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Abstract

Metallic bone implamn devices are commonlysedto tackle a wide array of bone failures
in human patientsThe success of such implantglies on the biomechanicand
functional bonding between the living botissueand implant a processlefined as
osseointemtion. However, the mechanism of osseointegration is still underedebtite
scientific communityOne efficientmethodto help understand this complex process is to
characterize the interface between human bones and impkvrites after the
osseointeation has been establishedvhile another approach is tovisualize
mineralizationin reattime undersimulatedoody conditionsBoth of hese approaches to

understandnineralization have been explored in this thesis.

Firstly, dueto the inhomogeneousature of bone and complex topography of implant
surfaces a suitable sample geometry ftreedimensional (3D) characterizatiomas
required to fully understand osseointegratiftectron tomography has been pnoes

an efficient technique to visualize thanoscale topography of bemaplant interface in
3D. However, resulting from théhickness and shadowing effects of conventional
transmission electron microscop&€EM) lamellae at high tilt anggeand the limited
tit-r ange of T Bnssing ovéddeeartifacts limit the resolution ofinal
reconstructioa In Chapter 3the exploration of a evel sample geometry to explore
osseointegration is reported. Herenaxis electron tomography based oa
needleshapd sample was applied to soltke problemof the fimissing wedge This
resulted in anear artifactree 3D visualization othe structure ohuman bone and
lasermodified titanium implant, showing bone growth into the nanotopographies of the
implant surface and contributing to the evolution of thefinition of osseointegration

towards nanasseointegratian

One of the key issuaggarding the mechanism a$seointegratiothatremainsis that of
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the chemical structurat the implant interface, namely distributioncaflciumbased and
carbonbasel components at the interface and their origins. Timgssecond objective of
this thesis aimed to pusiharacterization techniques further to four dimensions, (8¥D)
incorporating chemical informationas the fourth dimensionafter the spatial X,Y,Z
coordinates In Chapter 4, correlative 4D characterization techniques inclueairon
energyloss spectroscopy (EELS) tomograpéwyd atom probe tomography (AP&hd
other spectroscopy techniques were usqata@be the nanoscatdemical structuref the
bore-implant interface. This work uncovereda transitional biointerphase at the
boneimplant interface consisting of morphological and chemical differences compared
to bone away from the interfacalso, aTiN layer between the surface oxide and bulk
metal was identified inthe lasermodified commercial dental implant. Both findings have

implications for themmediateand longterm osseointegration.

Since bone formation at the implant interface is a dynamic process, which includes
calcium phosphates (CaRjomineralization as a basisf these reactionsthe third
objective of this work focused on exploring réiahe mineralization processes
Liquid-phase transmissioelectron microscopy (LHFEM) is a promising technique to
enable reattime imaging with nanosde spatial resolution and sufficient temporal
resolution. InChapter 5, by using this technique, we presenfitbereattime imaging of

CaP nucleation and growth, which is a direct evidence to demonstrate that CaP

mineralization occurs by particle attanent.

Overall, this thesis has applied stafe¢he-art advanced microscopy techniques to
enhance the knowledge and understanding of osseointegration mechanysms
investigating established biointerfaces and -teaé mineralization The developed
corrdative 4D tomography workflow is transferable tstudy other interfacial

applications in materials scienaadbiological systers while the LRTEM work forms
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a basis for further mineralizationsearch

Key words: Osseointegration, borimplant interfaceelectron tomography, atom probe

tomography, liquigphase TEM, 4D
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Chapter 1 Introduction

1.1 Research Motivation

Bone is a vital biomineralized tissue time human body exerting important functions of
ion storage, locomotion, support and protectidn. order to functionally repair bone
tissue, various biomaterials have been developed and applied as bone imptmes.
implants have been widely usedorldwide, and in US alone 1 ~ 2 million dental
implants and over 60000 hip and knee replacement implants are placed anfuily.
success of these reconstructive and regenerative orthioael dental surgeries is based

on the longasting bonding with biomechanical functions between the living bone and
implants, which is the phenomenon termed osseointegratitany factors have been
demonstrated teffect osseointegration, such as chemical compositfomplant surface
biochemical molecules attached to the implant surface, and surface topography.
Therefore,a complete characterization and understanding ofinkexface between
human bone and implant offers valuable insight into the mechanisms of osseointegration

in order to optimize implant surface modification.

Due to the hierarchicalstructures of bone, correlative multiple length scale
characterization techniques are needed. Research has developed dramatically f
histological observation with the aid of the light microscope, to misoahe resolved

SEM, and further to namscale investigation usingtansmission electron microscopy
(TEM).®® Despite the advancement in spatial resolutiowp-dimensional 2D)
characterization thniques constrained to 2D projections do not properly present the
inhomogeneous nature of bone and complex topography of implant surfaces interface.
Thus, it is necessary for osseointegration characterization to progress from 2D to
threedimensional 3D) analyses. Xay micro-computed tomography (oro-CT),*

serial sectioning withfocused ion beam F(B) duatbeam microscop¥'?* and

transmission electron tomograpfyare weltdevelopedtomographic characterization
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techniques with spatial resolution frotihe microscale to nanoscaldmong them, of

great interest i®lectron tomographysing scanning transmission electron microscopy

(STEM) in highrangle annular darkeld (HAADF) imagingmode, since it provides not

only superior nanoscaled resolution, but also compositional cofftfddtowever, due

to the thickness and shadowing effects of conventional TEM lamellae at high tilt*&ngles

and the limited tir ange of TEM hol der s, an artifact
observe®, which leads to elongation in the direction of the missing wedge so as to limit

the resolution in the final reconstructithOn-axis electron tomography is a promising

method to solve the missing wedge problem and acquirefidgiglity reconstructions of

osseointegration for a more quantitative anal§si8.

Even thoughpased on electron tomography, the original definition of osseointegration
has developednto naneosseointegratigf® the mechanism of osseointegration is still
under debate. One of the key issues is the distributioralofum and carbonbased
materials, or mineralized and organic componaittheboneimplantinterface and their
origins. Thusjt is also vitalto understand the nanoscaled chemical structures at human
bone implant interfaces in 3DEectron tomography should step further tour
dimension 4D) by adding spectroscopic data as the fourth dimerfSi@ased ornthe
needleshaped sample geometry,-aris electron tomography provides possibilities to
correlate electron tomographto spectral information (e.gelectron energy loss

spectroscopyHELS)) since specimen thickness remains constant at high tilt angles

Besides spectroscopic electron tomograptgm probe tomographyAPT) is another
4D tomography techniquthat could beapplied to probe the elemental distribution at
boneimplant interface. APT is based on fieldvaporatiorand the implementation ain
ultraviolet laser has expanded its application into biological sangulek as chiton teeth

or human boné>*** Physicemechanical interdigitation and bahemical bonding have
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been reported athe potential contet mode at bonémplant interfaces> Due to its
atomic spatial resolution, APT is efficientdeterminewvhether there is atomic continuity

at the bonemplant interface, whichsuppors that the interface bonding mode is not
merely limitedto mechanical interdigitain. In addition,owing to its superior chemical
sensitivity (down to 1 ppmacross the entire periodic tafeAPT is able to identify the
trace elements (e.g. Na) and their distribution in bone, which could help further

understand the bonding mechanism of bone and implant.

The two advaniges of APT mentioned above amanice complement to spectroscopic
tomography. Meanwhilgt is alsonecessary to correlate APT reconstructions with other
techniques, such as STEM images or electron tomogtaptonsidering theroblems
related to uneven evaporation during APT data acquisition due to the inhomogeneous
nature of biological specimefisIn this way, the correlatedAPT and spectroscopic
tomography could support and complement each other to strengthen the concept of 4D
tomograply. However, 4D tomography only providethe information on the spatial
distribution of elemerst but not their chemical statéfo overcome these issues,
spectrometric studies of near edgeray absorption fine structureNEXAFS) on
scanning transmission -y microscope STXM) and electron energyoss neaedge
structure ELNES) usingSTEM areable tocorrelate to the 4D tomographyinvestigaé
chemical states of individual elements by identifying the information such as valence and

local coordination, basi on the fine structural features at the absorption €dge.

The main mineral constituent of bonehigdroxyapatitewhose biomineralization process

is the basis of bone remodelirgs well as osseointegration. Sirttgdroxyapatite is a
phase of calcium phosphate C@P, understanding the mechanism of CaP
biomineralization is critical for research on both pathological bone diseases and

osseointegration mechanisf! Although the studies based otryogenic TEM
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(cryoTEM) have proposed that CaRualeates and growsia particle attachment
mechanisrg, direct experimental suppolly reattime observation is still needed to
demonstrate this hyhesis’®* Liquid phase I(P)-TEM, with the ability to record
biomineralization process in situ with nanoscaled spatial resolution and sufficient
temporal resolution, is a promising technique to image dynamic nucleation and growth
process of CaP and unveil its mechanism of biomineralization. Furthermora;sibe

TEM research on CaP biomineralizatiooutd lay a foundation for applying LPEM
techniquedo explore the unsolved issues of bone biomineralizatoch as the effects

of extracellular matrix on mineralizati¢for the function of on-collagenous proteins

during the mineralization proce$s.

