevgsagto mineral content
expressing it as calcium content (wt%Kbag techniquéermeddquantitative backscattered electron
imaging (gBEI), can be used to map the BMD distribution. Standards for gBEI are typically made of
carbon(Z = 6)andaluminunm(Z = 13)and their average gileyels are set to 25 and 225, respectively,
during inage acquisitiol® ensure a linear correlation betweenlgvey and calcium content in the
compositional range relevant to Bone

SESEM images of bone are mostly useful when surface topography provides valuable information,
for examplen the casefdracture surfaces or when selected tissue components are removed, such as
to examie marquiseshaped mineral aggregates-geptoteinizatiof’. SESEM imaging can also

be used to visualize the LCN after resin cast e{Eigoge3D), a treatment that removes btita

inorganic and organic components of bone matrix, while presieevesirinfiltratedLCN™".
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Figure 3 Schematic representatidpEdfl anstrumegit) and ignad generatédnteresdthis thesigth
relative interaction v@gR)nTd®e use ofdys is discusseddBhleacterizationarfeompositiaectian
pag23 Exampteof SEM images in bone rBSE®BEV imageabonrienplant interfé@eandSE-SEM
image of an ostémoyimfter resin cast e(@ir{d is adaptedth permissimm referefiteourtesy of
Dr. Shah. C and D mgroducsith permisdiamreferend&8andl57 respectijely
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Focused ion beamscanning electron microscopyomography

AlthoughSEM is a powerful tool in bone reseaséiliimages are 2D and provide information on

the samplesurface onlyOn the other hand, by collectingtackof 2D SEM imageat successive
intervals, it is possible to gener&te datasefThis is thevorking principle of FIEBEM tomography,
sometimes also referred todas e r i a | subfeaidaivewmiwpdparcsee ningd®™ sect |
This technique requirgstruments equipped with two beams, i.e., an electron beam for imaging and
an ion keam for millingAfter millingwith the ion beara thin slicef materigltypically in the 10m-

rangethe exposed crosgction is imaged with the electron heaohtheSE/BSE signas collected

This sequence of milling and imaging is repeated in alternating steps until 23s&iEkiamages

is obtained. This stack is then assembled to generate a 3D image of the area examindtegi.e., where
sequencaillingimagingook plac&®. Conventbnal duabeam instruments are equipped with*a Ga

ion column, but other ions can also be affedngdifferentadvantages and limitatioRer example,
instruments with a Xaon column, like that used in this thesis [Papegrl$i, called plasma FIB
(PFIB),allows fohigher removal rates, yielding volumes husdfeticrometers inize as opposed

to tens of micrometers for GRIB*®

In bone research, HBEM has beenidely used tanalyz¢he hierarchical organizatioriarhellar
bonein relation to the arrangementoflagen fibribundle$¥*%2 Other applications relevant testh
thesis include trexaminatioof mineral ellipsoidst the mesoscale, accomplished bsitigPFI1B-
SEM* and conventional GaFIB-SEM instrument$ FIB-SEM has also been used to probe
nanochannels, i.e., a netwoflknanoporeshought to transport ions and small molecules within
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boné®*%In the study of bonemplant interfaces, HBEM tomography wdirst applied in 2005 to
visualize bone growing into the porea @éntal implant®. FIB-SEM can be especially valuable to
evaluate osseointegration in 3D to bridge the length scales probed 46yT naincb electron
tomography;.

Dualbeam instrumés can be used not just fdd 3omography but also for sitepecific and
minimally destrueck premration ofelectron transparent samplesbohe and borbiomaterial
interfacedor transmission electron microscopy (TEMAs this is not @haracterizatieimtended
application, but method foradvanced sample preparatiors more fitting to describe wsrking
principle andisein this thesis in thiglaterials angthodshapte(seepage28.

Scanning/transmission electron microscopy

In TEM, an ultrathin sample (<300nm) is illuminated by a (nearly) parallel electron bedm,
conversely from SEM, the sigmsgdo form images is that transmitted through the savgrieus
signals are generated from the electron-bample interaction, which are both ksattered or
forwardscattered, i.e., transmitt€digure4A). A dominantimaging mode in TEM is brigheld
(BF), where images are formed bydtrextelectronbeamthat istransmitte, undeviatedhrough

the sample.In BFTEM images,the contrastoriginates from mass/thickness variations and
diffraction.If only certain scattered electrons are sel¢lotgda darfield TEM image is obtained.
Selection of a set efasticallgcattered electrons to fodarkfield TEM images can be done by
placing an aperture (the objective aperture) over specific diffraction spots, iogeg#ueadirect
beam like in BHFEM. The diffraction spotsre visible when operating the TEM in diffraction mode,
i.e., when imaging the bddkcal plane of the objective ldnsciprocal space)hese dfraction
patterns provide information on the crystal structutlee sampleTypically, electron diffraction is
performed by illuminating specific area in the sample usinga@ertureto colect diffraction
information only from that regiphence the teriwselected area electron diffradi(@AED)>2

Instead of a parallel beam like in traditional TEM, it is also possible to form a cosleetgamt

probe The convergent beamréstered across the sample, and scattered electrons are collected at
each point (pixetn the sampléue to the scanning nature of the probe, this imaging mode is called
scanning EM (STEM) Electrons used for STEM images are typically ithoseerenthyscattered

at high angle$Rutherford scattering), which amlected using higingle annular dafield
(HAADF) detectorgFigure4B). HAADF-STEM mages are formed bycantrastand thescattering
intensity is roughly proportional t6'Z

As electrons have smaller wavelength at higher energies, resolution acBigvEklevinth typical
accelerating voltagesnging from 80 t@00kV, is higher than in SEMhis makes S/TEM a

powerful tool to image bone and bone interfaces with (sulgalen@solution. BFEM has been
extensively used to study the ultrastructure of bone, i.e., its nanoscale organization, for example to
visualize the characteristic banding pattern of collagen fibrils and the spatial relationship between
collagen fibrilsrad minerglas well as the orientation of the mineral when combined with electron
diffractiort*. Sincehe pioneering work of Raision, TEM has also been employed to study the shape

and size of bone minefaEspecially relevant to this thesis [P¥jjevas the use of BFEM and
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HAADF-STEM to reveal distinct organizational motifs in bone sections based on the orientation of
the collagen fibrils with respect to the image ,dlanparallels perpendicult!®®, as shown in
Figure4C-E. In the context oboneimplants TEM imagng, often completed in HAADETEM

mode, clearly demonstrated thesteointegration witleverabiomaterialsuch asitaniuni®®>*"and
hydroxyapatit& occurs at the nanoscale, redefiniags omsasm@oi nt egr ati ond.
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Figure 4. Schematic representation of the signals generated in 8/fridMhdsisérestiwith a focus on
HAADF -STEM (B). CharacteridA&DF -STEM images of secfionsian femoral corticairieoried
paralleld) and perpendiculdt)(fd the long axis déthejreproduceith permisdiam referehcg.

Electron tomography

While S/ITEM images can provide structetated information with nanoscale resolution, they suffer
from thesignificant drawback of being 2D projection images of a 3D sample. In other words, all
features along the sample thickness are projetteth@rsame plane, hence understanding their
arrangement in 3D is not possible and can lead to misinterpretatioasspétial relationship
between different components, for exapgalagen fibrils and mineral in bone. Such a limitation

can be overcome by electron tomography, which is based on the acquisition of S/TEM images at
successive tilt anglegicallyeveryl-2°. Thisseries of images, commonly referred &ilaserieé

in the fieldjsthenaligned, e.g., by crassrelation, andeconstructethto a 3D representation of

the original object thanks tmathematicallgorithns, such asimultaneous iteraé reconstruction
technique (SIRT}"

The quality of the 3D reconstruction is highly influenced by the number of projections, i.e., images
acquired at different tilt angles. Howerarpnventiongkingletilt) electron tomographshadowing
of the sample holder aretlucedizeof the instrument chamber limit the tilt range typically tq £70°
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producing an unsampled regi on, called othe mi
can be acquir€&'"! Specialized holders allowing for £90° tilt or even full 360° rotation exist to
overcome this limitatiomhen used in conjunction wittt-shaped sampléeBhis technique is called
oocaxi s electron t omogr wagddeyadifacts indHma reconstructert, e s mi
leading to improved quality and fid€htFigureb).

Electron tomography can be carried out in both TEM and STEM mode. An essential requirement is
thattheimageantensity at every tdinglds a monotonic function efcertaiproperty in thsampled
volumeasstated n t he 0 pr o jltdotiowvs ttlahBFREN éomogmphy cannot be used

for crystalline samples, as diffraction contrast violates this theorem. On the other hand, samples
containing crystalline phases, such as bone, can be successfullysingageontrast electron
tomography, based the acquisition of tilt series in HAAISFEM modé&®

In boneresearchelectron tomography has been a primary tool to probe cofimgeal relationships

in 3D and aid the formulation of the main ultrastructural models proposed®fd‘datecontrast
electron tomography has also been applied to the study of osseointegration, denoamsaetting
betweenbone and titanium at the nanoscaile 3D The useof Z-contrast tomography in
osseointegrationesearchhas also encompsasl on-axis electron tomography Moreover, by
removing missing wedgsifacts, oraxiselectrortomography presents several advantages for further
elucidating bone ultrastructure at the nanoscale, especially -watlagenrelationships, as
demongtated in this thesis in Paper VI.
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Figure 5. Tilt range and exawpbecquired projeat@ageandinal3D reconstructba borenplant
interface in conventionail(if#gland eaxis electron tomograRyglBinages adaptedth permission
fronreferenc& courtesy of Dr. Wang

Characterization ofbone composition

Despite BSESEM andHAADF-STEM images offgrg some insightsito composition, they cannot determine which
elements/compounds are present. Therefore, structural characterization should be complemented with spectroscopy
techniques to determine compositional information iritajived and/or quantitative termmn this thesis, tlee
spectroscopy techniques are employed, where the signals of interest are produced eiigbt prsibg @ the red
ranggmicroRaman spectroscomy)an electron proldenergydispersive Xay pectroscopy, EDXand electron energy

loss spectroscopy, EELS)

Micro-Raman spectroscopy

Raman spectroscopy is basetheRamareffect i.e. the inelastic scattering of photons by matter.

When photon®f a single quantum energy (drgm a laser sourcateract withthe atomsf a
samplesome photons (~1 in YGxperience a shift in quantum energy with respect to the source due

to thetransfer of part of their energy to molecuigbe sampléhat becone excited in vibrational

statesThe shift in energy, i.e., the Raman shift (expresseguascy/vavenumbein cnm') can be

used to identify the molecular compounds in the sample, as the vibrational states are characteristic of
each molecul&fter the laser source has interacted with the sample, backscattered photons are
collected by a spectrometer where a diffragtiora t i n g mansdjfféranttcemponéntsased

on their energyrhesignaintensity of each component is then recorded by a d&tector

A schematic representation of skendard setp of an instrument fdRaman spectroscopy is given

in Figure6A. When a Raman spectrometer is integrated with an optical microscope, e.g., a confocal
system, the techniquansre precisely ab el | e eRaansa no mipercd r spsctravap y 0 . R ¢
be acgired in specific points of interest on the sample surface, but hyperspgpiradcan also
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be accomplished. Thésdonebyrecordinga Raman spectrumanstant stepixef) overan area
of interestand therusng a specifispectraparametefe.g., peak intensity) imapits distribution
and variation in theexaminedregion With transparent samples, hyperspentegdpingcan be
extended in the third dimension, i.e., the sampig teproduce 3Dnaps®

Micro-Raman spectrosoppanprovide information regardibgne quality, both in native and peri
implant boneThetypical Raman spectrwhbone is showmiFigure6B. Bone matrix composition
isoftenexpressed in terms of mingmamatrix ratido evaluatéhe degreef mineralizatioff. This
ratio is obtained from integral areas of bands characteristic of the minerad phlasgghosphate
peals, and of the organic phaeeg.the amide peakahich are mosthgpreserative ofcollagetf>
Another compositional metric is the cadieto-phosphate ratio, from which the extent of
carbonate substitution, typically increasing with age, can be'ihfeastly, structue-related
information can also be obtained, asftiiewidth at half maximurof the phosphate band at
~959cnt' is related to thmineral crystallinity, witlighercrystallinity yielding sharper p&aks
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Figure 6. Schematic representation of the typical configuration of a Raman spectrometer (A) and ty)
spectrum of bon¢ABNd B areproduced with permissiefefemi&®andl8] respectiyvely

Energy-dispersive Xray spectroscopy

The nteraction obinelectron beam witlhe atomsof a samplegenerates not ongfectronsignas,

but also Xrays.When the incident electroneamhasa high enough energy, above the critical
ionization energy, it can cause aeearoni.e., an electron from an inner sheleejectedrom

the atomleaving behindvacancyThis hole can be filled by an electron from a higher energy shell.
When this occurs, the excess energy is emitted as a photon, more precisslyTlaese Xays
are cal |l ed berausedheimeodrgy is ungquieitoceach elamntbatperiodic tahld his
phenomenon is at the basis of EDX, where characterisdigsXare detected tietermine the
elemental composition of the sample, alswialj for(semjquantitative analySiSEDX analyses
can be completed in both SEM and TEM instruments if equipped-vathdétectar In TEM,
EDX is carried out in STEM mode acquire EDX spe@in specific points, across a line, or also
over an entire region of the sample (spectral intaing)

SEMEDX can be useid boneresearcko examine bonmatrix mineralization, for examjpléerms
of the calciumto-phosphorugatio, or to evaluate trends in elemental variation across iftérfaces
This can be especially applicable to the study cblmwnaterial interfaceSTEM-EDX can have
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similar applications, botfersa greater spatial resoluttban SEMEDX as thenteraction volume
is reduced compateo bulk SEM sampl&& Some examples inclutie quantification of intrand
extrafibrillar mineralization in native béfieor the determination ehemicafjradientsvithin the
interface between bone andaliiet or ceramic implants'’#*%Notably,this thesis includes a novel
application oSTEMEDX in bone researche.n tomographynode[Paper VI].