1.2Research Objective and Hypothesis

The overall aim of this thesis is to enhance the knowledge anderstanding of
osseointegration mechanisms pplying suitable multidimensional microscopy
techniques, with the eventual aim that these techniques and conclusions could then be
used downstream to improve the surface modification of next generationntmpla
materials. The detailed objectives atenmarizeds following:

(1) To understand namosseointegration at interfaces by using-asis electron
tomographyto circumvent missing wedge artifacts.

(2) To develop correlative nan@nd subnanoscaled 4D tomographjesith chemical
information as the fourth dimension, in order to probe the chertieabcteristics of
the biointephasedetween human bone and commercial titanium dental implant

(a) To visualize nanoscaledhemical strucures at interface by apphg EELS
tomography.

(b) To experimentallydemonstrate thatomic continuity of osseointegraticat
interface byusingAPT.

(c) To optimize APTexperimentparameters for characterizing natural biominerals
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and biointerface samples.

(d) To establisithe correlativedD tomography workflowbased on the same needle
sample which is transferable to other applications in materials science or
biological systems

(3) Tostudy CaP biomineralization mechanisma in-situ liquid TEM.

(8 To image dynamic nuehtion and growth process @faP by using in-situ
LP-TEM.

(b) To lay a foundation for applying EPEM techniqueto explore CaP

biomineralization in more complex orgahigorganic physiological solutions

The first two sections of this thesis are founded the hypothesis that
hierarchicallystructured bone bonds to the engineered implant surface on multiple length
scales, from the macroscale down to atomic scale, containing a transition layer with
different morphologies and chemical structures from matwae directly at the
boneimplant interface. During this osseointegration process, CaP biomineralization may
occur at the implant surface. Therefore, the second part of this thesis focuses on the study
of CaP initial nucleation and growth as a first stepgaty down a foundation for future
research on CaP biomineralization at implant surfaces. In this sectioAjmeal
observations of this dynamic process were conducted with the hypothesis is that CaP

crystalizes by particle attachment.

1.3ThesisOutline

Chapter 1: Introduction This chapterprovides a general introductiorto this
research which statesstudy motivations clarifies detailed research objectives and
summarizeshethesis outline

Chapter 2: Literature ReviewThis chapter reviews relevant lisure and

fundamentaprinciplesrelated to thighesis It includes fundamental principlesf bone
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structure and osseointegratjoand an introduction tostateof-the-art characterization
techniquesas applied to osseointegration and biomineralizatisearch, including 3D
and4D tomographies (EELS tomography, AR@hdin-situ liquid TEM.

Chapter 3: 3D Char ac {osseointegaation dyn GAxsf Hu ma
El ectron Tomogr aphy wi. tThisoahdpter tptesents Mhesfisstt ng  V
application 6 on-axis ET for investigation of human bone and lasedified titanium
implant interfaces without the missing wedge. This work demonstrates a near
artifactfree 3D visualization of the naftopographies of the implant surface oxide layer
and bone growthinto these featuresThis approach serves as direct evidence of
nancosseointegration and as a potential platform to evaluate differently structured
implant surfacesThis work has been published in the JournalAGS Biomaterials
Science & Engineeringf

Chapter 4. Bibmineralization at Titanium Reveald by Correlative 4D
Tomographic and Spectroscopic MethbdBased on the needhapedsamplegeometry
this chapter reporthe first correlative 4D chemical tomography study of a Hor@ant
interface, including ofaxis electron tomography, EELS tomography, and APT performed
on the same sample. The combination of these methods revedaladmt and atomic
scaleinformation needed to understand biomineralization at the tmpdant interface.
The workflow of these correlative 4D tomographic methpdssented herare also
applicable to other biological systems or materials science apptisafihis manuscript
has been submitted for publication.

Chapter 5: Bidmineralization of Calcium Phosphate Revealed ihy situ
Liquid-phaseElectron Microscopy This chaptepresens the first realtime imaging of
CaP nucleation and growth withn situ LP-TEM, which is a direct evidence to
demonstrate that CaP mineraBzgy a particle attachment mechanisithis work lays
the foundation for furthereaktime investigation of CaP biomineralization in more

complex organitinorganic physiological solutionsThis work has been written in
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manuscript for publication.
Chapter 6: Concluding RemarksThis chapter summarizes key findings, defines

major contributions and explores future work for this research.
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Chapter 2 Literature Review

2.1Bone

Bone is a mineralized tissue that serves as the mechanical support and protection for vital
organs, and also as the reservoir of calcium (Ca) and phiaa(P) ions for vertebrates.

Its structure, composition, and formation have been important reseaich topthe

fields of physiology and medicifé. In addition, as a hierarchical sel§sembled
composite material with disict mechanical properties, bone also attracts lots of attention

in materials researchi. The stuies presented in this thesis focus on the materials

perspective.

2.1.1Bone Composition

Bone consists of 60% (weight percent) of mineral phase, 30% (weight percent) of
organic components and 10% (weight percent) WAt€he mineral phase of mature
bone is primarily carbonated hydrapatite Caio(POs,CO5)s(OH),) with the carbonate

ions substituting either phosphates or hydroxyl ions in a hexagonal crystal structure.
These mineral crystals have an elongated plate shape with dimensio8snoh 2hick,

25-50 nm wide and 5000 nm long’® Recent multinuclear magnetic resonance (NMR)
studies proposed that this plditee morphology of apatite nanocrystals in bone was
stabilized by strongly bound citrate on the surface of cryssffitérhe organic
components of bone contain mainly Type | collagen fibrils andaotlagenous proteins
(NCPs). The triplehelical collagen molecusethat comprise collagen fibrilseaalso o

the nanoscale with dimensions of 1.5 nm in diameter and 300 nm in f&@pagen
molecules assemble into arrays to form collagen fibrils with 40 ayprzgnes and 27 nm
overlap zones, which are observed as characteristic collagen banding of 67 nm in
transmission electron microscopeEM) images’® The collagenfibrils and theNCPs

form what is referred to as the extracellular mattialso, the NCPs are functional

proteins that mediate bone mineralization processes by signaling apatitation>* In
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addition to the main elements that comprise the mineral and organic components of bone
(,e. C, H, O, N, P, ), trace elements of Na, M&r and Znare also detected in
bone®**® Mg is reportedto incorporate into the hydroxyapatite crystal structure, which
functions as a growth factor to promote bone formation in early stages of osteogknesis.
Even though the function of Na in bone is still uacjats coelocalization with organic

parts of bone has been observed by atom probe tomography study (ABEVimus
studies® Zn is present in bone calcified matrix playing an essential role in bone
metabolisnt® Chemically similar to Ca, Sr is suggested to influence bone turnover

processs”?

2.1.2Bone Structure

2.1.2.1Hierarchical Structure

Bone has a distinchierarchical structure organized from the millimeter to nanometer
scale Generally, seven levels are classified in bone architecture from the bogtom
(Figure 21)>° The basic building units of bone structure are apatite crystals and
tropocollagen molecules, which are both on the nanoscale. The collagen fibrils generate
from the staggered arrays of tropocollagen molecules and then become mineralized as
bone mature3: These mineralized fibrils align along their long axis to form bundles and
arrays which are collagen fibres. Organized in various patterns sudrakelp tilted

woven or circularly rotatedrrangementshese collagen fibres then generate the higher
hierarchy of lamellae structure on the misaale. The concentric lamellae form the
characteristic cylindrical motif called osteons with vascular ohnin the middle and
osteocytes in lacunamanalicular networksAt the macrostructure level, the whole bone

is made up of compact bone which is the dense outer shell and the interior-lgp®nge

trabecular bone.
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Figure 2-1. (a) Hierarchical leels ofbone structure fromane to macrascale.(b) the schematic of
collagen banding, (c) the structure of osteons, (d) compact bone and trabecular bone siictures.
was reproduced from refereriavith permission of the American Instituté Physics. This image
was adapted from the original sourceferenc®. And (c,d) was reproducedftom referenc® with
permissions.

2.1.2.2Ultrastructure Model

The ultrastructure of bone is related to the nanoscaled spatial organization of mineral
crystals ad collagen fibrils. The conventiah ultrastructural model insston the
presence fantrafibrillar mineralizationthat is apatite crystals mineralized within the gap
zones of collagen fibrils with their alignment parallel to the long axes of filbriggife
2-2(a))>’ However,the mineral phasés known to takeup around 50% by volume of
bone which is much larger than the space available in the gap zones of collageriibrils.
Recent studies therefore also suggest the existence of interfibrillar minerals between
adjacent collagen fibrils and extrafibrillar minerals external to collagen fi3rBssed

on TEM and electron tomography observations by Schwetet, a new model obone
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ultrastructure was propos&%®* As shown inFigure 22 (b), in this new model stacks of
mineral lamellae with the approximate dimensions of 60 waae, 5 nm thick and
hundreds of nm long are packed around the collagen fibrils in the diameter of 50 £20 nm.
The fibrils are wrapped by multiple mineral lamellae and with the distance between

adjacent mineral lamellae less than 1 An.
A

(a) “J{ lu

| ‘L'

= | \
Collagen i L
triple helix

Mineral in
gap zone

Gap zone

Figure 2-2. (a) Schematic diagram of intrafibrillar ultrastructure (A), interfiaril
ultrastructure formed by minerals extending into adjacent overlap zon&s(i)schematics

of the extrafibrillar ultrastructure, orange sheets represent mineral lamellae and gray
cylinders represent collagen fibriléa) was reproduced from referencésand (b) from
referencé® with permissions.