Electron energy loss spectroscopy

In SITEM, some of théncidentelectrondose part of theenergy due to inelastic scattering and are
slightly deviated from their trajectory ay tteverse the samplehese electronsogether wittthe
unscattered ones (direct bearah be collecteloy a spectrometén generate plot of the signal
intensity(electron coupts a function of the energy loss. This type of spectroscopy, called EELS, can
providedifferentinformationbased on the region of tB&LS spectrunctonsidered, i.ghe zero

loss, corresponding to the unscattered beanrhgdgwr highloss regionThe highlossspectrum

al so t e rlnoesaghicly se@mpleyed inthis thesis, corresponds ébectrons scattered
inelastically due to the interaction with tightly bound core eleftifomatom®f the samplddence,
theenergy loss this regiomepresent®nization edgdbat can be usedrfelemental fingerprinting.

EELS is mostlycoupledwith STEM to acquire spectral images, where each pixel in the image
corresponds to an EELS spectr&@BLS offers higher energy aspitial resolution than BDbut

it has strict requirements in terms of sample thickness as the signal collected is that transmitted
through the sampfé*®:

The high spatial resolution of EELS has been employed to probe the chemical composition of
naroscale features in bone, specifically of keanfrast circular spaces that are interpreted as cross
sectional views of collagen fibrils by some autivbos corroborated therypothesisising EELS
mapping otarborandnitrogenas markers for collag&éi®® In the studyf boneimplant interfaces,

a notableapplication of EELS involved the acquisition of EELS data in tomography mode, i.e.,
collecting apectral imagegether with a HAADISTEM imageat eachilt angle in théomography
experiment’. This madeét possibleto reconstruct the borimplant interface ifour dimensions

(4D), i.e., combining 3D structural and compositional informafitbmanoscale resolution.
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Aim

The overarching goal of this thesis is to apply multimodal and multiscale characterization approaches
typical of materials science to understand abnormalitiesiructure compositionandrepairof
compromised bonand to advance nanoscale analystscidate bone ultrastructure.

The specific aims are:

1. To determinethe structure and composition of bones formed by endochondral
(femur)and intramembranoysalvarium in the parietal regioskification in the
Lund MetS rat, a novel animal mddeLepRdeficiency, obesity, and hypesiya
(T2DM-like) [Paper I].

2. Toresolvahe interface between bone and bacteria from the toi¢he nanoscale
in MRONJto inform perspectives dhe eventual role played lgcteria in the
necrosis of thmw[Papell].

3. To examine the boamplant interface and the LCN in perplant bone for a novel
AM implantwith engineeaxd porosity and genistein functionalization for local drug
delivery, in particular bgdg micre and nanoscat®mnsiderationgia developnent
of mesoscalenalyseglapetl1].

4. To evaluatehe effect othe local delivery oPTH 1-34, administerestia surface
functionaliedbioactive glassnbonerepair an@sseointegration in OR#Ats [Paper
IV].

5. To demonstrate a micto-nanescalecharacterizatioworkflow for bonebioactive
glass interfaces, including 3D higgolution imaging with electron tomogratehy
resolve and understarttinterface antthe ultrastructure obone inits proximity
[Paper V].

6. Toshed light obone ultrastructure, specifictllglow-contrast spaces characteristic
of the lacy pattern and the morphology and organization of thbeima mineral
using correlative omaxis Zcontrast electron tomography and EDX tomography
[Paper VI]
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Maternals andmethods

BONE MODELS AND BIOMATERIALS

Samples from humdiPapers 11VI] and ratbone[Papers, |l -V] wereexaminedn both healthy

i.e., without any known bone disel@pers WI, plus control groups in Paperdl ,|1V], and
compromisedonditiongPapers-1V]. Different preclinical rat models were used, as described in the
following section [Papers Il -V]. This thesis includesamples from both male and female
humans/rats, but both sexgee notevaluateth a same studgone amples were collected either
from nativetissugPapers-Il, V1] or from the perimplant compartmeiPapers IHV].

Tablel summarizes th@ain information obone sampldaa terms ofspecies, anatomical location,
and sex, as well as eventual compromised cosditidrbiomaterials presemhe use of human
tissuesndtheanimaktudiesvereapproved by the followirmpmmittes

1 Animal Research Ethics Committee of Gothenburg, Swedenld3860/2019)
[Paper I].

1 Regional Ethical Review Boafd>othenburg, Sweden (DA2408)[Paper II].

1 Ethics Committee on the Use of Animals (CEUA) at UNESP, Brazil (approval no.
007332020 [Paper I1].

1 Ethics Committee on the Use of Animals (CEUA) at UNESP, Brazil (approval no.
001992017 [Papers IW].

1 Hamilton Integrated Research Ethics Board (HIREB) at McMaster Uni@&sity,
Canada (approval no-Q25T) [Paper VI].

Experimental animal models

LepR-deficient mode/

In Paper |, 2@veekold Lund MetS male rats were studied. DueL&pRgenetic mutation, these

rats are a monogenic model of obegity potential applications in T2DM resedfcf While

LepR™ ratsarelean and euglycemic, LépRats display severe obesity and hyperglycemia. Both
LepR"™ and LepR animals were considered by analyzing structure and composition of their femurs
and calvaria in the parietal region.

Osteoporotic models

In Paper Ill, 3month-old OVX Wistar female rats were us&d30 days after OVX surgerijet
animals received-8Al-4V implants in their tibia and were sacrificed 28 days after implant installation.

In Paper IV, énonthold ORX Wistar male rats were usBidn-ORX rats subjected to sham
surgerywere also included as healthy controls. At 30 days akKésl@surgery, a defect was
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created in the tibia of the animals and fillediatictive glagBiograff), without and with PH 1-
34functionalizatiopprior to installation of ep-Ti implant. Animals were sacrificati30 days after

implant installation for electron microscopy experiments, and 60 days after implant installation for all
theother analyse®ne of the rats from the control group in Paper IV was used for the experiments
completed ifPapeV.

Clinical samples

In Paper Il, necrotic and narecrotic bone samples were retrieved from the upper and lower jaws of
a 73yearold femalandividualdiagrmsed with osteoporosis and MRONJ. The sampling procedure
occurred 1.5 years after the interruption of -geaBong oral therapwith bisphosphonates
(alendronate tablets).

In Paper VI, cortical bone prepared from the femur ofye®®ld male individdavithout any
known bone diseaseas examined.

Biomaterials

In Paper lll, aTi-6Al4V implantwith a porous migdection (45% porosity, 5@t pore size) was
manufactured bgsempowder bed fusiofiL.-PBF) The implant surface wasdsetched withsulfuric
acid (HSQy) and functionalized witregisteinby an electrochemicédyerby-layermethod[patent
application BR 10 2021 01913k 4tjtuto Nacional da Propriedade IndustBeahzil]

In Papes IV-V, particles oBiograr?, acommercially available bioactive glasssused to filla
surgical defeat the rat tibia priaio the installation of@-Ti (grade IV)mplant In Paper IV some
animals received Biogtameviouslyfunctionalized with PTH-34 by sonochemistifpllowing the
protocoldescribed by Goreé-erreiraet al®

Table 1 Information on the bone samplesistasbim ithterms of species, anatomical leeations, and
Implanted biomaterials and the type of compromised condition present are also reported when applicat
as not applicable, N/A).

Paper Fecies Anator_mcal Sex Biomaterial(s) Compromisedcondition
location
Rat Femur LepR deficiency, obesity,
l (Lund MetS) Calvarium WEIS N hyperglycemia
Maxilla Osteoporosis
Il Human Mandible Female N/A MRONJ
Rat - Ti-6Al-4V implantporous, acid
L (Wistar) HE FemeE? etched, genistetoated) GRS
Rat Bioactive glagsvithout and with
v (Wistar) Tibia Male PTH 1-34) ORX
Cp-Ti implant
Rat - Bioactive glass
v (Wistar) Utlstel MRl Cp-Ti implant [not studied] 7S
VI Human Femur Male N/A N/A
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SAMPLE PREPARATION

Retrieval,preservation and preparationof bulk samples

In Paper I, femurs and calvaria were retrieved at 20ofvagkdixed, and dehydrated. Femurs were
cut transversally to separgt®ximal anddistal sections, which were then cut longitudinally.
Longitudinal femur sections and calvaria wereemsiadded in LR White and polished. After
embedding, the calvaria wereatong the coronal plane to have a &essonal view of the parietal
region and the sagittal suture.

In Paper I, samples were retrieved from the upper (left sideecratic; right side: necrotic) and
lower(right side: necroti@gws of a human dhject Samples were fixed, dehydrated -eesbedded
in LR White, and processed for a central histological egectimh stained wittoluidineblue.
Leftover bloks were polished.

In Papers IHV, implants and peinplant tissues were retrieeshllocfixed, dehydrated, and resin
embedded in polymethyl methacryRager 1] or TechnovifPapers IW]. Embedded blocks were
sectioned longitudinally along the implant and poliSketions for immunohistocheinyin Paper

IV did not follow thispreparation route, buwere insteaddemineralized in 10% EDTA
(ethylenediaminetetraacetic Jaafler fixation, dehydrated, diaphanized in xylol, embedded in
paraffin, and cut to a thickness qin®.

For samples in Paperf¥ |fixation was done in 10% rmalibuffered formalin, and dehydration took
place in a graded ethanol series (difesin length and concentrationthe Papers

In Paper VI, a section of human terwas fixed in 4% glutaraldehyde in a/Ochcodylate buffer
for one week, cutansversally, dehydrated in a graded ethanol seriesptesided in Embed812,
and polished.

Electron transparent samples for S/TEM

Electron transparent samples for S/TEM experiments were preparesitihift-out in duabeam

FIB instruments equippeavith a 3&V G&a ion column, a gas injection system to deposit a protective
layer ofcarbonand/or tungsterover theregion of interesROI), and a micromanipulator to-loftit

and manoeuvre the sampleschematic representation of a typicatleketinstrument is provided

in Figure7A.

In Papers HVI, electron transparent samples were prepared in the conventional form -of wedge
shaped lamellae following existing prot&&als schematically showirigure7B-C. In short, after
depositing a layer edrbonand/or tungsterover the ROI, typically2k 2 un?, coarse trenches were
milled around it at 30V andcurrents in the 6:65nA range (lower currents closer to the ROI). The
sample was then lift@dit using the micromanipulator, attacheddoppergrid for TEM holders,

and thinned to electron transparency &v38nd progressively lower currents (fromast 0.7HA

down to 40pA), with a final step at low voltagelQkV) and current (680pA)to limit Ga
implantation and amorphization damage.
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In Paper VI, one sample was lifted in aplarviewashion®. A large ROI, 15 x 1jn¥, was coated

with atungsterdeposit. Similarly to the {dtt protocol described above, aft@arsenilling around

the ROI, the sample was liftedt and attached tocappergrid for TEM holders, which had been
previously mounted horizontally in a specialized dasbripecby Huang et at?). Thanks to its
design with two orthogonal pins, the stub was removed from the holdemzseded after a 90°
rotation so that theoppergrid became oriented vertically. Thinning to electron transparency then
proceeded mmally.

In Paper VI, two roghaped samples were also prepared. Fbetlgtocess was analogous to that
for wedgeshaped samples, the main differences being the size of the ROI seleciauf(&md3
the use Inm cylindrical posts for TENbtation holders, instead of conventiomaippergrids.
Thinning to electron transparency was completed by annular milliky an80461L50pA (Figure
D).

A a b i. Coating ii.Rough iii. Lift-out
4 deposition milling
; -

C D

Figure 7. Schematic representation of the main compereants ioSauhiaht (A): (@pgampl@)

electron beam c@ileatron beam isghgree(8) ion beam col(iombeam is shown in ¢4argaically

oriented 3254° withrespectth® electron beam coliomomanipulator (5); and gas injection system (6) [Note
detectors are not shown for simplicity]. Main steps of sample preparation for $IY.E¥teexperiments
depositing a protective coating (light ®IR€Ionartkie gas injection system (step i in B)oamsemilling
trenches around it (step ii in B), the sarmpiewsthifted micromanipulator and attached to a copper grid 1
conventional wstdgreed samples (C) or to a cylindricaldpbapéor samples (D). Thinning to electron
transparency is performed by millingsan Gotr figennular milling in D

Resin cast etching

Resin cast etching was used in Papdistdl expose resimfiltrated elementselow the surface

such athe LCN as well as bacteria in Paper Il. In Paper Il, samples were immersed in 9% phosphoric
acid(HsPO,) for 30s, while in Paper IIl a shorter immersion times)as employed, but in a more
concentrated acid solution (37%). In both studies, after rinsing with deionized water, samples were
immersed in 5% sodium hypochlofiaOCI)for 5min, then rinsedgain and let adry overnight.
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The steps in phosphoric acid and sodium hypochlorite remove the inorganic and organic components
in bone, respectivély
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X-RAY, ELECTRON , AND ION MICROSCOPY

Micro-CT

Micro-CT was completed in Papers | and IV, priorgsin embedding, to evaluated bone
morphometry in 3Din Paper |, micrCT scans were acquired for fesiaund calvaaito obtain 3D
reconstructions of the overall bone geometry, as wtll g&n microstructural information.
Specificallynithe femurs, arious morphometry metrics were quantified in cootce (cortical
thickness, cortical bone area, total esesonal area inside the periosteal envelope, and cortical area
fraction)and trabeculdone (bone volume fraction, trabecular thicknedsedtdar separation, and
trabecular numbetpgether with TMD in both regionis the calvaa the analgs focused on the
parietal region to measure its thickness and on the sagittal suture to evaluate its thickness and length.
In Paper V, micreCT wasused toassess various morphometry parameters impéaint bone

(bone volume fraction, trabecular thickness, trabecular separation, and trabeculaamairtder)
measur®IC in order toevaluat osseointegration.

EM

Polished samples for SEM experiments were mount@dmimumstubs using conductive tapes
(silver/carbon and/or paint gilver/nicke). In Papers VI, these samples were coated with either
carbonor gold(~10-20 nm-thick) for imaging in higlacuum contlons.

BSE-SEM

All the Papersn this thesigncludel the use o6EM imaging iBSEmode In Paperdlil-VI, BSE
SEM images were acquired in{vgtuum conditions, while in Papelisthe SEMinstrumenivas
operated in lowacuum regime (water vapour pressurelofr). Accelerating voltage ranged from
5 to 20kV.