2.1.3BoneRemodeling

Bone is not only a composite material with hierarahgtructure, but also a living tissue
with cells responsible for its metabolism and maintenance. Living bone is remodeling
throughout life to heal microfractures, adapt to mechanical changes, and maintain
homeostasis of calcium and phosphorous. Bone relimgdis a complex process of new
bone replacing older bone as the result of coordinated activity of bone*€¢Higure

2-3)
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2.1.3.10steoblasts andBone Formation

Osteoblasts, originating from mesenchymal stem cells, are clusters of cuboidal cells with
the function of bone maiisynthesis. Generally, two steps are included in new bone
formation by osteoblasts: (1) secreting osteoid, which is the extracellular organic matrix
made up of Type | collagen, naollagenous proteins and proteoglycans, and (2) the
subsequeninineralizaion of osteoid.Nearing the end of bone formation, some mature
osteoblasts are trapped in the bone matrix and differentiate into osteocytes which reside
inside a space referred to as the lacunae where they act as mechanosensors, others

become flat lining ells.*

2.1.3.20steoclasts andBone Resorption

Osteoclasts, with the characteristic featof a ruffled border, are giant multinucleated
cells responsible for bone resorption. After attachment to the bone matrix, osteoclasts
form a sealed compartment between the cell and the bone surface for surrounding
acidification. The bone matrix and mnaé crystals encapsulated within this sealing zone
are resorbed by osteoclasts by acidification and proteolysis. This resorption surface of
old bone has a highlgomplexmorphological structure in 3D at the soiicron length

scale so as to help with theéndigitation and interlock between old and new bne.

2.1.3.3Mechanism ofBone Remodeling

Considering morphological differences,n@remodeling is classified as the Haversian
remodeling inside cortical bone and the endosteal remodeling on the trabecular bone
surface. But, both types of remodeling follow the same coordinated cellular events with
the sequence of activation, resorptiangd formation. In the initiation stage, as the result

of a certain signal, a group of stem cells are recruited to a definite area of the bone
surface and then differentiate into osteoclasts for bone resorption. After old bone matrix

is resorbed, osteoclss are detached from the resorption surface and a layer of

12
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mononuclear cells cover it to generate a cement line there. The cement line, an electron
denser layer by electron microscopy study, acts as the interface between old and new
bone. This is the sodled reversal (or transition) phase. Then, -psteoblasts are
activated and differentiate into mature osteoblasts for new bone formation. An initial
extracellular matrix (osteoid) is formed and then mineralized into new Bbeénitially
deposited bonés unorganizd and referred to as woven b8hewhich continues to
remodel over time into organiddamellar bon®&. The evidence of bone remodeling can

be found in bone morphological observatidie newly formed osteons cut through the

old ones in compact bor&> During each remodeling cycle, bone resorption takes
around 2 to 4 weeks while bone formation needs almost 4 to 6 months to acc8Mmplish.
An understanding of bone formation and remodeling is essential to then apply this

concept to bone growth at a synthetnplant interface.

ACTIVATION ———» RESORPTION ———» REVERSAL ———» FORMATION ———» QUIESCENCE

|
1 I 1
I | I
I | 1
i ‘ | |
i Pre-osteoblasts | | i :
E ‘ 1‘ Osteoblasts 3 Quicscanes
Lining cells f ! s !
i i Pre-osteoblasts | |
| ) | 1
) 1 1 )
i : f ‘; New bone
1 1 | I
Osteocytes | | | i
1 I 1 I
‘ i | i i
; Osteoiclasts f l Osteocytes i
! ; : ! Old bone
| I I

Figure 2-3. Schematics of coordinated cellular events with the sequence of activation,
resorption, reversal, formation and quiescence during bone remodliiagigure adapted
from referenc

2.2BoneImplant I nterface

2.2.1Bonelmplants

Every year millions of dental, hip and knee replacement implants and even customized
3D printed bone implants are placed in human bddyCanada, the number of hip

(51,272 caes) and knee (61,421 case=)lacemensurgeries has increased around 20%
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in 20142015 comparedo five yearsprior.?® The majority of commercially availadbl

bone implants are made of alloys such as cobalt chromiurC(Lalloys, stainless steel,
commercially pure titanium (epi) and titanium alloys (specifically, 3Al4V).? Among

them, cpTi has been used extensively in dental and orthopaedic reqocinst surgeries

as the result of the excellent corrosion resistance and biocompatibility of the oxide layer
on its surface®® All the samples in this thesise cpTi dental implants with an oxide

layer producedia modification by laser ablatioff"*

cp-Ti is classified into 4grades depending on the weight percentage of minute
contaminants.Cp-Ti consists of U-phase (hexagonal clospacked structure). When
heating up to 883\ ard above, cgli will transform from Uphase intob-phase
(body-centered cubistructure) and it canebstabilized by adding alloy elements such as
Al and V (Ti6Al4V). The mechanical properties of thasetallicimplant materials are
based on the thermomechanical treatments inclualmgalingand aging which changes
their microstructure®’ A thin and amorphousxide film forms spontaneously on the
surface oftitanium metal” This surface oxide layer is biocompatible and bioinert. Its
physicochemical characteristics and topographies are critical for biomineralization and
osseoingégration’® Rutile is the naturally stable crystalline phase of ;TiDue to the
lower isoelectric point (5.9) compared with body fluids pH (7.4), the rutileaserfend

to deprotonate and consequently attract?*Céons, which is beneficial to
biomineralization precedenéé. Compmared with the conventional implant surface
modification methods such as a@tthing, gritblasting and anodic oxidation, laser
surface modification has multiple merits including precisiomachining low
contamination and ability to form hierarchical topaghy’* It has been reported that the
laserinduced micre and nanescaled oxide features on the surface ofTcpmplant
decreased the attachment of inflammpteells " and contributed to borienplant

interlocking”

14



Ph.D. Thesi§ Xiaoyue Wang McMaster Universityi Materials Science and Engineering

2.2.2 Osseointegration

Despite the vast developments towards improved bone implant devices, there are still
appreciable implant failures demanding revision surgeries. Most of these failures are
caused by the lack of a lofiasting bondindetween the bone and implant devit@is
bonding was initially defined as osseointegrationBsfnemark et al.in the 1950

and has motivated decades of research since tNéith the development of
characterizationtechniqus, osseointegration at nanometer length schi@s been
observed by usingEM and electron tomographyherefore the original definition of
osseointegration has developed from histological perspectige into
nancosseointegratiaf® This term is used to describeot only the morphological
phenomenomf bone groving into the nanoscale topography of implant surfaces so as to

interdigitate and mechanically interlock with implants but also the chemical

characteristics ahe bianterface athenanoscale.

Osseointegration is believed to be the result of both distant osteogenesis, where bone first
approximates the implant surface, and contact osteogenesis, whdyone first forms

on the implant surfac¥. Both types of osteogenic processes follow the same cellular
processes as bone remodeling. However, what constitutes the direct contaché&yer, t
socal | ed 6t risstil debaredMamy tomfliceng heories of osseointegration

mechanisrahave been proposed.

Davies et al. proposed the theory of osseointegration where a-cotlagenous
hypermineralized layer similar t@a cement line is generated #te boneimplant
interface®®’® This submicron layer is the conserved extracellular matrix interdigitating
new bone with old bone or implant surfacgdn this theory, ahighly complex

microscale topographis necessary foeitherimplants or old bone surfaces to initiate

bone bondindg® In contast,a fipr otreiogH ¢ clamyer was propose
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bone with implant surfaces by other researci&Psoteoglycans exist in the extracellular
matrix with the physiological function otoordinating celilar activities and stabilizing
growth factors in the bone mineralization proce&$.At the ultrastructural level,
Albrektssonet al observedathreezonestructure at the interface between bone and pure
titanium layer coate@n polycarbonateods® The zone intimately contacted withe
metal surface consisted of a 22D nm proteoglycasich ground substance, which was
followed by the second zone with randomly distributed collagen fibrils and organized
collagen fibers in the third zofé.Steflik et al. confirmed and further developed this
boneproteoglycan implant interface mod@They observed the existence of aSnm
electrondense layer athe interfaces of bothitanium and ceramic (alumina oxide)
implants by TEM? This layer directly bonding bone and implant surface was
determined to beglycosaminoglycan in naturédowever, Mckee et al. showed the
existenceof osteopontircontaining cemet lines at titanium and hydroxyapatite implant
interfaces in rat model experiments. They have theorized that osteopontin in cement lines

acts as an interfacial adhesion promoter in both tbome and bonenplant bonding?®

Based on these above observationse tmechanism of ossintegration is still
inconclusive.One of the key remaining issues is the distribution of cakbased (i.e.
inorganic) and carbebhased (i.e. organic) components, at the bBor@ant interface and

their origins.In Chapter 4the chemical structure ¢fuman bonemplant interface was
investigated at both nan@nd subnanoscalan 3D. We observed morphological and
chemical changes at the interfaces from mature bone to the oxide layer on the surface of
commercial titanium dental implant. Ainterveningtransition zone was defined with
disorganized apatitech substrate. Both Ca and ke proven distributing intimately at
implant surface. The phase of @as identified asamorphous calcium phosphate by
spectroscopygharacterizatios) while the phase of & not fully understood anckquires

further research.
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Many factors have been demonstrated to affect osseointegration, such as implant
chemical compositions, functionalization with biochemical molecules, and topography of
implant surfaces.The hierarchical implant surface topography with namticro, and
maaoscaled roughness was reported bothnirvitro and in vivo studies to improve
osseointegrationia distinct biological mechaniss related to each length sc&l®©n the
nanoscale, it was demonstrated that the cement line matrix proteins can be deposited
inside the interstices of implant surésc and undercut téorm bonding”® On the
microscale, the cement line occupies the implaurface features for bone implant
interlocking. On the macroscale, the collagen fibres of new bone wrap around implant

surface features and are then mineralized to form a functional intétface.