In the PapersBSESEM imaggmainly served tHellowingaims

1 Examiration ofbonemicracstructureand differently mineralized arfeperd-Il] .

1 Asseswment ofbone growth irthe peii-implant space, e.tp identifydistance and
contact osteogenesisd regions of bor@omateriatontact [Papers HV].

1 Selecon of ROIs forSTEM sample preparatififfapers HVI].

1 Identification ofROIs for other analyses, i.e., SEDKX [Papers I/1V] and micre
Raman spectroscopy [Papdi}. |

gBE/

In Paper IgBElwas completet convert grejevelsn BSESEM imagesto mineratontent (wt%
C3. The experimental sgp followedpublished protams'*, usinga standard made cdrba and
aluminumand adjusting therightness and contrastthe BSESEM images of the standard to have
averaggreylevelsequal to 25 and 225 in tharbonand aluminumregions, respectiveljhe
following metrics were evaluated: weighted roaklium concentration; peak height of the

31



Ph.D. Thesis C. Micheletti; McMaster Universityaterials Science and Engineering

distribution; peak position of the most frequaftiunconcentratiorfull width at half maximum of
the calciumpeak spread of the distribution on the low camtration s and spread of the
distribution on the high concentration side.

SE-SEM

In Papers HIll , SESEMimages were acquiried bone samples after resin cast etching to visualize
bonecellgPapers Hill ] andbacteridgPaper I]. For theacquisition of SEEEMimages, microscopes
were operated in higlacuum conditions 8t7 kV.

STEM imaging andelectron diffraction

STEM

Except forPaper I, althe other Paperincluded the use (d{AADF-STEM imagingThis was
completed to resolve bone ultrastructure [Pap&f§ #nd/or the interface between bone and
biomaterialfPapers IHV] at the nanoscale. TBETEM instruments were operated at-300kV.

BF-TEM and SAED

In Paper I, &/TEM instrument wasperatedat 20kV in TEM mock to acquireBF imagesnd
complete SAED experimeisa region of necrotic bone interfacing with bagtergaled resimhe
insertion of the aperture illuminated an ardaedamplapproximately 25@min width from which
the diffraction pattern was collected

STEM tomography

In Paper V, anventiona(singltilt) Z-contrast electron tomograplsing avedgeshaped electron
transparensamplevas completetb reconstruct the interface between bone and bioactive glass in
3D, as well as the ultrastructure of bosaidinterfaceHAADF-STEM images were collectaer

a tilt range from60° to +74° with 2° tilt stepghe S/TEM instrument was operated at iB00

In Paper VI, a-axis Zcontrastelectrontomography using reghaped samples was completed.
specialized holder footation tomographwas used to extend ttik rangecompared taingletilt
electrortomographyFour tilt series were acquiiadotal: twoover a +90° tilrange, and two over

a +85° tilt range. The tilt step was equal tm Bhe tilt series, and 5° in the other three. In all tilt
series, HAADFSTEM images were collected. In onediiies, BISTEM images were alsoquired
dongsideHAADF-STEM imagesn three tilt series, EDX maps were also collected at each tilt angle,
as reported in more detaikie EDX section(segpage34). For all acquisitions, the instrument was
operated at 2a0/. During the tilt series collection, focusing and image shifting were done
automatically in the tomography acquisition software. Tilt series were atigresddayelation and
reconstructed using SIRT with 25 iterations.
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PFIB -SEM tomography

In Paper lll, 3D imaging of a volume of implant andipglant bone was accomplished by PFIB
SEM tomography using a dbahm FIB instrument equipped with & ¥& cdumn.lon milling
was carried out at BY and 4nA, with a slice thickness of 13. Imaging with the electron beam
was done in BSE mode atl\V2The stack of BSEEM images was alignedéoerate a 3ilume,
which wagnainly used to investigate mineral ellipspidshe LCNn pertimplant bone.
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SPECTROSCOPY

Micro-Ramanspectroscopy

Micro-Raman spectroscopy was applied in Pafidrs gaininformation on bone quality, primarily
in relation to bone matrcompositionSpecifically, in Paper |, Raman spectracobeetedit each
pixel over a rectangular area, in fact obtaining hyperspegsah Paper I, line scans across the
boneresin interface were acquiresteadRama spectra were acquired with varying step sire (1
in Papers-1l; 10 um in Paper ), exposure times (b Paper I; 8 in Paper II), and accumulations (2
in Paper I; 5 in Paper Il) using an instrument equipped witmen888er and 18@dnn* gratiry.
Spectra werbaselinesubtracted, cleaned of cosmic rays, and denloideaper |, ompositional
measures, i.e., mind@matrix ratio and carbondtephosphate ratio, and crystallinity of bone
mineral were evaluated in different ROIs in femurgawd In Paper Il, only the minera-
matrix ratio was measured

EDX

Both SEMEDX [Papers II1V] and STEMEDX [Papers 1] VI] were completed in some of the
studies included inifithesisin particularEDX was done in tomograpmodein Paper VI

SEM-EDX

In Paper IILSEMEDX was used to compare mineralization gradietiie boneesin interface in

necrotic and nenecrotic bone, specificadlyaluatingrendsin calcium, phosphorusnd carbotin

line scans acquired across the interfd2¥ acquisition was carried out im SEM instrument

operated at 2KV in lowwvaaium conditions (water vapour pressurert). In Paper IVSEM

EDX was used to evaluate compositional gradients within bioactive glass particles after ionic exchange
and degradation taking plateivorhis was done by mapping the amount of calpliosphorus

and silicon in bioactive glass particles, and extracting line profilethaesrdss this analysis, a
microscop@perated at 1KV in highvacuum modwas used.

STEM-EDX

In Paper II,STEMEDX was used to examine ttempositional gradients across the fopéant

interface with nanoscale resolution, mapping the content in implant elements (titanium, aluminum,
vanadium, oxygen) and bone elements (calcium, phospMapssyvere acquired with a pixel dwell

time of 1Qus integrating over 1000 framEse microscope was operated atkkQGand the EDX

signal was acquired using a SMpeéetector, which is composed of foucahumn silicon drift
detectors.

STEM-EDX tomography

In Paper VI, STEMEDX was coupled wittomography acquisition, i.e., EDX maps were acquired
at each angle in the tilt series at the same time as FHRFINF images. Elemental maps were
acquired forcarbonand nitrogenas markers dype | collaggnandcalciumand phosphorusas
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markers obonemineral.Maps were acquired walpixeldwell time of 5@is, integrating over 10
framesThe tilt series of EDXnapsof each elementere aligned and reconstructed by SIRT (25
iterations) based on the HAADF sig8ahilarly to Paper IIEDX signabhcquigion was carried out
ina S/ITEM instrument equipped with a Supelekectorandoperated at 200V

EELS

In Paper Il, EELS was completed at the bone front interfacintheiiacterianvaded resin space

to assess mineralization gradients atghescaleEELS spectral imagesere acquired at 3KU,

with 0.5eV/channelenergy dispersipBnm pixel size, and 0.8%exposure time per pixaker
background subtraction, elemental maps for calcium, phosghadrgsrbon were obtained from

the EELS spectra by extracting the signal in the energy loss window characteristic of each element.
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OTHER ANALY TICAL TECHNIQUES

This section briefly summarizes methodological details for the complementary analytical techniques
used in tisthesis, beyond the main characterization tools previously reviewed.

Reference point indentation

In Paper Iyeference point indentatiRPl)measurements were completethe eriosteal surface

of the poximal femurs using a microindenterevaluatehe followingparameters:slcycle

indentation distance’ g¢ycle unloading slopé: dycle creep indentation distance; total indentation
distance; indentation distance increase; average creep indentation distance; average energy dissipate
and average unloading slope. These measures are related to the resistance to indentatyon, hence the
provide information on bone mechanical properties.

Statid dynamic histology and immunohistochemistry

In Paper I, istology was usdéd assess the presence of necrosis and bacterial infection, as well as
other relevant cells (e.multinucleated cejllsGround ®ctiors stained with toluidine blugere
imaged ira light microscope with x4, x10, x20, a#D objectives.

In Paper 1V, dynamic histology wasiedrout by injection of fluorochromes during the animal study
(calceirand alizarin red at 14 and 42 days after implant installation, resp8etnimligpbtained
from longitudinal cuts in correspondence of the-tbififth implant threaevere imaged by confocal
laser microscopy with a x10 objectivengasuréluorochrome areajaily bone mineral apposition
rate and neoformed bone area.

In Paper IV, immunohistochemistry usifidqRAP (artrateresistant acid phosphajes&ining was
performed to assess osteoclast actimtyundabellingwasclassifiedbased on the percentage of
positive immunolabels within the RBImild (25%), moderate (50%), or intense (75%).

Removaltorque

In Paper IV, removal torqueeasurements were performed to quantify implant anchorage from a
biomechanical perspective. Removglie was applied countdockwise with increasing values until
disruption of the boremplant interfaceccurred The maximumeversdorque value registered in

this process walse oneconsidered fantergroupstatisticatomparison

Geneexpression
In Paper IV after the disruption of tHeoneimplant interface during removal torque measurements,

bone tissue in theertimplantcompartmentvas collected, flastozen, and stored €80°C until
further processingTotal RNA was extractedsing a sphtolumn method, quantified with
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spectrophotometry, and cDNA synthesized. qRfLBn(itative polymerase chain reagctwas
performed to quantify the relative gene exprestakaline pposphatase and osteocalcin.
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| MAGE ANALYSIS

Images were analyzed not just in qualitative terms, but segmentation of features of interest was also
performed for quantification purposes oidantify specific ROIs for subsequanalyss.

In Paper Imicro-CT data were analyzesingthe ORS Dragonfl software Femurs were evaluated

witht he 0 Bone -HKmwhdreyabdcidadangdorticgl bone were segmeasiegthe Buie
algorithm®to assess morphometry parameters in each compahmtbatparietal region, bones

and sagittal suture were segmented to then evaluate their thicknibedugilngne thickness map
operationSlice analysis in 2D was performed to evaluate sagittal suturd ypegspectral Raman
mapswvere segmentéygaclusteing algorithnfK-meansh s i ng t he oskl earn. cl us
3.8.100 separate differeROls (mineralized cartilagdandsn the femus and hghly mineralized

bone in the calvai Different Raman measures were then evaluated regiaokeparately

In Paperl, nanaized particleim HAADF-STEM images avesegmentedsing Fifi**to evaluate
their averagadimensionsIntensity profiles were also extracted from HAADEM images to
measure the periodicity of the bangiatiern characteristic of collagen fibrils.

In Paper Vlelectron tomogramsere visualized and analyasithg theORS Dragonflgoftware
Dataweresegmergd mostly based on grwel thresholding to label both dark nanosized spaces
within bone andhe mineral phase tevaluate featusszeandconnectivityEDX tomograms were

also segmented to quantifg content of different elements within the segmented nanosized spaces.
Manual segmentation followed hgesanalysis in 2D was completethéasuréhe dimensions of
themineral plates.

Segmentation was alsoried oufor visualization purposes, such as in Paper Il where the LCN was
segmented to bettexamineits organization within pemplant boneln Paper V qualitative
segmentation was completsdadjusting colodevels and opacity in the 3D volume rendering to
assessollagen fibrilsrientatiorat the interface with bioactive glag® ORS Dragonfly and Avizo
softwareprogramsvere used in Pags Il and V, respectively.
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STATISTICAL ANALYSIS

In Papes I-1l, two groups wereompared hence statistical significance exaduatedvith the
Studend tstestor Welcld tstest or, alternativelyhe nonparametric Mardhitney Uest with small
sample size and/or violation of normality distribution. Specifstatlgtical significanoé micro

CT data in Papemias assessed with the Stuilestest (n the case aqual variance) or the Wiélcs
t-test {n the case ainequal varianag sample sizafter verifying armalityand homoscedasticity
with the Shapirewilk test and the Browkorsythe testrespectivelyMicro-Raman spectroscopy
resultavere compared with tannWhitney Uest in Papsi-Il. This test was also used to evaluate
statistical significance in qBEI &l datain Paper |, and SEDX data in Paper I

In Paper IV sixdifferent groups wemmparedhencestatistical significance was evaluaiad as
oneway ANOVA (analysis of variancg) t h a T-lok tesy foidata pbtaised fromicro
CT, removal torqugene expressiganddynamic histologynineral apposition rate and neoformed
bone area Fluorochrome aréa dynamic histologyascompared using a twaay ANOVA.

For all statistical t e st &, ,Papssil-lfy statisticalcaaatysisewad e v e |
completed in Python 3.8.10 wusing the O0scipy.s
Paper IVIn allthe Papers, data are reported as mean + standard deviation
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Results

PAPERI

In this work the structure and compositiofibonein a novel preclinical model for Legiciency,
hyperglgemia, and obesity, the Lund MetS wais characterizedfocusing on bone material
properties of femurs and calvatithe microscalé graphical summary of the main findings is found
below inFigure8.
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Figure 8 MicreCT reconstructions of the trabecular aortipadis@htfemoteuced based on trabecular
thickness (ThH.@hd of proximal femurs (right), together with bar plots of bone volume fraction (BV/TV) ar
length (A). gBEI images of the femurs where pixel intensity corresponds to minerawdtncentration (\
relativiear plots of mean calcium tiond€ritlaan) (B). BSEEM images of areas with mineralized cartilage

i slands with s up &06%peakiatensity (CRMTmeconstmagmriemlfoonesh e 0
in the calvarium coloured based on bgfid}vidtnelsdive bar plot (D). gBEI imagdgadin the

parietal regihere pixel intensity corresponds to mineral conceniriltioal &vifd @&jts of-Liean

(E). BSESEM images of areasigltly mineralized withesuperimposedrRanma p sPQbdeakt he 0o
intensityF). Healthy (LepR) and Lep&eficient (LépRanimals are caloded in blue and red, respectively.
Scale bars arertt in B, 20m in C and F, and p@®in E** and *** denote statistical significar@k (p < 0.

and p < 0.00tespectiv¢hdapted with permission from Paper I].
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Results summary: Paper |

LepRdeficient animals (LepRdisplayed severe obesity and hyperglycemia compared to the healthy
control group (LepR ), as indicated by thetatistically significant higher weight and blood glucose
levels, respectively< 0.001)

From the 3D micre&CT reconstruction of the proximal femurs, it was apparent that the femoral head
and neck were incompletely developed in the’LapRnals Caligr measurements of the entire
femur showed thatébone was significantly shorter in the CepRmalgp< 0.001)Morphometry
analysis in the distal portion of the femurs revealdgtehgtrostructure was altered in both cortical
and trabecular riems of the LepR rodents. Specifically, LepRnimalshad thinner trabeculae
(p> 0.05)and corticegp< 0.001xhan th& healthy counterparfEhe trabecular compartment was
overall more porous in thepR'- group(p< 0.01) with fewer trabeculge< 0.05)and an increased
trabecular separati¢m< 0.01) Cortical bone area and area fraction were also smaller in the LepR
animals(p< 0.0@ andp< 0.01, respectivelyGalvaria also displayed altered morphology in the
LepR'~rats, which had thinner parietal bapes0.001)while the sagittal suture was found to have
a reduced lengfp < 0.01)and width(p< 0.001)

On the othehand, no differences in bone matrix compodigtween LepRand LeR"™ animals
were detected in neither femur nor calvarium in the parietal (pegi0®5) This similarity was
consistently found regardless of the compositional necetngigered,e., TMD in micreCT, BMD
distributionin qBEI, and minerdab-matrix and carbonate-phosphateratiosin micrecRaman
spectroscopyresistance to indentation measbse&Plon the periosteal surface of the proximal
femurs also displayed camgble results in LepRand LeR"™ animals(p> 0.05) indicating
analogous mechanical properties of the bone matrix.

Due to the compositional naturetioé contrast iIBSESEM images, somelevanmicrostructural
features weneotedin both femurs and parietal bones. These structures were identified as islands of
mineralized cartilage in the femgingn their appeararae more highly mineralized, ostesitgt
areas surr ound amhtrixbly thedrosssectinmaViedvs di thenparietal bones, areas

with agreater degremineralizationvere mostly located in the central portion of the section and in
the regionslose tdhe sagittal suture. Thiggher mineral content of both mineralizadilage islands

in the femurs and highigineralized bone in thparietal bones was confirmed by ‘n&golution

Raman mapégl um), although the increase in mineral content compared to bone matrix was not
statistically significafpt> 0.05) Moreoverthe composition of these microstructural features did not
display any differences when comparing LepRl LepR* animals(p> 0.05) qBEI data were
examined in distinct intervals of wt% Ca to determine whether mineralized cartilage islands in the
femurs and highlgnineralized bone in the calvaria were differently distributed in the two animal
groups. However, no differences were fqprrd0.05) indicating a comparable amount of these
microstructural features
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PAPERII

This study examidehe interface between bone and bacteria in a case of Mie@i\aped bgn
osteoporotic female individual after 23 years tofdatment withalendronate, a common
bisphosphonat& he interfaceres characterized using different techniques spanning fromritie m
to the nanoscalEigure9 shows the main results, summarized in the following page.
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Figure 9. Histologicsdctidh) and BSISEM image (B) of necrotic bone, showing a ragged surface (arrow
in B). SESEM images of necrotic bone after resin cast etching (C), where bacteria are clearly visible in
(magnified iR HAADF-STEMimage of the tacteria interface (D), demonstrating the presence of a hyy
mineralized band (dotted 1§ fiading into a region of high disorder lacking crystallinity (sharked by * in C
as confirmed by SAER)(Dn the resin space, ldemshied contour) and nanosized particulate can be obser
(D-3). SEMEDX indicates that the interface is narrower and more abruift i MeRrQiblglg, | a b e |
which midRaman spectroscopy confirms having a highetminerahexmddneGTRLO ), asb e |

shown by the higher siuneaat r i Q% Rhdnylataninie,giRe EELScorroboratest calcium (blue)
decreases across the bometdréaterigs; lefight: HAADF imagsndEELS magpforcalcium, biue,

andcarbon, in yeficale barséum in A and B, 10n in €, 1uym in €, 500nm in Dand200nm

in the blue inset 48 &d G* denotes statistical significad@d YpAdapted with permission from Paper

.
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Results summary: PapeH

Bone samples were retrieved from bothmemrotic and necrotic asaa the jaw of the individual
diagnosed with MRONJ. Toluidileestainedistological sections confirmed the necrotic status of
bone tissue sampled from the regions deemed necrotic in the orallodeityo signs of necrosis
were evident in the narecrotic sampl@&acterial colonization was also evidetite histological
sectionghroughout the regions interfacing with necrotic bone.

Bacteria were imaged at higher resolution in SE mode in SEM after resin cast etshiagedRod
bacteria like those identified by the microbial wakotellandHaemophilise rods)wvere found

in significant amounts in the outer space surrounding necrotic bone, which was filled with resin during
sample embedding. Conversely, bacteriaalyseat in theesinregion surrounding nemecrotic

bone. In this case, bone cells like osteolaladtbone lining cells were instead found at the bone
resin interface, while no such cells were noted in necrotic bone.

While already visible in histological sections exayinisiblelight microscopyBSESEM images
better highlighted differences in the morphology of the bone surface in thevsawootieecrotic
samplesSpecificallythe surface profileas irregular and jagged in necrotic bone, but had a rather
smooth appearance in Aeacroticoone.Some mineralodulegesembling magnesium whitlockite
were sometimes notedtire osteocyte lacunaenecrotic bone

The degree of mineralization in bone close to the resin region was compared in necrotic and non
necrotic samplethrough the minerab-matrix ratiomeasured imicroRaman spectroscopy.

higher ratio was found in necrotic bone, indicating a higher mineral coterivarfe matrix

(p< 0.01) Variations in calcium, phosphorus, and carbon were measured across-riégnbone
interface by SEMIDX, which revealed a more abrupt and narrower interface for the necrotic
samples, althougtot in statistically significant terfms 0.05).

A region ofnecroticbone interfacing with resin was resolved at the nanoscale by fPAEDNF

imaging. This made it possible to observe bacteria in the resin space, together with some high Z
contrast particulate located in their proximity or interios. pHnticulate &d dimensions in the
nanometer range, with an average size of 2dntAwvay from the interface with the bactélied

resin spacéone displada normal ultrastructyrimdicated by the characteristic banding pattern of
in-plane collagen fibrilBhe interface itself consisted of two main areas, i.e.,-alypealized band
(towards the bone sidaid a highly disorderedegion (towards the bacteria sidé€he hck of
crystallinity in this disordered region, where mineral appeared looselgdprgasi confirmed by

the absence of diffractiaspotsftings iInSAED patternsEELS maps of calcium and phosphorus
confirmed the decrease in mineral content from the-impperalized band towards the resin region.
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PAPER I

In this study, a multimodalcdamultiscale (micrtm-nano) characterization approacs applied to
evaluate the bone response to a novel implantifactured by-BBF and designed tcombire
internalporosity, surface topography modification by acid etching, and surface functionalization with
genistein for use in osteoporoBigurel0summarizethe main observations.
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Figure 10 BSESEM image showmgone growth in théngaent spacel(Aanéxamples of distance
osteogenesi®, (fhere arrowheads mark the boundary between native cortical bone and new bone)
osteogenesi, (Aarked by *) also within the implant pores in contact with surfa&.iRieBpaNIcles (A

3D tomoam where an extdrGNdpink)ispresent in penplant bone (bone is grey and impléB} is blue)
andanindividual slicel(Gvherdameral ellipsaidsplayarying sizeZ@llipsoids becomenatgedirection

of the arrow) and orien{@&8) similarly oriented ellipsoids are enclosed by white {BIESM HAADF
demonstrates osseointegration at the-hanagodfie {DR2DandSTEMEDX corroboesthe gradual

nature of the interfa8e @zale barss®@um in Al, 10Qumin A-2, 20um in A3, 10um in B and-T
S5umin and &, 1um in B1, and 20am in B2 and 8.
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Results summary: Paper Il

Instances of both distance and contact osteogenesis were ah8SESEM survey images in the
pertimplant compartment Distance osteogenesis was especially apparent thanks to the
compositionatontrast of BSESEM, making it possible to distinguish older bone in the native
cortices from newer bone formed as parthef osseointegration process. The most significant
example of contact osteogenesis was provided by bone ingrowtlintartia¢ porosityf the

implant Bonein contact with thenplant was also noted in correspondence of surface microparticles
charactestic ofpartsmanufactured by-BEBF.

Osseointegration was confirmed at the nanoscale by HBABM imagingand STEM-EDX.
Specifically,dne andmplantformeda continuous and gradual interface, where implant elements and
bone elements interrenk Such an intimate contaets mediated by the TiQassivatiotayer that
spontaneously forms on titaniumpaygernwas alsdetectedvithinthe bonemplant interfae.

Bone regeneration in the pemplant space was also assdssedamininghe LCN.Despite a thin
layer of resin or crackesingsometimes present at the banplant interface, SEEM images after
resin cast etching demonstrated canaliculi exggéodards the implant surface. This was better
shown ovenlarger field of view and in 3D with PFSEM tomographyseverabsteocytéacunae
were present in the implant space, mostjigwed with each other and with their longest dimension
parallel tahe implant surface. Theanaliculian in the perpendicular directios., reachingwards

the implant surface.

Some high Zontrast features resembling cell membranes enclosing intracellular bodies were also
noted in the PFIBBEM image stack. Whdmese features were close to the bone front, they could
offer insights into the direction of the mineralization front. Two fronts were noted, one directed
towards the implant, and one away fro@ne lacuna becoming progressively enclosed by the bone
matix was also obserydikelyindicating thaan osteobladb-osteocyte transitiomas taking place
asosteoidmineralization proceeded.

Mesoscale dme structuramagedby PFIB-SEM tomographyrevealed the presence of mineral
ellipsoids witheterogenous sizes amgntatios, as abruptransitiors from regions where thege
crosssectionedransverally vs.longitudinly were present throughout the 3D volu#tering
orientations were algonfirmed at the nanoscaldHAADF-STEM imagg where collagen fibrils
transitioredfrom in-plane to oubf-plane views.
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PAPER IV

This work examined the effecttibactive glas8ipgraf) functionalized witl?TH 1-34 on bone
repair andsseointegration in ORX rgtbbreviated as ORQ ihe Paper) Both the biological
response and the miemnanoscaleharacteristics gfertimplant bonevee studiedFigurell
shows somef therelevant findings.
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Figure 11 SEMEDX maps of silicon (blue), phosphorus (red), and calcium (yelfaxficles Biogran
functionalized withl R34 placed in the control (SHAM BGPTH) and ORX ¢gpd8@® B and

relative line seanoss the par(istéte linds)). HAADF-STEM images of theRiogegn(BG)interface

for particles functionalized witkBRTitHalh X animal (Byyhere dissolution/reprecipitation can be observed,
together with bone formation within the particle {Ph&prifppoEnBmarizittgemeasurements obtained

for BIC (C)neoformed bone area (NBA) and mineral apposition raaad\aRgi2ssion of alkaline
phosphatase (ALP) and osteocalcin (@8l #telicatSHAM - healthy animals; ORRX animals;
CLOT - animals receinoRijograh BG and BGPTHanimals receiving Biogtiutand with PTH34
functionalizatiorpeesvelycale bars are @d0in A, 500m in B, and 200m in B. Different letters

denote statistical significance (jpAd8p@&il with permission from Paper [V].
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Results summary: Paper IV

Rats were subjected to OBXplacebsurgery (SHAM)n both ORX and SHAM groups, one sub
group did not receivBiogra® (CLOT group) while the surgicadefectwas filled with Biogrén
without and with PTH -B4 functionalization in theubgroupslabdled as BG and BGPTH
respectivelyprior to implant installation

Contrast differences between the inner and outer mwofitheBiogra? particlesn the perimplant
spaceavere often noteth BSESEM imagesCompositional gradients were confirmed by -EEM
maps, showing th#te particlesvere richer in silicon in their coend in calciumandphosphorus
towards thee exterior. This was observied both functionalized and ndanctionalized particles.
The dliconrich core appeared more extended in the healthy animals thariRM tree€) but sample
size did not allow for statistical compagson

The formation of a gradual interface between bone and Biagsanonfirmed at the nanoscale by
HAADF-STEM imaginglemonstratinthe presence ahinterfacial layer created by dissolution and
reprecipitation ranging from 1&@ to 900nm in width. In two sampleSHAM BG and ORX
BGPTH, bone ingrowth ircavitieswithin the biomaterial ag also noted.Regarding bone
ultrastructure, collagen fibrils mostly oriented parallel to the Bisgriate werebservedn all
groups. In the ORX samples, mineral ellipsoids weistisguished

Micro-CT revealed higher bomelume in the animals receiving BioYraoth with and without
PTH 1-34 functionalization, accompanied by a lower trabecular separation and higher trabecular
number than in the animals with implant gmyQ.05). On the other hand, trabecular thickness was
comparable in all grougs>0.05).Removal torque was overall lower in ORX Heaithyanimals
while hgher values were measured in BG and BGPTH groups compared to CLOT tiealtbyh

and ORX animals, especially in the SHAM BGPTH gr@up 0.05) Similar trends were found in
BIC measurements. In this case, the use of functionalized Bexdjtana statistically significant
increase in BIC in both ORX ahealthyanimals compared to those reogithe implant only

(p< 0.05) In both removal torque and BIC measurements, values in the ORX BGPTM@eoup
comparable to those of the SHAM B@up (p > 0.05) This trend was also identified in the
fluorochrome (calceand alizarin red) analyseterms of fluorochrome area, neoformed bone area
and mineral apposition rate. Additionally, values of neoformed bone rmvesttbw any statistically
significant difference betwebpalthyand ORX animals that received cfionalized Biogr&n

(p> 0.05).