After the initial bonemplant osteogenesis events described above, osteogenic cells lay
down the osteoid layer, mch later mineralizes to result in the initial woven bone
surrounding implant device$.With further bone remodeling, this unorganized initial
bone is overturned and replaced by mature bone with hierarchical strdé@rasdfield

et al. havevisualized the arrangement of collagen near the Jfropé&ant interface in
threedimensions (3D), and noted that the collagen is oriented parallel to the interface.
242521 ghahet al. confirmed a similar parallel alignment of collagen at bionplant
interface and natural intace (boneosteocyte interfacéyf. Further work to investigate

the 3D nature of the bonmplant interface will be explored in this thesis.

2.3Three-Dimensional BD) Characterization of Bone-Implant Interface

With the development of characterization techniques, we further understand the
mechanisms behind the topological and chemical factors influencing osseointetffation.

On one hand, these techniques are used to interpret spatial and chemical structures of
boneimplant interfaces to explain how living bone bonds to synthetic biomaterials. On

the other hand, these developed techniques aceusisful tools to characterize and
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evaluate whether certain implant surfaces contribute to faster and better osseointegration
in in vitro andin vivo experiments, so as to provide valuable suggestions for implant

designs and surface modifications.

From light microscopy (LM), scanning electron microscopy (SEM)TEM, multiple
length scale imaging techniques have aided researchers to investigatenplamé
interfaces from microscaled observations, such as cell behavior at the inf&rfaxe
nanoscaled descriptions of complex events, such as mineralfZatiddowever, these
predominantly twedimensional (2D) imaging techniques constrained to 2D projections
do not properly present theheomogeneous nature of bone and complex topography of
the bonemplant interface. Thus, tomography for 3D structure analysis has been
identified as strategic prioritfrigure 24 shows different tomographic characterization
techniques and their associatessalution and analysis volum¥&sThis thesis will
highlight four distinct tomography approaches: micamputed Xray, focused ion beam,

electron and atom probe tomography.

.

A

X-ray tomography/microscopy
Mechanical serial sectioning

F

Bftomography

Volume of Material Analyzed
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Figure 2-4. Tomographic characterization methods mapped with respeagtat@alresolution and
analysis volumeThe figure wasreproducedrom referenc¥ with permissions.
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2.3.1X-ray Micro-Computed Tomography

Micro-computedtomography(Micro-CT) is a nondestructive 3D technique with spatial
resolution from millimeter to micrometét. It is not only widely used in clinical
applications, but also in materials research such as to image alloys &tenad®n or
mechanical testing’ In micro-CT systems, samples are rotated 360° anda)s are

used to acquire 2D projections for later 3D reconstruction based on the physical principle

of the attenuation of Xays through dierent materials.

In osseointegration research, mi€d reveals the trabecular structure and microscale
nature of bone ingrowth surrounding implanted devices. Thatva. used micreCT
visualization to compari vivoimplant samples from 7 days a@8 days inserted irat

tibia, to highlight the organization and maturation of bone over time. In 28 day samples,
the trabecular bone structure had grown toward the implant. But, the 7 day samples only
showed woven bone formation and bone fragments famgery around the implatttin
addition, complex topography of modified implant surfaces is also revealed by this
technique’! Micro-CT has several advantages; it is nondestructive and also offers a large
view of a sample, but it is limiteoh spatial resolution, meaning this technique cannot
visualize bone ultrastructure in 3D. If synchrotron radiation is used as a light source,
micro-CT can achieve finer resolution down to 100 nm due to theihtghsity parallel
beam'! Arvidssonet al. used synchrotron radiatidmased computed microtomography
SRe CT) to measure bone i mexlvigonetrievedamnmplardsct an d
Compared with 2Dquantitative hisomorphometry using light microscopg§Re CT i s
nondestructive and also provides information of the entire 3D sdfhplaother
technique used to image bone ultrasctructure in 3D is, synchrotron based scanning
transmission soft Xay microscope (STXM), which not only su@gs higher spatial
resolution but also spectroscopic information of rexbge Xray absorption fine

structure spectroscoffy/Buckleyet al. used STXM to map the distribution of inorganic
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(Ca) and organic (C) phase in rat b8hwVith the ability to visualize the 3D structure of
large volume of samplesndestructivelymicro-CT has been demonstrated as one of the

most efficient 3D characterization technigé@sboneimplant interface research.

2.3.2Focusedl on BeamTomography

Focused ion beant(B) tomography, also known as FHgrial sectioning, is a technique

in which an ion beam sequentially removes thin layers of material in a few nanometer
t hi ckness fsrcross seetionsvenie @ls@ning electron beam images each
layer. After images are acquired, these images are aligned, reconstructed, and visualized
in a 3D volume. Secondary electron (SE) and backscattered electron (BSE) images can
be acquired simultanesly to improve phase segmentation and analisigIB
tomography can encompass s a eognbired witb Voxemes a's
resolution in tens of nanometers, which covers a lesgihe gap among meth
tomography techniquéd This 3D tetinique was initially used in studies of fuel cells and
battery electrode materials, and materials of high por8sibyt it is now also widely

used inbiomaterials and bone researéiBased on the FIB tomography of demineralized

rat bone, Reznikoet al. discoveed that lamellar bonis composed of two unique type
structuresOne predominant structure is the wiatlown ordered arrays of collagen fibrils

and the other is gorly oriented individual typeN collagen fibrils with abundant
noncollagenous organic matats?*® Also, canaliculi and their cell processes are
notably confined within this disordered struct&é®® Schneideret al. was the first to
accomplished a quantitative 3D assessment of lacanalicular network of mouse bone
achieving a resolution of 30 nm by using FIB tomographlater, Giannuzziet al.

applied this technique into bomaplant interface research on a patient retrieved
commercial implant TiUnité® Bone was observed growing into the microscale porous
structure of the implant coating. This work has demonstrated the usefulness of FIB

tomography to characterize bemeplant interfaces, but the resolution is limited as
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images were fothe interface on the microscale; leading to the loss of interesting
information such as collagen fibril orientation and mineral crystal distribution near the
human bonémplant interfaces?® Energy dispersivéX-ray spectroscopyEDS) can also

be correlated with FIB tomography to help phase segmentatiochemical structures
visualization in 3D"**° After appropriate sample preparation such as demineralization
and stainingFIB tomography is a promisg 3D characterization technique to visualize

nanoscale structure of boimaplant interface with mintermediate sampielume.

2.3.3Electron Tomography

2.3.3.1Principles

Electron tomography collects 2D projections obtained by TEM over a small angular
increment tilt series to reconstruct 3D objects. The projedlice theorem is a principle

of tomography, which confirms the equivalence of the Fourier transform of 2D
projections of a 3D object with thfe@mcentr a
(Figure 25). Thus, the 3D object in its entirety can be retrieved by the inverse Fourier

transform of the 2D projections of this objéett.

Electron tomography provides superior spatial resolution (voxel) in the nanoscale, which
is not only related to the spatial resolution (pixel) in the 2D projections acquired in TEM,
but is also Imited by the number of projections and tilt range according to the Crowther
criterior™®. The resolutin of the dimension X parallel to the tilt axis only depends on the
microscope or sample, whereas the resolution of the dimension Y perpendicular to the tilt

axis follows the equation below:

D
d},=ﬂ:'§ (1)

Where D is the diameter of the object andsthe number of acquired projections. In the

third dimension, the Z direction, the resolution is reduced by the limited tilt angle range:
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Figure 2-5. Schematic of the praiple of electron tomography reconstruction. FT is short for Fourier
transform and IFT is short for inverse Fourier transform. In single tilting axis, a series of 2D
projections of the 3D object at different tilt angles are recorded. Accordprgjexctin-slice theorem,

the 3D FT of the object can be acquired by combining the FT of the series of 2D projections. Then the
3D object is reconstructed by an IHhe figure waseproducedrom referenc® with permissions.