ORX animals that received functionalized Bi6drad a significantly higher expression of alkaline
phosphatase compared tatladl othergroups | < 0.05). Osteocalcin expression was greatss in
ORX anima receivingBiograff, regardless of the presence of P34, 1compared to tisewith

the implant only p{ < 0.05). In ORX animals,TRAP (artrateresistant acid phosphatase)
immundabellingwas dscrete in the CLOT group, discretenoderate in the BG group, and
moderate in the BGPTH group.the healthy contrqlsliscretéo-moderatdabellingvas found in

the subgroups receiving Biogfan
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PAPERV

This study providka workflow for the characterization of the interface between bone and bioactive
glass (Biogrdh as well afor the ultrastructure of newly formed bagaingfrom 2D microscale
imaging to 3D reconstruction with electron tomographye nanoscaldhe main results are
graphically summarized bel&ig(rel?).
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Figure 12 Area of new bone growing in close contacti#G) Baotictn (A; BSEM image), where

a ROI was selected to prepare a STEM sample by BlB (BLsiyellidiv rectantie).min sample
preparation steps involved depositivey @atioigaiver the RX)| ifBllingoardeenches around3),(B
liftingout and attaching the sample tora ¢Bdpearyd thinning to electron transgarénal @mple is
marked by the yellow rectayleHAADF-STEMimageshow beBmgrdncontact at the nanoscale with
bone ingrowth wioigréncavities (* il and the formationl@Ba00nmwidenterfacial layér,

white arrgwblanepsseointegration is confirmed in 3D by electron tomography ¢Bih koBegén fibrils
ofplae in individual reconstructed, shibite (&r¢)esnd 3Denderinigarly shows they eakepto the
Biogrdrsurfad€; blue rods represent collagen fibrils). 2glenbaré abqum in Buin in €, 200nm

in G2, an@50nm in E. The dimengigns zpf th&D volumie E and F are 123811494x 161nm.
[Adapted wigermission from Paper V].
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Results summary: Paper V

After the retrievan blaaf the implant together with its penplant space, which includsath new

and native bone, as well as Bidgpanticlessamplesvere prepared by embedding, sectioairdy,
polishing forelectron microscopgxperimentsA thin layer ofconductive coatin@carbon was

appliedo minimize charging highvacuum imaging conditions.

BSESEM imaging was completed to identify areasvofoone forming in contact with Biodran
particles. Bone and biomated@plagd a similar contrast, as they batbntaincalcium and
phosphorus. Bone was easily identified by the presence of osteocyteviaiteigaeks were often
observed running through the Bio§rgmarticles. Compositional gradients within Bragra®?
particles could be inferrftdm BSESEM imagedue tothe presence ofdarkercore surrounded
by abrighterouter layer.

From the BSESEM survey, an arehboneBiograff contact on the microscale level was selected
for the preparation of an electron transparent sample for STEM experiments. To@swpdiszexd
following &FIB in situift-out protocoin a duabeam instrumentvhichallowed for the preservation

of an intact interface, despite the different milling behaviour of bone and®Biogexh some
technical challenges.

HAADF-STEMimagingonfirmed that the contact between new bone and Biegaartontinuous

at the nanoscale, beyond what could be redsphBEESEM. The Zcontrast in HAADFSTEM
imageslso made it possible to betteuaige the compositional gradients present in such a gradual
interface, for which the term binterphasé is perhaps more appropriate. This was further
corroborated in 3D by-Zontrast electron tomograp@gpeciallwhenexamining individual slices

of thereconstructed volume

Nanoscale imaging in both 2D and 3D also provided information on the ultrastructure of bone
forming in contact with BiogranOverall new bone did not appear highly organized, but some
distinctcollagen fibrils could be distinguished. The fibrils appearedptane in HAADFSTEM

images, but were better visualized and segmented in #ec8Dntomogram. This analysis
confirmed that theollageribrils were oriented parallel to the biomatsurface
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PAPER VI

In this work, a correlative characterization approach combiniagisoZcontrast electron
tomography and EDX tomographs usedto resolve nanoscale featuresuman bonewith a
focus onthe low-contrast nanosized spadesnfedd h o | e s Rapej typical dithe lacy pattern
of bone,andon the morphology argpatial organization lbbnemineral, especially the extbaillar
componentFigurel3provides aoverview of the main results.

Diameter [nm]

Figure 133D reconstructiod(A s howing three representative m
plane (&, red) corresptmthanding pattern in the-3ydgreen) and yzi(Adlue) planes, demonstrating
correspondence lbbbl@smd dola g e n f i b rniavemdamétdhiod frers 16 to 26 a

in the four tomog(Bmnzox plot) and are disconnected from each other (BliBErakbstiecagppear
platshaped when viewed in three mutually orthogonal planes (C). EDX reconstructed maps demonst
calcium and phosphorus both inahé ext&brillaregionalthoughesignal appears stronger in the latter
(D). The ladedmd addef er t o t foethenoenogremmby Pap&cale mars are on U
100nm in A2, C (right magnified panels), and D (top magnifie2l0famnels) A8nd-4, C (left image)

and D (bottom imag@hke)dimensions (X, y, zwdfithdoxes in the 3D reconstructions are 555.55 x 865.10
x 457.15 nkin A-1 and 555.55 x 1611.30 x 457.%5mBh
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Results summary: Paper VI

Two rodshaped samples were prepfm@n individual osteonddmellae in the femoral cortex by

FIB annular milling. The samples vaneostcylindrical, with a diameter going from-200nm at

the top to 700m at the bottom. In one of the sampthe banding patterof collagen fibrilsvas

observed along the réehgth at all tilt angles, confirming collagen fibrils orienp#dnie. In the

other sample, the banding pattern was noted only at certain tilt angles, while disordered or more
mineralrich regions, resembling rosettes, \peesentat other orientatian These features, i.e.,
collagenbanding pattern and rosettes, wae® identified in threeonventionawedgeshaped

samples prepared by RiBsituift-out. These samples, having knovientatios with respect to the
osteonabxis, confirmed the characteristiggitudinal and lacyotifs observed in bore mutually
orthogonal section€orrespondence between the longitudinal and lacgwasitonfirmed by the

electron tomograpi8D reconstructions when reslicing almpmesentativerthogonal planes. This
demonstrated the reciprocity Icalagedeaedng patte 0 h o |
in the |l ongitudinal mot i f. | n meeraprégions bféghe , o ho
collagen fibrils.

Sgmentati on iof3D aver ¢he entire toraogrds showed that their shapse
approximately that of rodBhese rods were mostly disconnected from each othatigaed with

their long axis in the direction orthogonal to the banding patterin, e same direction as the
collagerfibrils. The average diameterf t h & in éhb flr elatasets examined varied from
16.4nm to 26.4m. In one tomogram where a partial mineral ellipsoid was observed, the 3D
segment at i onshowéd thathhese teatwds averedmostly located outside the ellipsoid
around its periphery.

Simultaneously to-Zontrastelectrontomography acquisition, EDX tomography was completed to
acquire elemental magfcalcium anghhosphorusrepresentative of tineineral phase, and carbon

and nitrogen, representative of the organic pgigpasdollagen). EDX mapd carborandnitrogen

appeared quite noisy due to the overall weak signal, hence they proved to be inconclusive in
determining the composition of theh @l.e Nonet hel es s, the interse
segmented h o lamdghéreconstructe@DX maps showed higher spatial correspondence of the
oOoholesdé with the maps of car bpbosphausd ni tr ogen

From the reconstruetl EDX maps it was possible to observe the presence of calcium and
phosphorusn the gap zones of the collagen fibrils, demonstratingibnttar mineralization.
However, the signals of these two elements appeared more intense in corresponderedraith th
fibrillar component. In the exifidrillar spacesome individual mineral structures were segmented,
showing thabonemineral is irthe form of plates with dimensions arour@>633-43 x 100nn.

The extrdibrillar mineral alsseemed to benostly interconnected and spanning over multiple
collagen fibrils.
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Discussion

Two conditions affecting bone quantity and/or qualdye sibject of studyn this thesisLepR
deficiency, associated with mgheemia (T2DMike) and obesity in the Lund MetS rat ni¢fdé
[Paper [Jand osteopeniakteoporosijstypical of the aging population and mimicked by hormone
deficiency in OVX/ORX animal mod&fs?[Papers IHIV]. An extreme case of impaired bone
metabolism, i.e., necrotic bone, resulting fromresdiptive therap§RONJ)was also examined
[Paper II].

Abnormalities in the overahergynetabolism, such as in the combination of hyperglyceesiy ob
andLepRdeficienc}? or more specifically in bone metabolism, such as imbalanced bone remodeling
in osteoporost¥ can impact not just biological functions, but also structural and compositional
properties of the bone matrix. These changesterial properties can be reflected at various levels
of boneds architect ur ¥ Inithe studies includad irf thicthesisyg b or
characterization approach typicamnaterials scieecvashusadopted, often combining feifent

tools (multimodal characterization) to access information aewesalength scalegmultiscale
characterizationyvith a focus on the mier@no continuumrhe need for such a multimodal and
multiscale approach stems from the tadfibetween the volume of material that can be analyzed
and the spatial resolution achiev@dfé**%the higher the resolution required, the smaller the volume
that can banalyzed, especially when acquisition time matters.

The following sections discuss in more detail the application of multimodal and multiscale tools in
probing bone qualielated aspects @@mpromised conditions affectimgtive bondfirst section

of this chaptgrand osseointegration (second sectbithis chaptgr A discussion ondaanced
characterization techniques and their implications on our understanding oftreetracture
concludethis chapter.
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MULTIMODAL AND MULTISCALE
CHARACTERIZATION OF DISEASED BONE

An example ofmultimadal characterization applied to bas@fferedoy Paper ITherein, such an
approach was selectedd&terminestructural and compositior@bopertiesof bone matrix at the
microscale in a novel preclinical méoielf2DM/MetS, the Lund MetS rat'® Tothsaut hor 6 s
knowledge, this is the first study examining skeletal agtolbutee Lund MetS rat, originally
investigated for diabetic vascudamplications®!*’1% Rat models are frequently employed in
preclinical research due to their low andt@od availabilityalthough someissimilarities in bone
metabolism congred to human bone existich as the lack of Haversian remod#&lidgnce, when

a new model is devetap abetter understanding ib$ bone structure and compositismecessary

to understand potential translation into hubwreresearchnterestingly, the Lep#eficient Lund

MetS animalexamined in Papemdisplayed similar migtouctural alterations to thasemmonly
reported invidespreadhonogenic models of obesity with LepR deficiency, i.e., the Zuckardatty
Zucker diabetic fatty Feft?°2 A detetoratedarchitecture in the trabecular compartment has also been
reported in humans with T2B% The structural changes observed in the ddefiBient animals
encompassed both the overall bone geometry, with shorter femurs and thinner parietdlthenes, an
microstructure, with thinner cortices and fewer trabeculae, as well aarstiedsinterdigitated

sagittal sutuse All these alterations point towards a ddlaleletal developmeint the LepR

deficient rodentsndependently on the ossification mechanism, i.e., endochondral in the femur and
intramembranous in the parietal bones of the calvarium. Humans with congenic Lep/LepR deficiency
alsodisplay severe obesity and delayed dgf6®thhence suggestingtitheLund MetS ratould

find applications in this translational research context

Regarding the characterization of bone strucheajse of micr€T in Paper konfirmed the
advantages of quaative morphometryin 3D over2D, as microstructural differendastween
groupswere not apparent in B&EM imagesOn the other hand, the greater resolution of SEM
compared to micr€T, combined with the compositionadntrasin BSESEM made it possible to

attestto the presence of neralized cartilage islamiishe femursnd highlymineralized basdn

the parietal boneMineralized cartilage islands, in particular, are a relevant structural feature in rat
bone, butareabsent idarger mammals, including humassthey arkkely removed by Haversian
remodeling*?°> Hence, more attention should be paid to better charatckesz islands the

future

In both Paper | an®apeil, directimagingto qualitatively/quantitatively probe structural aspects

was combined with compositional analyses, primarily using spectroscopy, but also based on calibration
of BSESEM images usirapgBEI approachn Paper |.Specifically, in Paper |, characterization of

bone composition was accomplished in a truly multimodatevalyining three techniques with

different probes(red light, Xrays, electrohsnd targeting progressively smallersfafld/iew at
increasingly smaller pixekel size,exemplifyinghe compromise between volume analyzed and
resolution.This helped confirm the comparable bone matrix composition indeépient and

healthy animals, ruling out technidapendent limitatns in capturing eventual differendést.
surprisinglythe comparable composition was reflected by analogous resistance to indentation, as RPI
is more sensitive to losttuctural/compositional propertiestioé bone matri¥®
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Paper llexpands the niiimodalcharacterization approach by encompassing length scales from the
micro- to the nandevel Specifically, nanoscale imaging provided valuable imsafiies impact of
MRONJonbone beside thenecrosid r eady apparent on a oOonrcr 0SCc«
a sense, necrotic bone can be considered as an extreme case of disdastsmmeext, its
relevant tehed light omvhat happenshere thenecrotic bone fronhterfaces witthesurrounding
environmentwherebiofilm formationis commonlpbservetd®“ Bacterial colonization in necrotic
bone in Paper Mvas confirmetdy histolog, a more traditional examination, as well as-BESE
imaging after resin cast etching. Treatments to remove or preserveekpueifitcan provide
additionainformation compared to what an embedded and polishegdmoplean reve&t*>! For
example,n Paper Il, resin cast etchiwgs usedfor the first timeto exposebacteridn a case of
MRONJ This confirmed thextensivéacteriatolonizatiorata much higher resolution thihat of
visiblelight microscopyallowing for a better visualization of the sbdpeof the bacteria, while
excluding the presence of mirieeal bacteriseen instead dental calculéd Moreoverafterresin

cast etchinghe presencef osteoblasts and bone lining cells inmexrotic bone, or better, their
absence inecrotic bone;ould be noted, indicating ongoingnineralizatiomt the necrotic bone

front. This qualitative observation was supportetthdyletermination afompositional gradients
across thaterface betwedroneandresin(filled with bacteria in MRONJ) using SEBIX, andof

bone mineral contentose to said interface usmigroRaman spectroscopy

A multiscale imagingpproach similar to that used fornebiomaterial interfaces, involving
microscalémaging withBSESEM followed by nanosca@alysesvith HAADF-STEM’, was
applied to probeht interface between necrotic bonethebacterianvaded resim Paper 11 This
nanoscaleesolution of the interface provided new insights into the role of bacteria in MRONJ. The
structureand composition of the interface, consisting of both a hygperalized band and a
disorderedndamorphous region, together with particulates aroundthirdtine bacteria, suggest
that bacterianay have amactiverole in degradingoonein vivolt is especially relevant for this
discussion sectiaim point outthat, whileSEMEDX and micreRaman spectroscopy indicate
mineralizatiombnormalities in neatic bone, only direct imaging at higher resolb§dtAADF-
STEMmadeit possible to determine the nature of the #i@mwteria interface, further corroborating
the importance of multiscale characterization.
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MULTIMODAL AND MULTISCALE CHARACTERIZATION OF BONE
INTERFACES

An intriguing possibility is that of using bone intplas drugluting platforms to promote
osseointegration and/or suppress undesired phenomena such as inflammation and infection.
Currentlyclinicalapplications are limited, batvitrandpreclinical research on the subject is quite
extensivé. In this thesis, two different systems for local drug dedireiggto counteract the
increased bone resorption in osteopgrasich may affect osseointegratiwereinvestigatedn

AM Ti-6Al4V implantfunctionalized with genistein, a phytogsingPaper IlI] and particles of

bioactive glass (Biogfariunctionalized with PTH-34, an anabolic agent [Paper Bgth these
drugsoffer an alternative tdisphosphonates, for which side affects like MRONJ have been
reported®®“C as alsbighlighted iPaper II.