2.3.3.2Imaging Modes

Both TEM and scanning TEM (STEM) have been employed as the imaging modes of
electron tomography acqitisn in material and biology studi€s®® Figure 26 shows

the different electron beam paths of TEM and STEM. Samples are probed by a parallel
electron beam in TEM; whereas,STEM, a focuse beam is used for raster scans across
samples. STEM enableynamic focus at high tilt angles, which optimizes image focus

at each raster and compensates for the focus change of tilted sahgiesngle annular

darkfield (HAADF) imaging mode in STEMs used for all electron tomography work
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presented in this thesis, as, the implant portion of samples are titanium, which has
diffraction contrast in TEM.STEM HAADF can eliminate diffraction contrast and
Fresnel fringes, which do not satisfy the projectmiterion and can cause serious
artifacts in reconstruction. Furthermore, the HAADF detectollects elastically
scattered electrons so that its signal interegigroximately proportional to the square of

atomic number, which provides compositional casit®?

TEM , STEM

1

i

i
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T Condensor lens
Condensor lens i

—— ]

Condensor aperture

Objective lens

Sample

Sample
Objective lens

Objective aperture

Projector system

Camera Annular dark-field detector

Figure 2-6. Schematic diagrams of the electron beam path in TEM and STEM imaging modes. The
main difference between the operation modethas a broad and parallel electron beam is used to
illuminate the interested region of samples in TEM while a fine and highly focused electron beam is
used to scan over the samples in STEMe figure wasreproducedfrom referenc® with
permissions.

2.3.3.3Workflow

Usually, the workflow of electron tomography contains three steps: #ecmuis
reconstrugbn, and visualization (Figure-?. When acquiring 2D projections, the
sample is typically tilted up to £70°with the step of 1&r 2°under electron beam. Many
commercial software packages have been developed for automating the iaoquisit
process of focusing, imaging, tilting, and tracking. After data collection, the stacks of

images are aligned by either a cross correlation method or alignment of fiducial markers
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(usually gold nanoparticles). Then, the images are reconstructed iDiowvalBne using
mathematical algorithms. The weighted Dbaeckjection (WBP) algorithm and
simultaneous iterative reconstruction technique (SIRT) are the most commonly used
reconstruction algorithm§.9 All of the reconstructions in this thesis work used SIRT,
which is the reprojection of the reconstructed 3D model is compared to the initial
projections to find the projection difference, and then reiterated until the difference is
reduced.This has advantages over WBP, suchreducing noise and containing all
frequencyinformation. Based on inverse Radon transform, WBP corrects the local
overundersampling frequency information by applying weighting filtéds.works fast

on large set of data but has edgéancement effectdastly, the reconstructed 3D
objects are visualized by several approaches: volume rendering, isosurfaces or

orthoslices throgh the use of visualization softwares, such as Avizo.

(a) D (b n (c)

ZI\S

Figure 2-7. The three steps of electron tomography: acquisition r@yonstruction (b)and
visualization (c)(a,b)werereproducedrom referenc& with permissions.

2.3.3.4Missing Wedge

For conventional lamellar TEM samples, there is a limitation of high tilt angle as the
result of the microscopy geometry, and sample thickness and shadowing effects. Thus, a
Ami ssi ng wedg e ads io srtifacts and élanghatioa in the direction of the
missing wedge in the final reconstruction, as explained mathematically in Egnhafd

shown graphically in Figure-2 (a). One of the most reported solutions to this problem is
dualaxis electrondmography, in which a second 4&kis perpendicular to the original

one is employed” * Although the secalled missig pyramid (Figure 28 (b)) left by this
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method is considerably reduced compared to the original missing wedge inasiiggle
electron tomography, it is not the most optimum or practical solution considering that it
fails to eliminate the missing wedge cdetely and needs additional experimental
protocols including increased acquisition time.-&ds electron tomography (Figure&@

(©)), in which a needle shaped specimen is rotated and imaged through 1805 is a
promising method to solve the missing wedgebpgm. In Chapter 2, eaxis electron
tomography was used to visualize a human botgant interface without missing

wedge artifacts.

2 (b
- ult axis 8 \_/.
tilt axis A \‘

Figure 2-8. Schematics of missing wedge (a), missing pyramid (b) arakisntomography (c). (a,b)
were reproduceftom referenc® with permissions.

(c)
+90°

2.4Four-Dimensional (4D)Characterization of Bone-lmplant I nterface

The topography and chemical composition of the bone implant surface are both key
factors which influence implant osseointegration. Electron tomography enables
visualization of the nanoscalgructures of the borenplant interface in3D, but is
unable to provide chemical information at the interface. The nanoscale elemental
distribution at this interface can indicate the type of bonding between bone and implant,
or the presence of an organic or inorganic intermediate layer. @ledspn tomography

can be extended to 4D with the addition of chemical information as the fourth

dimensior?®

25



Ph.D. Thesi§ Xiaoyue Wang McMaster Universityi Materials Science and Engineering

2.4.1 SpectroscopicElectron Tomography

Spectroscopic electron tomography has been reported as a 4D characterization technique
to visualize nanoscale chemical structures in 3D in both material and biology Sfudies.
Energy filtered TEM (EFTEM) imagesSTEM-EELS spectrum images anehergy
dispersiveX-ray spectroscopy(EDS) elemental maps can be combined with electron
tomography to generate spectroscopic tomography. This is feasible because these
elementsensitive imageand gectroscopic signals both comply with projection theorem

and thus can be utilized in tomography reconstruction.

EFTEM tomography was the first exploited 3D chemical imaging method antdem
widely employed in biology and biomaterials research due to the enhanced elemental
contrast, light element detection sensitivity and comparatively lower electron beam dose
exposure compared to other spectroscopic tomography techifdE€SEM is based on
EELS with imaging filter to ol collect the inelastic scattered electron within a selected
energy window?® The method of threwindow elemental mapping is often used to
extract the elemental maps interest for reconstructiofi. The intrinsic drawbacks of
EFTEM tomography, such asfset in alignment of different elements, single element
information collected at each acquisition and limited resolutsmmetimes limit its

applications-®

Due to the development of higitquisitionrate detectors and higirightness
electronsources, EELS and EDS tomographies have become experimentally practical
with reasonable electron beam dose exposure over an acceptable andinsitid One

of the key limitations of ED$omography is the traditional single detector which results

in X-rays being detected within a narrow range of specimen tilt angles. Advances in new
designs of detector geometry such as the SKpaetector with four separate detectors

placed around the @ipal axis in symmetry enables a wider range of tilt angles and a
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shorter acquisition tim&* This technique has been applied to visualize nanoscale

structures of transistdf§ and nanoparticle® %

In addition to the challenges provided by detector geometry and detection rate, the
increased thickness of specimens at high tilt angles has a negative impact on the quality
of spectroscopic signals for tomography estouction, especially EELS, which is
particular sensitive to specimen thickn&ghe use of needlike sample geometry can

help to solve this problem by maintaining the same projection thickness at all tilt
angles'® Through use of this sample geometry, EELS tomography has been applied to
probe the nanoscale chemical stawe of semiconductor devic8$ and catalyst
nanoparticle¥® %" in 3D. In comparison to EFTEM, EELS tomography is based on
spectrum images in which each pixel contaanill EELS spectrum in a wider energy
range, and thus provides not only elemental distribution information in 3D but also
chemical and electronic structure informatt8h.At the data acquisition stage, the
spectrum images of the interested region of sample over a series of lds amg
collected together with dark field STEM images. Afterwards, this EELS data can be
processed by two methods. One is to extract chemical distribution maps of certain
relevant elements from each spectrum image and then reconstruct them into a 3D
elemantal volume following the same reconstruction approaches as traditional electron
tomography?®% In Chapter 4, this type of EELS tomography was applied to explore
the distribution of the mineral and organic components of bone at theirbplaat
interface in 3D. The secongpe is to use the full 4D dataset consisting of three spatial
dimensions and energy loss as the fourth dimension to reconstuEElLS spectrum
volume (Figure D) in which each voxel contains a complete EELS spectfam.
However, this approach demands intensive computation and is more useful for detecting

unknown elementms 3D instead of studying the interested element distribution.
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Figure 2-9. Schematic of the EELS spectrum volume. The 4D dataset shown here combines three
spatial dimensions (X, Y, Z) with the energy loss as the fourth dimension. The figure was regproduce
from referenc¥® with permissions.

Additionally, spectroscopic Xay data and EELS spectra images can be acquired
simultaneously in HAADF STEM imaging mode. Thus, the simultaneous EDS and
EELS tomography on the same specimen allows for correlative data while decreasing
electron beam dose exposure. This correlative teabrtigs been used to investigate the
distribution of trace elements Na and Yb in-il alloys'®® The complementary use of

the two analytical electron tomographies not only validates the presence of elements and
their distribution but also builds towards nanoscale compositional quantification analysis

in 3D.

2.4.2 Atom Probe Tomography

Atom probe tomography (APT), different from electio@ised imaging instruments, is
another promising 4D tomography techniqgue which combines the capabilities of 3D
imaging with subnanometer scale spatial resolution with equal chemical sensitivity fo
all elements at ppm mass resolutt8h**°Evolving from the field ion microscope (FIM),
APT is based on the tirsontrolled field evaporation of atoms at the specimen surface.
The APT samples are prepared in a ghagedle shape with a tip radius approximate to
50 nm so that the high electrostatic field in the range ¥f\1®, which is necessary for

field evaporation, can be produced at the sample tip surface by biasing the sample to a
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few kilovolts!! Figure 210 shows the schematic view of APT and briefly outlines the
data acquisition proces&™ In an APT experiment, a neeeibaped sample tip is
subjected to a direct curre(C) voltage field which is just below threshold of atom
evaporation. Additional energy, in the form of pulsed voltage for conductive materials or
laser pulses for neoconductive samples, is superimposed onto the DC electrostatic field
to enable pulsed did evaporation. The evaporated ions are accelerated by the electric
field and fly through the count&lectrode to hit the 2D positiesensitive detector. The
time from pulse to impact on the detector is recorded as time of flightAccording to
conservation laws, in this system the kinetic energy of an ion equals to its electric

potential energy. Thus,
1 -
-mv® =neV (4)

Where m is the mass of the ion, v is the velocity of the ion flight, n is the charge number
of the ion, e is the elementary charand V is the voltage of the electrostatic field.

Also,

Lelight
v =— 5
light ( )

where Lign: iS the distance of the ion flight. After rearranging these two equations, it is

shown that the mass to charge ratio of an ion is proportional to the time of flight.
2eV o
% = ﬁghttﬁigm (6)

Thus, APT enables the elemental identification of the pulsed evaporated ions by using the
time-of-flight mass spectrometry. Following data acquisition, the -tfriight and 2D
position of each ion recorded by the positsansitive @tector are reconstructed into a

3D point cloud where every point represents an elementally identified ion that has been
positioned in the sample volume. This reconstructed volume can be further analyzed in

the Integrated Visualization and Analysis Softe@VAS™) to extract and visualize the
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nanoscale structural and chemical features of samples in 3D.

T E——
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i L Time
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Figure 2-10. Schematic view of APT data acquisition. lons are evaporated from the top tip of
needleshaped samples by the pulsaitage or pulsedhser Then, the evaporated ions are
accelerated in the electric field and fly to hit the positensitive detector. The figure was
reproduced from referent@with permissions.

APT data acquisition demands a strictly sharp nesliégped sample geometry. Tinest
prevalent sample preparation method is electrochemical polishing which is mostly
feasible and reliable for conductive materidfsAdvances in sample preparation using
dual beam FIB SEM has expanded the range of APT applications toondaoctive
materials such as semiconductor or biological samplédgure 211 shows an example
FIB-based APT sample preparation protocol. A specific site of sample fautifis
selected and protected by a layer of Pt or W deposition. This reioterest (ROI) is

lifted out by a micromanipulator after Ingj trenched on both sides to form a triangular
wedge. This wedge is mounted on the Si microtip posts which are prefabricated on a
silicon wafer and annularly milled by the Ga ion beam accelerated with 30 kV voltage.
At the final sharpening and polishingept a lower acceleration voltage in the range of a

few kilovolts is used to minimize Ga implantation.
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e ~

d W} X f

Figure 2-11. FIB-based APT sample preparation protocol. After an interested region is selected, a
layer of tungsten is deposited for protection. Thenrobugh trenches are milled away for-tiftt. The
wedge is lifted out and mounted on the posts for annular milling to a final refefled APT sample.
Scal e bar s ar ee)dnd200 mm (f] raspectively. Thenfigufelwvas reproduced from our
work in referenc& with permissions.

Current stidies are increasingly correlating APT results with other characterization
techniques to refine APT reconstructions and provide complementary information.
Correlative APT has been defined as conducting multimodal microscopy and
spectroscopy analyses togetiwith APT on the same needle sampfeOne important
motivation for correlative APT analyses is to improve the accuracy of APT
reconstructions. SEM images, espig TEM or STEM images, can provide additional
information about the specimen such as tip tangent or orientations of nanoscale features
which can serve as reconstruction parameters or markers to assess or improve the
accuracy of reconstructioniSlt is also useful to correlate APT with TEM understand

the artifacts caused by trajectory aberration, as complex heterogeneous materials often
evaporate unevenly in an APT experiment. Another significant motivation for correlative
APT analyses is that APT can only provide elemental distribini@D but notchemical

state or electronic structure information, which can be complemented by EELS or other

31



Ph.D. Thesi§ Xiaoyue Wang McMaster Universityi Materials Science and Engineering

spectroscopy techniqué®. In Chapter 4, we correlatedPT with onaxis electron
tomography, EELS tomography and spectroscopy techniques to probe the nanoscale
chemical structure of the interface between human bone and a commercial titanium
dental implant.The sample preparation for AHHEM correlative studie follows the

same FIBbased APT sample preparation protocol, butdifts need to be mounted on
specimen holders which are compatible with a TEM. Electropolished W wire and
presharpened FIB haljrids have been reported as feasible specimen holdethigor
correlative techniqu&* In addition, mounting a heterogeneous specimen with the lower
evaporation field value at the tip, i.e. bonddpe titanium, has higher probability of
running smoothly in the APT. A specialized stub with two stems perpendicular to each
other was designed to accomplish mountingdift wedge with expected orientation in

FIB.1®

Advances in instrumentation to imement lasepulsing enabled the examination of
nonconductive materials including biological samples and biomaterials in *APT.
Gordon et al used APT to visualize 3D chemical maps of organic fibres with
surrounding nanarystalline magnetite in chiton, from which they noticed the
co-localizaion of sodium or magnesium within these fibfés\dditional research on
elephant tusk dentin and rat bone also identified the preference of iGrb@waing with
organic fibres® Karlssonet al applied APT to rat bonimplant interface research and
observed Ca atoms contacting the implant surface directly, which supports the pure
inorganic interfaceheory of osseointegratidh’ They also complemented APT results
with TEM imaging in the study of a clinicaétrieved Tibased dental implant with a
sandblasted acid etched surface to reveal the atomic structure of the human
boneimplant inteface'® Dental enamel has also been studied with APT as researchers
have shown Mgich amorphous calcium phosphate (ACP) indh&n boundaries of the

hydroxyapatite nanowires both in unpigmented rodent enamahd mature human
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dental enaméf’. Despite significant progress of APT applications in biomaterials
research, especially biominerals, there are still challenges. Firstly, these biominerals have
poor thermal conductivity which leads to thermal tails in the mass speciroese
thermal tails can mask peaks and can also influence quantitative analysis by contributing
to a high background signal. Metallic coating or embedding the biomaterial samples in
metallic matrix have been reported as efficiemtthods** Gordon et al. embedded
ferritin in a sandwiched AdPd metal matrix and presented the first 3D compositional
structure of individual ferritin moleculé$? In the study of human bone structure with
APT, we sputter coated a 50 rthick Ag film on the surface of sample needles so as to
improve the conductivt of samples and reduce the thermal tails in the mass spettrum.
Secondly, the heterogeneous nature of biomaterials results in uneven ion evaporation
which leads to artifacts and aberrations in the reconstrucfi@orrelating APT results

with other imaging techniques has been regarded valuable in biomaterials APT research
to conquer this challenge. In Chapter 4, the correlation @ix@ electron tomography

with APT is presented.

2.5 In-situ Liquid Cell Transmission Electron Microscopy (TEM) Applications in
Biomineralization Research

2.5.1Introduction of Liquid Cell TEM

Liquid cell TEM has expanded the applications of TEM from imaging and analyzing
solid samples to investigating reishe processes in the liquid stafd.Advances in
equipment and experimentdchniques have enabled its wide applications in material
science and biological researéhThe key part of the liquid cell TEM equipment is the
enclosed liquid cell which encapsulates a thin liquid layer within the vacuum of the
TEM.'® Figure 2-12 shows the schematic diagram of a liquid cell for TEf1The
commercialized modern microfabricated liquid cells are made of silicon chips containing
vacuumtight silicon nitride membranes that act as electransparent windows® Two

of such chig are sealed in the liquid cell holder with membrane windows aligned to
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confine the liquid in a thin layer for imaging. The liquid is traditionally placed between
chips by static or flowing approaches. In static cells, a limited volume of liquid is
droppedon the window of one chip and then the other chip is placed on the top of it,
sealing the liquid. This static experiment method was used to study the nucleation and
growth process of calcium phosphate presented in Chapter 5. In flow cells, two liquid
reagents are pumped separately at controlled speeds through fluid tubes into the liquid
cell, allowing for the solutions to mix close to the upstreamttod liquid cell. After
imaging, the mixed solution exits the liquid cell through a third fluid tube aswake

schematic drawing of a dutdlet liquid flow holder was shown in Figure13.*?’

Apart from encapsulating a thin layer liquid for imaging, the functions of liquid cell have
been extended to investigate more complex processes by adding electrochemical
electrodes and a controlled hedférThe apparatus that incorporates electrochemical
electrodes enables the observation of ongoing electrochemical reactions, which has aided
in the research of batteries and fuel cEffBased on the heater coils patterned on chip
membranes, the heating capability of liquid cells allow for the evaluation of the impact of
temperature on the structural evolution of nanoparfitlesand provig
temperaturecontrolled liquid environment for temperatesensitive biolgical studies>°
Another significant ongoing development in liquid cell TEM is the correlative
applicaton of analytical micoscopy including EDSEELS, and diffraction patterns to

reveal the chemical information and phase of saniptes.