Bone response tile biomaterial solutions for local drug deliygpposed in Papers IV was
evaluated with a multiscaled multimodatharacterization approach to examine osseointegnation

a comprehensive way as@everal length scales of inteféss.characterization workflow is well
exemplifiedy Paper Ill, wheranalyses focused on both the biomgant interface and the LCN in
pertimplant bonegoingfrom the micre to the nanoscale. At the microscale,-BEM images
provided information on new bone formation in theiipgiant space, especially in regatteo
osseointegrati on vscahiaa asteageneésiB&yond the macroscalel HAADFRa n ¢ e
STEM images arf8iTEMEDX confirmed nanasseointegration. Although these analyses are not
routinely performed in osseointegration studies, their afipplichas been demonstrated
beforé™172183The main element of noveltyRaper llllies withinbridgingthese two length scales

with examinations targetitite mesoscal&his wasnabled bPFIB-SEM tomography, a relatively

new tool in bone researalith limited applications to d&t®® Compared to traditional RHBEM
tomography usingGa' ion beam, bigger volumes of material can be pvatieXe PFIB-SEM

while preserving a good slaresolutioft*®® At the boneémplant interface, this means being able to
examine the peimplant space at greater distances from the implant surface and over bigger depths
(whereddepttd  r e the directioh merpendicular to the image plamBaper Il severosteocyte
lacunae and relative canaliculi were distinctly visualized in H3ERFBIumeAs osteocytes have
animportant functiorin mechanotransdueh, including when connected to the implant siifface
PFIB-SEMtomography can find applications in the study of their organization in newly formed bone,
offering complementaiyformationand an additional dimensionality2D SEM images after resin

cast etching.

The advent of P/FIBSEM tomography in bone researels hlso opened possibilities in the 3D
characterization of bone hierarchical structtine atesoscalehere features asenaler than those
resolved with micr&€T andsparalarger field of view thahose availabigith electron tomography.
Recent studs using this technique have shown that bone mineralefopssidabggregas® !
which tessellate the collagen matrix in a-fiboilar patterf’. These features were identified and
reviewed by @authorof this thesisn HAADF-STEM images of both native and{replant bone
(seereference83). Hence, given their increased recogniégamination omineral ellipsoideas
undertakenn Paper lll.Therein the mineral ellipsoidghowedvarying sizes, in some instance
displaying transverse cresstiondargerthanthose reported in previous ststfi# Thiscould be
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due to the systemimpairment irboneregeneratiomn OVX rats and/orto the local release of
genistein. Sudden changes in ellipmoéditation from longitudinal to transvevsaws within the
image planevere also notedconfirming whatwasfound in the only othePFIB-basedwork
examiningellipsoids in peimplant bone to da® The origins andimplications ofsize and
orientaton variationsf the mineral ellipsoidse noknown hencd FIB-SEM tomography should
increasinglye implemented irthe osseointegratiooharacterization workflowransverse cross
sectional views of mineral ellipsoids, i.e., rosettes, were also observed rSHEMDRages of
the bonebioactive glasaterface in Paper I\yroviding yet further evidence of ithebiquitous
nature.

A similar approach to that prewehin Paperll was applied in Paper V, whalhced additional
emphasi®n nanoscaleharacterization using electron tomographgsolve the borgomaterial
interface in the third dimension, limiting overlapping artifacts in 2D S/TEM projection images. Two
very dissimilar biomaterials, i.e., a permanéAi-IV implant and a degradable bioactive glass, were
studied in PaperllandPapelV, respectively, showcasing the versatility of multiscale characterization
workflows for bonédiomaterial interfacesiowever,theseinvestigations were limiteshe/two
sampleswhich is often the case in osseointegration stndesticulawhen targeting the nanoscale.
This workflow can be used as a first approachmitamize the number of animals requiredrwh
gainng insights into bone responsesfecificbiomaterials, for examgta novelimplant design
suchasthatin Paper Ill.However, the biological response to biomaterials shoube détermined

in a more quantitative wdg. Paper IV, the micrto-nanoscale evaluation of the bonplant
interface was implemented in a broadearacterization contexb asses biomechaits,
mineralization dynamics, bone resorption, and gene expfassiothese analyses, it emerged that
Biograff functionalized with PTH-34 could be a promising solution to improve osseointegration in
osteoporotic conditiongn fact, ORX ras receiving the functionalized partioiten displayed

similar behaviour as the control group recemdndunctionalizedBiografi. ConverselyPTH 1-34
functionalizationlid not seeno play agadditional role in promoting bone repair in heahimad.

A similar preclinical investigation should be conducted for the gdaisttonalized implant in

Paper llI, although a pilot studynpublishetemonstrated improvements in bone repair.

Despte itswideclinical use, there are not many studies focusing on thBibgrast interfaceat

the nanoscale. THeck was compensated for by Paper V, where bo8TEM and 3D electron
tomographyexperimentsvere completed. Compared to previous work where the interface between
bone and bioactive glass was resolvBE-IFEM?*, Z-contrasin HAADF-STEM better captured
the compositional gradientstie interface Individual crossectional slices in the rastructed
electron tomogram corroborated that the dissolution/reprecipitation layer is charactesgtip®f th
of interface, and not an artifact arising from feature overlap in 2D HSABH image®8y wsing
electron tomography, it was also possibleetter visualize collagen fibrils and their orientation
relative to the biomaterial surface in RBnoscale resolution of the beaBiegraf® interface by
HAADF-STEM wasalso employed in Paper IV. This confirmed taformation of a gradual
interfacewvas not affected by the functioratinwith PTH 34, nor bysystemichanges induced
by ORX.

The effects of biomaterial implantation are not limited to the host, but clangesur in the
biomaterial itsélf. In Paper V, these changese evident in BSEEM images of Biograparticles
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where compositional gradients from the core to the outer regions and extensive cracks were observed
in the particlesoverall confirming known mechanisms of ion exchange and dissolution of bioactive
glasse§ 7 In Paper IV, SENEDX showed that neither PTH34 functionalization nor hormone
deficiency due toRX altered the behaviour of Biodtamvivolnterestingly, ion exchange appeared
slightlyenhanced ithe ORX rats. Further analyses, e.g., involving a greater sample size, should be
completed ta@onfirm thissnhancememinddetermineventuatausegossibly related differences

in local pH or availability of calcium ghdsphorus
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EXTENDING THE FRONTIERS OF NANOSCALE CHARACTERIZATION IN
BONE RESEARCH

A powerful prospect in multiscale/multimodal characterization stems from the possibility of
correlating structural andomposition information in 3D, opening avenues
c har ac t,emdrezthet foudhndimension refers to dhemistry’. At the nanoscale, 4D
characterization can be accomplishexbimbiningS/TEM electron tomography to acquire images
andresolve structural details, with spectroscopy tomography, usingilesredyfEM,STEM

EDX, or STEMEELS toobtainelemental mapin 33**#2 In bone research, therrelativaise of
Z-contrast electron tomography and EELS tomography hasy@estd at the interface between
human bone and a dentaflapmplant, revealinganoscaletegration between bone elements and
theTiO, surface oxid&”. In this thesison-axisZ-contrastlectrortomography was instead combined
with EDX tomography to address some ofdéleated aspects regarding bone ultrastrjietaper

VI1]. Despite EELS typically yigld higher spatial resolution tha®X'® EDX tomography was
chosen over EELS tomography in Paper VI to simplify the acquisition workflow, as well as to avoid
the strict limitationsn sample thickness in EELS fact,therod-shaped samplesedin Paper VI
werethickerthancommonelectron transparent bone sam@es 106200nmin Papersll-V), with
diameters up to 700 nmhis made it possible to reconstruct more information in the direction
perpendicular to the image plane (z directidm)e preserving the nanoscakolution typical of
electron tomographResolution in Paper VI was further improved due to taiemature of the
electron tomography acquisitiamere rogshaped samples are mounted on a specialized holder that
allows toaccesghe missingvedge region forbidden donventionasingletilt experimental seips

(i.e., beyond 709" Previous electron tomography work on biomglant interfaces showed that
extending the tilt range to encompass high tilt angles, up ttetl®®3 greater fidelity angliality

in thefinal reconstructidf. This was confirmed in Paper VI, degpitdarger diameter tfierod-
shapedsamplesused Improvemert in the reconstruction in -@xis electron tomograpiws.
conventional electraamographyvere also observed when comparing Papeiti/Pape¥, where
elongation artifactgpical of the missing wedgerepresent

Overall, Paper VI showcased a neghniqueto expand the characterization toolbox for bone
research where artifdge 3D reconstructions of structure and composition can be obtained for
relatively thick samplelost importantly, this technique alsifered new insights into bone
ultrastructureThis is especially significant considering the essential role of the mineralized collagen
fibrils as building bloaknits not onlyof native bon but also of borbiomaterial interfacésThe

spatial organization of collagen fibrils and mjteyather witlthe morphology of the mineral phase

can indeed influence the mechamoaperties of bori€ but also determine diffusion pathways
within the bone matrix.

One key aspect investigated in Paper VI was the nature-auintoastr e gi ons, , t he 0
characteristic of the lacy pattermafof-planecollagen fibrils®. It is worth poining out that these

0 h o | e sdéemeddorberosssectional views of collagen fibrils in PapéiV (chronologically
antecedent to Paper VBdopting the interpretation proposieg several authgtg®8170.177.214

However, thigorrespondends notuniversallyaepted in thboneresearckommunityandother

authors have identified thieole® as nanochannété*®} intrafibrillar unmireralizedspacesosting
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macromolecul&§ or provided nalearexplanation other thatheir unlikely correspondence to
collagerfibrils®. Thanks to oraxis electron tomographyRaper Vidirect confirmation of the fact

t hat meosd cobdadediblrils seen in crosection was obtainedisBimilarly from previous

work assessinfis relationshipr a moregglobalway througlthe reciprocity of longitudinal and lacy
motifs'®’? Paper VI provided direct evidence ofcthe | | agenous nat wmeady of tF
pointspecific mannetby slicing the electrontomography reconstructions in mutually orthogonal
planes This demonstratetthatt h @ole® correspond tadark bands,.€., overlapzones, in the

banding patternfan-plane fibrilsinterestinglytherodl i ke appearance of ohol
can also be observed in tsualizatiordegmentatiorof the electron tomogm in Paper V.
However, the more optimal orientation of the samples in Paper VI and thleap®dogether with

the removal omissing wedgartifacts thanks to esxis electron tomography, allowed for more
detailed analyses ofthdén 0 | e s ¢

In Paper VI, EDX tomography proved to be more suited to the analysis of bone mineral rather than
of the organicphase By considering individual 2D slices in the 3D reconstructed maps of calcium
and phosphorusnd correlatinthemto thecorresponshgHAADF-STEM slicest was possible not

only to confirm intrdibrillar mineralization, but alsoreveahigher signal intensity for the extra
fibrillar mineralConversely, reconstructed maps of carbon and nitrogen appeared rather noisy and
could not be well correl ated t oA4P gharacterization st r u
tool notexplored in this thesighich could overcome this limitation is atom probe tomography (APT),
where compositional information is spatially resolved by 8kploiting fieldon microscopynd

mass spectromettyy APT combins ppm fparts pemillion) chemicakensitivity with nanoscale

spatial resolutiéh, making it possible &tudyindividual collagen fibrils, as demonstrated by Lee et

al in leporine borté’. Other uses oAPT in bone researt¢tave focused on resolvingneimplant
interfacesat the atomic scdié?®?°These and other applications ART in bone and other
biomineralsvere reviewedyy the authorof this thesiand ceworkes (see referee196.
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Conclusiors

Overall, the multimodal and multiscale characterization approach applied in this thesis revealed
structural and compositional changfelsone in the compromised conditions examined, informed
perspectives on biomaterial functionalization strategies toerbpree response in the presence of
disease, and shed light on the ultrastructure of bone in both native tissue and at biomaterial interfaces.

In Paper Ithemultimodatharacterization of bone structure and composition highlighted geometrical
and microstictural abnormalities in Lejleficient Lund MetS rats, indicating a delay in their skeletal
development whictlid not seento affect bone matrix composition.

In Paper llithemultiscale investigatiohthe bonebacteria interface in a casM&ONJ, especially
when considering nanoscale information, demonstrated the existence emibggdered band
fading into an amorphous and disordered region. This suggestsyétiaer with uncontrolled
precipitation of calcium aptiosphorusrom thesurrounding environment, bacteria actively degrade
bonein MRONJ

In Paper lll, micreto-nancscale characterization of the interface between bone and an AM porous
implant, acigttchedand functionalized with genisteshpweda promising bone responseute

the compromised bone repair in OVX rats. Moreover, Paper Il highlighted the importance of
includingmesoscalanalyset investigatéhe LCN in 3D and the organizationnaheral ellipsoids

in per-implant bone.

In Paper IV, microscofyasednalyses of the interface between bone and bioactive glass confirmed
nancosseointegration and unaffected dissolution/reprecipitation mechanttmpriesence of

PTH 1-34 functionalization and altered bone metabolism inrf@RXuantitative evaluationthe
biological response showed promising resultsnis tafr bone repair in ORXatswhen using
bioactive glass functionalized with PIFB#.