Despite the remarkable progress in technique development, liquid cell TEM has two
intrinsic limitations: low image resolution and electron beam effé&tBhe thickness of

the liquid cell that contains the liquid layer and two window membranes is the main
reason imaging resation is reduced. In addition, the membrane bulging effect, caused

by the different pressure of the interior of the liquid cell from the microscope vacuum,
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usually increases the thickness of liquid cell, in some cases up to several microns at the
center ofthe windows* In order to mitigate this deflection, many strategies have been
made on window fabrications, e.g. fabricating long and narrow windows or using thicker
and stiffer membranes with small wells as imaging windows. The second key limitation
of liquid cell TEMis the radiation damage and artifacts caused by the electron beam. The
radiolysis products of liquid including water, e.g. OH radicals, hydrated electrons, have
complex effects on sample structures or processes under-&tiithey may also induce
nanoparticle growth from solvated speci&sThus, it is important to determine the
threshold of beam dose for each specific liquid cell experitiéand also validate the
results by comparing withexsitu experiments?* The lowdo® imaging method
originally well-developed forryogenic TEM (cryeTEM) has been applied in liquid cell

TEM experiments to limit the beam dose exposure of sarfiples.

Electron beam
Silicon nitride

membrane
Electrode \

\
\

ATANADN Liquid (static or flowing)
Silicon
Imaging
Spectroscopy
Nanocrystal growth and sintering i . Biomaterial structure
(: ), Bubble nucleation and growth warn Electrochemical deposition

Figure 2-12. Schematic drawing of a liquid cell for TEM. Tlsatic or flowing liquid is confined
between two electretransparent silicon nitride membranes for imaging and spectroscopic analysis.
This typical liquid cell for TEM has been applied in physical, biological and materials research. The
figure was reprodeed from referencé* with permissons.
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Figure 2-13. Schematic diagram of duadlet liquid flow holder. Two liquid reagents in syringes are
pumped separately into the liquid cell through fluid tubes. They mix to react within the liquid cell
region and exit the liquid cell through a thiitdid tube as waste. The figure was reproduced from
referenc&’ with permissions.

2.5.2Applications in Biomineralization Research

Biomineralization, the process by which minerals nucleate and grow under the direction
of organic matrices, has widespreadpants on environmental, pathological, and
materials researcti’ One of the most prevalent biominerals, calcium carbonate (§aCO
significantly influences the carbon cycling on a global st&lén mammds, calcium
phosphate (CaP) is the key component of mineralized tissues i.e. bones afitiltégth.
also involved in the pathological calcification processegidhey stones and vascular
calcification'®” Biominerals usually have exquisite hierarchical structure and distinctive
mechanical properties, which inspires studies on unveiling their biomineralization
mechanisms, to allow us to synthesize biomimetic functional mattfaBince
biomineralization is a dynamic procegs.situ X-ray microscopy*® and spectroscop$?
techniques have been applied to recthe transition of morphology and phases during
this process. However, considering that the early events of biomineral nucleation and
growth are all on the nanometer length scale, thessyXased characterization methods

fail to provide enough spatiaésdution. Cryo-TEM with the nanoscale spatial resolution

has been proven as a useful technique to image the biomineralization process at different
time points’®*** However, these snapshots over compaehtilong time intervals
cannot be direct evidence to elucidate pathways of nucleation and §fdmsitu liquid

cell TEM, combining nanoscale spatial and adequate tempesalutions, allows for

36



Ph.D. Thesi§ Xiaoyue Wang McMaster Universityi Materials Science and Engineering

reattime observation of initial particle formation from solvated states and subsequent

morphology transformatiotf.” Nielsenet al. reported the first reaime observation on

CaCQ nucleation process using liquid cell TEXF.Multiple nucleation pathways were

demonstrated to occur simultaneously, including the direct formation of cnystalli

phases (vaterite, aragonite, and calcite) from solution, and the indirect pathways

transforming from amorphous calcium carbonate (ACC) into crystalline phases (vaterite

and aragonite). Organic matrices have been known to play significant roles imdirect

biomineralization:** Smeetset al. usedin-situ liquid cell TEM data to illustrate the

precise functions of a macromolecular matrix of polystyrene sulphonate (PSS) in CaCO

biomineralization process? By binding Ca ions, PSS forms hydrated globules which act

as prefered nucleation sites to generate metastable phase ACC. In Chapter 5, we also

applied the liquid cell TEM to study the initial nucleation and growth process of CaP.
Since CaP biomineralization is the basis of bone formation at implant surface, this work

provides the foundation for further investigating the dynamic bone mineralization

process on implant interfaces in liquid.
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Chapter 33D Characterization of Human
Nano-osseointegration by OrAxis Electron Tomography

without the Missing Wedge

In Chapter 3, all experiments and data analysis were conducted by myself with aid from
Dr. Kathryn GrandfieldThe manuscript was initially drafieby myself, and edited by
Furgan A. Shah and Dr. Anders Palmquist, and was edited to the final version by Dr.
Kathryn Grandfield. This chapter has been published in ACS Biomaterials Science &
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ABSTRACT: Three-dimensional (3D) visualization of bone-implant inter-
faces via electron tomography (ET) has contributed to the novel perspective
of nano-osseointegration and offers evidential support for nanoscaled
biomaterial surface modification. Conventional single-axis ET provides a
relatively large field of view of the human bone to titanium implant interface
showing bone structure arrangement near the interface. However, the
“missing wedge” associated with conventional single-axis ET leads to artifacts
and elongation in the reconstruction, limiting the resolution and fidelity of
reconstructions, as well as the ability to extract quantitative information from
nanostructured interfaces. On-axis ET, performed by 180° rotation of a
needle-shaped sample, is a promising method to solve this problem. In this

Nano-osseointegration

work, we present the first application of on-axis ET for investigation of human bone and laser-modified titanium implant
interfaces without the missing wedge. This work demonstrates a near artifact-free 3D visualization of the nanotopographies of the
implant surface oxide layer and bone growth into these features. Complementary electron energy-loss spectroscopy (EELS)
mapping was used to illustrate the gradual intermixing of carbon and calcium (characteristic elements of bone) with the
nanoscaled oxide layer of the implant surface. Ultimately, this approach serves as direct evidence of nano-osseointegration and as
a potential platform to evaluate differently structured implant surfaces.

KEYWORDS: osseointegration, electron tomography, bone, titanium, dental implant, on-axis

B INTRODUCTION

Osseointegration, classically defined as “a direct structural and
functional connection between ordered living bone and the
surface of a load-carrying implant”, plays a crucial role in the
success of reconstructive and regenerative interventions in
orthopedics, dentistry, and bone-anchored hearing or prosthetic
devices.' ™" A complete characterization and understanding of
the interface between human bone and implant offers valuable
insight into the mechanisms of osseointegration in order to
optimize implant surface modification.” From simple histo-
logical observations made with the aid of the light microscope,
the analytical techniques used for evaluating osseointegration
now regularly include micron-scale resolved scanning electron
microscopy (SEM), and nanoscale investigation by trans-
mission electron microscopy (TEM)."*™* With breakthroughs
in ultrastructural characterization of the bone-implant interface,
the definition of osseointegration has also evolved from the
original clinically oriented perspective to a comprehensive
multiscale structural” and functionally graded tissue integra-
tion."” Besides the advancement in spatial resolution afforded
by advanced imaging techniques, interface characterization has
also progressed from two-dimensional (2D) to three-dimen-
sional (3D) analyses with, for example, X-ray microcomputed

v ACS Publications © 2016 American Chemical Society
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tomography (micro-CT),'"""* serial surface visualization (SSV)

with focused ion beam (FIB),'* and transmission electron
tomography (ET). = Among them, of great interest is ET using
scanning transmission electron microscopy (STEM) in high-
angle annular dark-field (HAADF) mode, because it provides
not only superior nanoscale resolution to X-ray-based analyses,
but also compositional contrast sensitive enough to discern
bone from the implant, and ultrastructural features within the
bone itself. Many interesting results have been reported with
this method, including the orientation of bone apatite adjacent
to synthetic hydroxyapatite scaffolds, collagen fiber alignment,
and the interdigitation of bone with nanostructured implant
features.'”'*"' However, because of the shadowing effects
introduced by the increased thickness of conventional TEM
lamellae at high tilt angles'” and the limited tilt-range of TEM
holders, the “missing wedge”, the geometric region of
unsampled projection data in Fourier space, cannot be
avoided,"* which leads to artifacts and elongation in the
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direction of the missing wedge so as to limit the resolution in
the final reconstruction.'®

One widely reported solution to this problem is dual-axis ET,
in which a second tilt-axis perpendicular to the original one is
employed.'”™*" Although the so-called missing pyramid left by
this method is considerably reduced compared with the original
missing wedge in single-axis ET, it is not the most optimum or
practical solution considering that it fails to eliminate the
missing wedge completely and needs additional experimental
protocols including increased acquisition time. Most biological
samples are sensitive to electron beam exposure. A promising
alternative method to solve the missing wedge problem and to
acquire high-fidelity 3D reconstructions for significantly
improved quantitative analysis of nano-osseointegration is on-
axis electron tomography, whereby a needle-shaped sample is
rotated through an angular range of 180°.”*~*° Highlighted in
Figure 1, the difference between conventional single-axis

missing
wedge

-90

-58
conventional single-axis
electron tomography

on-axis
electron tomography

Figure 1. Schematic representation of the differences between
specimen geometry and acquisition approaches for (a) on-axis
electron tomography, and (b) conventional electron tomography.
Due to the limited tilt-range in conventional single-axis tomography of
a lamellar sample, some angles are inaccessible, and a missing wedge of
data results in Fourier space. The on-axis holder allows complete
rotation of a cylindrical specimen, and therefore no missing angles or
missing wedge artifacts arise.

electron tomography of a lamellar sample and on-axis
tomography of a cylindrical sample is illustrated. The on-axis
sample can rotate completely within the TEM, meaning that no
angular range is left unsampled and therefore no missing wedge
is present unlike single-axis electron tomography. Furthermore,
the needle-shaped sample geometry also provides the
possibilities to correlate electron tomography with spectral
information acquired by electron energy loss spectroscopy
(EELS) because the specimen thickness remains constant at
high tilt angles, or with atom probe tomography, which utilizes
a similarly sharpened sample.