In Paper V,a workflow to characterize the bdmeactive glass interface was demonstrated,
introducing 3D angdes at the nanoscale with electron tomography that further corroborated the
gradual nature of the interface and highlighted that collagen fibrils are oriented parallel to the interface.

In Paper V, ontaxis Zcontrast electron tomography and EDX tomograpére combined for the

first time to resolve bone structure and composition at the nanoscale. This provided a direct
identificationof the low-contrast nanosized spaces deethe lacy pattern as collagen fibrils
Additionally, it showed the exfiarillar mineral tdbe made of thin platelets merging in larger
aggregates spanning over several fibrils.
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Future perspectives

The multiscale and multimodal approach adopted in thisc#eai®d relevant informationloone
structureand or composition in the cases under investigation. However, mangtatitadacled
guantitativenvestigationand statistical comparisons. Mes mostlglue tothe smalkample size
(n = 1-2) especiallyn electron microscopgxperiments (PFBEM tomogaphy,S/TEM, and
electrontomography [Papers HVI]. Restrictionsin sample size aiadirectly related to high
experimentalosts, as well EsgthyprotocolsAutomatingat least part dhe experimental workflow
could mitigat¢éhesdimitations. For example, tools &mtomating STEM sample preparation by FIB
lift-out have already been develpgethonstranghighsample quality atldroughput® However,
they have yet to be testedmare complexnaterialdike bone and borAgomaterialnterfacesin
the future, it would be interestingrtgplement these procedures to afford a higher sampleasize
example, this would make it posdiblexaminéoroader records of MROMIfected individual to
corroborate the observations in Paper |l

Even with the implementation of automatachple preparatiovorkflows for S/'TEM experiments,
technical challenges would persist due ®ldhrorbeansensitivityf biological samples like bone.
These challenges become especially redvamthigh beam doses are required such as in EDX or
EELS, andn long experiments such as electron tomograpkycdrhpromise between resolution
and exposures exemplifiedy Paper VI, where large tilt increments and short dwell times were
selected for EDX tomography to limit sample dansdigeitleading tosubboptimal EDX maps.
Reconstruction algorithms like compressed sensing could be explored in rkita tivey allow

for undersamplingrequiringewer projection imagssproduce higlguality 3D reconstructist:
Faster and more sensitive detectoutd@lso mitigate challenges in electron tomography of beam
sensitive materialss the acquisiton of HAADF-STEMtilt seriesn ~360s ha been showi®, it
would be interesting to apply this fast electron tomography approach to bone.

There are also opportunities to improve tools for image anagegislearning has emerged as a
powerful aid to examine features of interest in large/multidimensional ,dg@sjdsitomang

image segmentati@da extractquantitative informatiéfi However, complex structures like that

found inbone at the nanoscale are difficult to be accurately segmented by algorithms. For example,
in Paper Vlit was necessary to segment individunaral plates manually. Improvements in machine
learning algoriths could make it possible to analyze features with greater coanuleérgyxamie

larger amount of datahile alsdimiting operatobias in feature selection.

A main limitation of theharacterization tools usedPapes Il -IV stems from thenabilityto
visualize thbiomateriasurface functionalization, i.e., the layer of genistein or-BA.H\1Lthis time,

it is not possible to determine how much ofitiugcoating is still present at the time of retrieval, or

if it hasall been released in the pexplant space. This could not be determined by EDX dbe to
similar elements present in btth drugs under investigation and bone, as well as the embedding
resin. Other approaches should then be explored. In a premity$Gtradidabellingvas used to
assess the release of bisphosphonates by autoradiegraptprrelating the autoradiographs with
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BSESEM image¥. Hence, similar methodologies based on taggitigetiaeutics used in Papers
Il -1V with easilydentifiablesignalgould be tested.

Apart from technical limitationspme biologyelatedquestions remain unansweiedhis thesis,
callingfor further investigationsn Paper I,mechanistic insightato the origins of the altered
microstructure in the Lepdieficient animalare neededespecially to decouple Leg&ficiency,
obesity, and hyperglycemia, as well as to study bone remattlelangpecific focus anineralized
cartilage island¥hese featres shoulaglsobe examined at smaller length scales, for example by
P/FIB-SEM tomography and S/TEM, in particular to highlight how type I and type Il collagen
interfaceln Paper I, structusiinction relationships should disbetter confirmedor example by
mechanical testing on whole bote$aper Ill, a preclinical study involving a greater sample size
should be undertaken to quantify the effect of genistein functionalization on osseointegration,
combining microscopy with othanalyticatechniggesas done in Paper I{.g.,biomechanics,
mineralization dynamics, andegexpression)

This thesis mainly focused on assessing changes in bone structure and contpepitesente of
disease [Paperd\M]. In Paper V, a characterization workflow encompassing electron tomography
was highlighted, and an advanced electron tomographyhpmealemonstrated in PaperTVile
high-resolution, artifadtee, 3D reconstruction of bone ultrastructure offered faxisrelectron
tomography, specially whenorrelated witttcompositional informationsing EDX tomography

could findbroaderapplicéions in bone research, for example to probe disela®ed changes in

bone quality at the nanoscale.

Lastlythe multimodal and multiscale characterization approach addpiedhesi®nlyinvolved

ex sitanalysedVhile developments in electron microscopy are aimgeg ¢toser to nativend
dynamicconditions witHiquid imaging, they still lackclinical relevance. More work needs to be
done to implement materials science characterizati@fiowsin clincally relevant contexts, for
example identifying metrics that correlate to those measuvéade
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ARTICLE INFO ABSTRACT

Keywords: Metabolic abnormalities, such as diabetes mellitus and obesity, can impact bone quantity and/or bone quality. In

Leptin this work, we characterize bone material properties, in terms of structure and composition, in a novel rat model

B'f": X with congenic leptin receptor (LepR) deficiency, severe obesity, and hyperglycemia (type 2 diabetes-like con-
]b)/lli:rzlﬁfr dition). Femurs and calvaria (parietal region) from 20-week-old male rats are examined to probe bones formed

both by endochondral and intramembranous ossification. Compared to the healthy controls, the LepR-deficient
animals display significant alterations in femur microarchitecture and in calvarium morphology when analyzed
by micro-computed X-ray tomography (micro-CT). In particular, shorter femurs with reduced bone volume,
combined with thinner parietal bones and shorter sagittal suture, point towards a delay in the skeletal devel-
opment of the LepR-deficient rodents. On the other hand, LepR-deficient animals and healthy controls display
analogous bone matrix composition, which is assessed in terms of tissue mineral density by micro-CT, degree of
mineralization by quantitative backscattered electron imaging, and various metrics extrapolated from Raman
hyperspectral images. Some specific microstructural features, i.e., mineralized cartilage islands in the femurs and
hyper-mineralized areas in the parietal bones, also show comparable distribution and characteristics in both
groups. Overall, the altered bone microarchitecture in the LepR-deficient animals indi comp ised bone
quality, despite the normal bone matrix composition. The delayed development is also consistent with obser-
vations in humans with congenic Lep/LepR deficiency, making this animal model a suitable candidate for
translational research.

Raman spectroscopy
Electron microscopy

1. Introduction relies not only on bone mineral density (BMD), a metric related to bone

mass, i.e., bone quantity, but also on bone quality, defined as the “totality

Skeletal development generally proceeds via either endochondral or
intramembranous ossification [1-3]. The primary difference between
these two main ossification mechanisms is whether bone formation is
preceded by a cartilaginous intermediate, as in endochondral ossifica-
tion, or not, as in intramembranous ossification where tissue is laid
down directly as bone. Bones serve essential functions to provide the
structural framework for the body, protect internal organs, assist loco-
motion, maintain mineral homeostasis, and support blood cell produc-
tion [ 1]. Bone tissue is also an exquisite material, at the same time tough
and strong thanks to the hierarchical organization of its components [4].

Bone strength, and in turn its mechanical and biological functioning,
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of features and characteristics that influence a bone's ability to resist
fracture” [5], encompassing its material properties (structure and
composition). Aging and disease can compromise bone quantity and/or
quality, leading to an increased fracture risk [6,7]. For example, meta-
bolic changes induced by type 2 diabetes mellitus (T2DM) and often
concurrent obesity also affect bone metabolism and remodeling [8-10].
As a consequence, despite normal or even higher BMD than in the
healthy population, diabetic subjects have an increased fracture risk as a
result of poor bone quality [11,12].

Different mechanisms have been proposed to explain the altered
bone quality in T2DM and obesity. Bone fragility in diabetic subjects has
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often been correlated with the accumulation of advanced glycation end-
products (AGEs), both crosslinked, such as pentosidine (PEN), and non-
crosslinked, such as carboxymethyl lysine (CML) [13]. Non-enzymatic
crosslinking induced by AGEs such as PEN has been associated with
an increased brittleness of collagen fibers, likely causing loss in bone
strength [14]. It also appears that fat accumulation in hyperglycemic
conditions and obesity promotes the differentiation of mesenchymal
stem cells in adipocytes rather than osteoblasts, in turn favouring adi-
pogenesis over osteoblastogenesis [10,11]. While the effect of T2DM on
osteoclasts remains unclear, osteoclastic activity could be overall stim-
ulated through the RANKL/RANK/OPG pathway due to the increased
production of inflammatory cytokines [15].

Animal models to study T2DM are often diet-induced or monogenic/
polygenic models of obesity. Monogenic models are mostly based on
mutations of the gene encoding leptin (Lep) or of the leptin receptor
(LepR) [16]. Leptin, a cytokine-like hormone mainly produced by adi-
pocytes, plays an important role in regulating energy storage and
appetite [17]. Several studies have documented that mutations in Lep
and LepR impacts bone metabolism, but the underlying mechanisms are
still unclear, and contrasting outcomes in terms of bone mass have been
observed [18]. Leptin is mediated both by the central nervous system
and the sympathetic nervous system, hence skeletal changes are due to
the overall balance between central and peripheral mechanisms of ac-
tion [18]. Leptin has also direct effects on bone cells, as they have a
leptin receptor [19]. Reduced bone length and/or mass have been
commonly reported in the appendicular skeleton [20-22], while an
increased trabecular bone volume is often observed in the spine of Lep/
LepR-deficient rodents [23,24]. While some investigators have postu-
lated that leptin is bone anabolic through the peripheral pathway, but
catabolic through the central one [25], others have found that central
(intracerebroventricular) administration of leptin promotes bone
growth [26].

There exist concerns on the translation of Lep/LepR-deficient animal
models to diabetes research in humans due to the dissimilar disease
etiology [27]. However, it is worth pointing out that congenic Lep/LepR
deficiency has been reported, although rarely, also in humans, where it
manifests with severe obesity already during childhood [28-31]. The
rarity of this condition has impacted bone research in Lep/LepR-
deficient human subjects. A clear bone phenotype has not been identi-
fied yet, and systemic leptin administration leads to both unchanged and
increased BMD in the few studies available [18].

In this work, we examine bone structure and composition in a con-
genic LepR-deficient rat, the Lund MetS (metabolic syndrome) rat, that
displays obesity and hyperglycemia, as well as micro- and macro-
vascular changes typical of diabetes [32-34]. To our knowledge, this
is the first study evaluating the skeleton of this rodent as a potential
candidate animal model for LepR deficiency and T2DM-like conditions
in bone research. Multiscale characterization was performed on bone
tissue from the femur and calvarium (parietal bones and sagittal suture)
to probe formation by endochondral and intramembranous ossification,
respectively. Bone morphology and microarchitecture were investigated
with micro-computed X-ray tomography (micro-CT) and scanning
electron microscopy (SEM). Bone mineralization was evaluated as tissue
mineral density (TMD) by micro-CT and as BMD distribution (BMDD) by
quantitative backscattered electron imaging (gBEI). Bone matrix
composition, in terms of degree of mineralization, carbonate substitu-
tion, and mineral crystallinity/maturity, was assessed by Raman
hyperspectral imaging. Mechanical properties of the femurs were
measured by reference point indentation (RPI). Our analyses also probed
site-specific microstructural features, including mineralized cartilage
islands in the femurs and bands of increased mineral content in the
calvaria.
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2. Materials and methods
2.1. Animal study, sample retrieval and preparation

Two variants of the male Lund MetS rat, a congenic (Cg) rat witha
LepR mutation introduced on a BioBreeding Diabetes Resistant Rat
(BBDR) [32], were obtained from Janvier Labs (France) [35]: i) BBDR.
Cg-LepR™ T (abbreviated to LepR*™/* hereinafter), lean and with normal
insulin sensitivity (euglycemia) (n = 10); ii) BBDR.Cg—LepR'/ " (abbre-
viated to LepR”" hereinafter), LepR-deficient, severely obese and with
insulin resistance (hyperglycemia) (n = 11). The study was approved by
the Animal Research Ethics Committee of Gothenburg (Dnr. 14790/
2019). At both 16 and 20 weeks of age, LepR”” animals had a greater
weight and blood glucose level than LepR™* animals (p < 0.001) (Ta-
bles 1, S1). High blood glucose in the LepR”” group confirms their hy-
perglycemic condition (Tables 1, S1). At 20 weeks of age, animals were
sacrificed. Their femurs (left and right) and calvaria were retrieved and
fixed in 10% neutral buffered formalin. Femur length was measured
with a caliper. Micro-CT was performed on unembedded samples, while
SEM and micro-Raman spectroscopy were carried out post-resin
embedding, as described below.

Femurs. After micro-CT, right femurs were sectioned transversally
(with respect to the long axis of the femur) to separate the femur head
from the distal to mid-diaphysis portion. The distal to mid-diaphysis
portions were sectioned longitudinally (with respect to the long axis of
the femur), dehydrated in ethanol and resin embedded (LR White,
London Resin Co. Ltd., UK). After embedding, samples were polished
with SiC paper (800, 1200, 2000, and 4000 grit; ISO grit designation).
Only the half towards the medial side was considered for qBEI and
micro-Raman spectroscopy.

Calvaria. After micro-CT, calvaria were dehydrated in ethanol, resin
embedded (LR White, London Resin Co. Ltd., UK), and cross-sectioned
along the coronal plane in the parietal bone region, approximately at
one third of the length of the sagittal suture towards the frontal bone
side. Samples were polished with SiC paper (800, 1200, 2000, and 4000
grit; ISO grit designation).

2.2. Micro-CT

For both femurs and calvaria, micro-CT data were acquired with a
SkyScan 1172 (Bruker, MA, USA), reconstructed in NRecon (Bruker,
Billerica, USA), aligned in DataViewer (Bruker, MA, USA), and visual-
ized and analyzed in Dragonfly 2020.2 (Objects Research Systems, QC,
Canada). Standards of hydroxyapatite (¢ = 2 mm) with known density
(0.25 and 0.75 g/cma) were used to obtain a calibration line to convert
the pixel intensity in micro-CT data into TMD (expressed in g/em?) [36].

Femurs, Right and left femurs (n = 8/group) were scanned with a 70
kV X-ray beam, Al—Cu filter, 180° rotation range, 0.7° step size, 3 frame
averaging, and 13.90 um pixel size. Morphometry metrics were
measured in three dimensions (3D) using the “Bone Analysis” plug-in in
Dragonfly 2020.2 (Objects Research Systems, QC, Canada), segmenting
trabecular and cortical bone with the Buie algorithm (input guess for
trabecular thickness = 125 ym) [37]. For rabecular bone, morphometry
parameters (bone volume fraction, BV/TV; trabecular thickness, Tb.Th;

Table 1
Values of weight and blood glucose measured at 16 and 20 weeks of age.

Group Weight at 16 ~ Weightat 20  Blood glucose at Blood glucose at
weeks [g] weeks [g] 16 weeks [mmol/ 20 weeks [mmol /
1 11
LepR*’ 381 £ 27 422 +21 9.7 £ 1.0 9.4+15
+
LepR'/' 553 £ 41%+* 598 £ 48*** 24.1 £ 6.6*** 24.9 + 5.0%**

™ Denotes statistical significance with respect to the control group (p <
0.001).
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trabecular separation, Tb.Sp) were evaluated in the distal femur meta-
physis, selecting a region with a height equal to 5% of the average femur
length in each group (i.e., 1.946 and 1.723 mm in LepR*/" and LepR”",
respectively), at a consistent distance from the growth plate (Fig. S1).
Trabecular number (Tb.N) was computed as the reciprocal of the sum of
Tb.Th and Tb.Sp (following the guidelines of Skyscan CT-analyser). For
cortical bone, morphometry parameters (cortical thickness, Ct.Th;
cortical bone area, Ct.Ar; total cross-sectional area inside the periosteal
envelope, Tt.Ar; cortical area fraction, Ct.Ar/Tt.Ar) were measured in
the femur diaphysis, selecting a region with a height equal to 5% of the
average femur length in each group (i.e., with the same height as the
region used for trabecular bone analysis) at a consistent distance from
the growth plate (Fig. S1). The proximal portion of right and left femurs
(n=8/group) was scanned with a 70 kV X-ray beam, Al—Cu filter, 180°
rotation range, 0.7° step size, 3 frame averaging, and 26.72 pm pixel
size. Morphology of the femoral head and neck was evaluated qualita-
tively in Dragonfly 2020.2 (Objects Research Systems, QC, Canada).

Calvaria. Calvaria (n = 8/group) were scanned with a 49 kV X-ray
beam, Al filter, 360° rotation range, 0.7° step size, 5 frame averaging,
and 17.90 pm pixel size. Parietal bone thickness was evaluated in a re-
gion 285 x 335 px? in the axial plane (xy plane), centred at mid-length
of the sagittal suture and encompassing the entire calvaria thickness (z
direction). In this region, parietal bones were separated from non-bone
regions by Otsu thresholding. The sagittal suture was examined using
the same region used to examine the parietal bones, but limiting the
analyses to 25 px-thick region approximately centred in the mid-point of
the calvaria thickness. In this region, the sagittal suture was segmented
by Otsu thresholding, followed by a “Process island” operation to
remove noise, and manual refinement to remove mis-labelled regions.
Parietal bone thickness and sagittal suture width were measured with
the “Volume thickness map” operation, taking the average value in the
distribution of thickness measurements. Variation in suture length (in
the xy plane) along the calvaria thickness (z direction) was evaluated
with the “Slice analysis” module by computing the perimeter (2p) and
thickness (t) of the ROI corresponding to the segmented suture in each
xy slice, and estimating the length (?) by subtracting the thickness from
the semi-perimeter (I=p - t).

2.3. SEM and qBEI

Embedded samples were imaged in backscattered electron (BSE)
mode in a Quanta 200 environmental SEM (FEI Company, The
Netherlands) operated at 20 kV in low vacuum mode (1 Torr water
vapour pressure), with a working distance of 10 mm. For qBEI analyses
(n = 3/group), image calibration and acquisition were completed
following published protocols [38], using a custom-made standard of
pure C and pure Al. Briefly, for each imaging session (ie., for each
sample), standard and sample were loaded in the instrument at the same
time. Brightness and contrast in BSE-SEM images were adjusted to have
an average grey-level of 25 and 225 in the C and Al regions of the
standard, respectively [38]. After this calibration, BSE-SEM images of
the sample were acquired in a mosaic fashion, and combined into an
overview image manually in Photoshop (Adobe, CA, USA) without
altering their grey-levels. The overview mosaic images were processed
in Python 3.8.10 to convert grey-levels into wt% Ca content. Regions of
bone and resin were separated by Otsu thresholding using the “thresh-
old otsu” module in the “skimage.filters” library. The x-axis of the
greyscale histogram of the bone region (upper range of Otsu thresh-
olding) was converted in wt% Ca using pure hydroxyapatite (39.86 wt%
Ca) [38] and the C standard [39] as reference points for 39.86 wt% Ca
and 0.17 wt% Ca, respectively. The grey-level of these two reference
points was computed from the grey-level/atomic number (Z) calibration
line [38], obtained by averaging the mean grey-level in the C(Z =6) and
Al (Z = 12) regions for each imaging session. Following established
protocols [38], BMDD was evaluated in terms of weighted mean Ca
concentration (Ca-Mean), peak height of the distribution (MaxFreq),
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peak position of the most frequent Ca concentration (Ca-MaxFreq), full-
width half maximum (FWHM), spread of the distribution on the low
concentration side (SpLow), and spread of the distribution on the high
concentration side (SpHigh). Frequency values below 0.001% were
excluded from BMDD analysis. FWHM was obtained using the “find -
peaks” and “peak widths” functions in the “scipy.signal” library. SpLow
and SpHigh were evaluated by comparing the acquired histogram to an
equivalent-area Gaussian curve [38], computing their integral areas
with the composite trapezoidal rule using the “numpy.trapz” function.
Lastly, the range 10-30 wt% Ca was divided in bins with a width equal
to 5 wt% Ca, and the number of pixels in each bin was counted and
normalized by the total number of pixels in the 10-30 wt% Ca range.

2.4. Micro-Raman spectroscopy

Micro-Raman spectroscopy was performed in a Renishaw inVia
Qontor (Renishaw PLC, UK) equipped with a 633 nm laser and Live-
Track focus-tracking technology. The laser was focused on the surface
using a x 100 (0.9 NA) objective. Raman signal was collected using a
Peltier cooled CCD deep depletion NIR enhanced detector behind a
1800 gmm ! grating (1.0 4 0.15 cm ! step size). Spectra were baseline
subtracted (intelligent spline fitting with 10 nodes and 1.3 noise level),
cleaned of cosmic rays, and denoised by Principal Component Analysis
(PCA) with a component auto-correlation limit of 0.7 (default value) in
Renishaw WiRE 5.4 (Renishaw PLC, UK). Spectra were analyzed in Py-
thon 3.8.10. The following Raman peaks were considered [40]: phos-
phate (PO3 ) 14 (~930-980 ecm 1) and v, (~410-460 cm 1); amide III
(~1215-1300 em 1); carbonate (CO3 ) (~1050-1100 em 1); phenyl-
alanine (Phe) (~1000-1005 cm ). Mineral-to-matrix ratio was ob-
tained from the ratio v,PO3 /amide III [40] and the ratio v;PO3 /Phe
[41]. Carbonate-to-phosphate ratio was obtained from the ratio CO§ /
vPO3  [40]. For all these ratios, integral peak areas were computed
with the composite trapezoidal rule using the “numpy.trapz” function.
Mineral crystallinity was evaluated as the reciprocal of the FWHM of the
»PO3 peak [42], which was computed using the “find peaks” and
“peak widths” functions in the “scipy.signal” library, after Voigt-fitting
of the 1,PO3 peak using the “curve fit* function in the “scipy.opti-
mize” library.

2.4.1. Femurs

Maps were acquired with a pixel size of 10 pm, 1 s exposure, and 2
accumulations in both cortical and trabecular bone in 65 x 95 px2 and
70 x 60 px> areas, respectively (n = 3/group). When analyzing these
maps, resin regions were excluded by setting a threshold at 40% of the
PO} peak intensity. High-resolution maps with a pixel size of 1 pm
were acquired with 1 s exposure and 2 accumulations in specific 50 x
100 pm? ROIs in both cortical and trabecular femoral bone, specifically
on areas containing bone-mineralized cartilage interfaces (n = 3/group).
Areas of bone and mineralized cartilage in the Raman maps of the
»PO3 peak intensity were segmented using the “Kmeans” function in
the “sklearn.cluster” library (4 clusters) in Python 3.8.10. Only data
points in the 5% to 95% quantiles of the 1,PO3 peak intensity were
considered for segmentation and analysis.

2.4.2. Calvaria

Maps were acquired with a pixel size of 10 pm, 1 s exposure, and 2
accumulations in 80-90 x 70-85 px? areas in the parietal bone in
proximity to the sagittal suture (n = 3/group). When analyzing these
maps, resin regions were excluded by setting a threshold at 25% of the
PO} peak intensity. High-resolution maps with a pixel size of 1 pm
were acquired with 1 s exposure and 2 accumulations in specific 50 x
100 um? ROIs in areas containing bone interfacing with hyper-
mineralized bone (n = 3/group). Areas of bone and hyper-mineralized
bone in the Raman maps of the v;PO3 peak intensity were segmented
using the “Kmeans” function in the “sklearn.cluster” library (5 clusters)
in Python 3.8.10. Only data points in the 5% to 95% quantiles of the
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leO?. peak intensity were considered for segmentation and analysis.
2.5. RPI

Mechanical properties were evaluated ex vivo by RPI using a BioDent
microindenter (Active Life Scientific, CA, USA) in right and left proximal
femurs (n = 6/group). Three measurements were acquired in each
sample by applying an indentation force of 4 N at a frequency of 2 Hz in
10 cycles using a 90° cono-spherical (< 5 pmradius point) test probe and
a flat bevel reference probe. The following parameters were assessed: 1%
cycle indentation distance (ID 1%); 1% cycle unloading slope (US 17); 1%
cycle creep indentation distance (CID 1%); total indentation distance
(TID); indentation distance increase (IDI); average creep indentation
distance (Avg CID); average energy dissipated (Avg ED); and average
unloading slope (Avg US).

2.6. Statistical analysis

Statistical significance of micro-CT data was evaluated with the
Student's t-test (¢ = 0.05), after verifying normality with the Shapiro-
Wilk test (¢ = 0.05) and homoscedasticity with the Brown-Forsythe
test (@ = 0.05). In case of homoscedasticity violation, the unequal
variance correction was applied to the Student's t-test, i.e.,, a Welch's t-
test was performed instead (x = 0.05). Statistical significance of qBEL
micro-Raman spectroscopy, and RPI data was evaluated with the Mann-
Whitney U test (¢ = 0.05). Statistical analysis was completed in Python
3.8.10 using the “scipy.stats” library. Data are reported as mean =+
standard deviation.
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3. Results
3.1. Femurs

3.1.1. Structure

3D reconstructions of micro-CT scans revealed that LepR'/ " animals
presented not fully developed femoral head and neck (Figs. 1A, S2), as
well as overall shorter femurs (caliper measurements) (p < 0.001)
(Fig. 1B, Table S2). In the trabecular space, LepR”" animals had thinner
trabeculae (Tb.Th), although not significantly with respect to LepR™*
animals (p > 0.05), as well as lower BV/TV (p < 0.01), higher Tb.Sp (p <
0.01), and reduced Tb.N (p < 0.05) (Fig. 1C, Table S2). In the cortical
region, the LepR”" group displayed significantly smaller values of Ct.Ar,
Tt.Ar, Ct.Ar/TtAr, and CLTh (p < 0.001 for Ct.Ar, Tt.Ar, and Ct.Th; p <
0.01 for Ct.Ar/Tt.Ar) (Fig. 1C, Table S2).

3.1.2. Composition

LepR™* and LepR”" animals did not display statistically significant
differences in TMD measured in micro-CT data in neither cortical (Ct.
TMD) nor trabecular (Tb.TMD) bone (p > 0.05) (Table $2). Comparable
composition between animal groups was also confirmed by qBEI as
there were no significant differences in any of the metrics evaluated (Ca-
Mean, FWHM, MaxFreq, Ca-MaxFreq, SpLow, SpHigh) (p > 0.05)
(Figs. 2A-B, 83, Table S3). Similarly, the number of pixels in different 5
wt% Ca-wide bins was analogous in the two groups (p > 0.05) (Table
$4). Raman maps with 10 pm pixel size confirmed the presence of re-
gions with higher mineral content throughout the bone matrix noted in
BSE-SEM and gBEI images in both cortical and trabecular bone (Figs. 2C,
S4). LepR”” and LepR"/* animals had statistically comparable mineral-
to-matrix ratio, carbonate-to-phosphate ratio, and mineral crystallinity
in both cortical and trabecular bone (p > 0.05) (Figs. 2C, S5, Table S5),
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Fig. 1. Femur structure. A) 3D reconstruction of micro-CT scans of representative femur heads. Under-developed head and neck can be noted in the femur of LepR”"
animals (arrowheads). B) Bar plot of femur length obtained by caliper measurements, showing that the LepR™" group (red bar) has significantly shorter femurs than
LepR™ ™ animals (blue bar). ) 3D reconstruction of a representative femur section with volume thickness map of Th.Th, and bar plots of morphometry parameters
obtained from micro-CT scans. *, **, and *** in the bar plots denote statistical significance (p < 0.05, p < 0.01, and p < 0.001, respectively). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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