In this paper, we demonstrate the novel use of on-axis ET to
investigate the human bone and laser-modified titanium
implant interface on nanoscale without the missing wedge. A
needle-shaped sample prepared by FIB of diameter 200 nm is
employed together with an on-axis 360° rotation tomography
holder. In addition, conventional single-axis ET of a lamellar
TEM sample obtained from the same specimen is presented for
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comparison along with spectral analysis demonstrating nano-
osseointegration.

B EXPERIMENTAL METHODS

Implant and Patient Data. The specimen used in this study was a
clinically retrieved failed dental implant from a 66-year-old female
patient. Research was conducted under ethical approval for Biobank
513 at the University of Gothenburg and from the Human Integrated
Research Ethics Board at McMaster University. This screw-shaped
commercially pure titanium dental implant (BioHelix, Branemark
Integration AB, Mdlndal, Sweden) was partly laser-modified in the
thread valleys resulting in a nanostructured titanium dioxide surface
layer on the order of a few hundred nanometers. After retrieval with a
surrounding collar of bone, the specimen was fixed in formalin,
dehydrated in a graded series of ethanol, embedded in plastic resin
(LR White, London Resin Company, UK) and bisected longitudinally
for further study. Further details on the implant material, preparation
for microscopy and histology and histomorphometry study on this
specimen can be found elsewhere.''

Sample Preparation with Focused lon Beam. ET samples were
prepared using in situ lift-out protocols in a dual-beam FIB system
(Zeiss NVision 40, Carl Zeiss AG). After the intact bone-implant
interface was selected, ion beam deposited tungsten (10 gm X 3 ym X
0.5 pum) was laid down to protect the region of interest. For
conventional single-axis ET, a wedge-shaped sample was lifted out
after rough milling of trenches and was attached to a FIB-TEM grid for
further thinning to electron transparency. The resulting specimen was
rectangular (lamellar) in shape with approximate dimensions of 10 #m
X § pum X 200 nm. For on-axis ET, a needle-shaped pillar (containing
both the bone tissue at one end and titanium of the implant at the
opposite end) was prepared according to a protocol described in detail
previously.”® A region of interest within the sample was lifted out and
the titanium end was attached to the top of the copper tomography
post. The modified stub was then tilted 90° in order to orient the
sample post with attached specimen vertically. A thin layer of tungsten
was deposited to protect the top bone surface, and the sample was
annularly milled into a needle shape with a final diameter of
approximately 200 nm using a 30 kV ion beam at successively lower
ion beam currents (150—10 pA). In order to minimize surface damage
and Ga ion implantation, the needle-shaped sample was further
subjected to low keV beam polishing (10 kV, 80 pA). It is important to
note that due to the nature of this technique and the requirement for
extremely thin (100—200 nm) specimens, this imaging approach
cannot be applied to living organisms or tissues, they must first be
fixed and embedded in resin for electron microscopy. For more
information on focused ion beam as a preparation tool for
transmission electron microscopy of samples, please refer to more
detailed works.””

Electron Tomography. A Titan 80—300 STEM (FEI Company,
The Netherlands) operated at 300 kV with convergence angle of 8
mrad was employed to acquire HAADF images via FEI's Explore 3D
(FEI Company, The Netherlands) software package for tomography.
The conventional single-axis ET, the lamellar sample was mounted on
the single-tilt tomography holder, and a tilt-series from —58° to +70°
was acquired with images recorded every 2°. The needle-shaped
sample was mounted in a model 2050 on-axis rotation tomography
holder (E.A. Fischione Instruments, Inc, Export, PA) and tilted
through +90° also with an angular step size of 2°. The acquired
projections were aligned via cross-correlation after low-pass filtering
and then reconstructed with a simultaneous iterative reconstruction
method (SIRT) with 25 iterations in the Inspect 3D software (FEI
Company, The Netherlands). The software Amira (FEI Company,
The Netherlands) completed the visualization of reconstructed
volumes via volume rendering and orthoslices.

Chemical Analysis. The STEM EELS spectral images and dark-
field images of the lamellar sample were recorded on a FEI Titan 80—
300 microscope (FEI Company, The Netherlands), operated at 300
kV. The microscope is equipped with a CEOS probe and image
corrector (CEOS GmbH, Heidelberg, Germany), and a Gatan GIF
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Quantum energy filter (Gatan Inc, Pleasanton, CA). Chemical
distribution maps were obtained for elements calcium, carbon, oxygen
and titanium from the EELS spectral images using a power-law

background model.
W RESULTS AND DISCUSSION

Osseointegration of titanium and other implant devices has
been studied extensively by a variety of techniques, including
histology, scanning electron microscopy, transmission electron
microscopy, electron tomography, and more recently, atom
probe tomography.””*™*’ Each of these presents advantages
and disadvantages.

Using conventional single-axis electron tomography techni-
ques, 2D HAADF-STEM images (Figure 2a) and correspond-

HAADF-STEM image

Tiy

Figure 2. (a) 2D HAADF-STEM image of a lamellar sample of the
human bone-implant interface. (b) Orthogonal slice through the
thickness of the reconstructed 3D volume after single-axis ET clearly
showing the collagen banding pattern, indicating collagen arrangement
parallel the implant surface over a large field of view. Arrows indicate
the bone—implant interface. A video clip showing the 3D
reconstructed volume obtained by conventional single-axis ET is
available (Video S1).

ing 3D reconstructions (Figure 2b) of the lamellar sample by
conventional single-axis ET of human bone and implant
interface provide a relatively large field of view (several
micrometers). The bone—implant interfacial contact zone is
characterized by an intimate connection of bone to the surface
oxide layer, and the characteristic collagen banding in the bone
structure perpendicular to the implant surface. Consistent with
previous studies, the orientation of groups of mineralized
collagen fibrils at the interface appears to be parallel to the
implant surface.'”'® The nanotexture of the 100 nm thick oxide
layer is clearly revealed in 3D. However, bone ingrowth into
this oxide layer is difficult to decipher perhaps due to the
missing wedge artifact that leads to a loss of resolution of the
3D reconstruction. A video clip showing the 3D reconstructed
volume obtained by conventional single-axis ET is available
(Video S1).

To improve the resolution and generate a more accurate
representation of the bone interface to the implant surface
oxide, on-axis electron tomography of a needle-shaped
specimen was performed. On-axis electron tomography has
the advantage of both a complete tilt range without the missing
wedge, and constant image intensity. A comparison of the mean
image intensity with tilt angle is shown (Figure 3) for both on-
axis tomography and single-axis tomography of a lamellar
sample.”” In conventional tomography, the thickness of a
lamellar sample increases with increasing tilt-angle, and so does
the image intensity due to the mass—thickness contrast
mechanism in HAADF-STEM. In very thick specimens, this
may disrupt the projection condition that all projections are a
monotonic function of intensity. By contrast, the constant
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Figure 3. Graphical representation of the mean intensity of HAADF-
STEM images with tilt-angles for conventional single-axis and on-axis
ET. The thickness variation with increasing tilt angles in conventional
single-axis ET causes a large variation in image intensity that results in
distorted features, and also interferes with reconstruction algorithms.
Conversely, on-axis ET shows constant image intensity.

thickness of a cylindrical specimen in on-axis tomography
results in constant image intensity, which contributes to the
quality of the 3D reconstruction.

In a HAADF-STEM image of the needle-shaped specimen
(Figure 4a), the nanofeatures of the oxide layer are

Bone

Figure 4. (a) HAADF-STEM image of a needle-shaped bone-implant
interface sample. (b) 3D reconstruction of the bone-implant interface
after on-axis ET, shown here in gray scale. (c—g). Orthoslices through
the reconstructed volume showing the fine-scaled features of the oxide
surface and intervening bone tissue, taken at (c) orthogonal directions,
(d) planes XY, (e) YZ, and (f, g) XZ. A video clip showing the 3D
reconstructed volume obtained by on-axis ET is available (Video S2).

indiscernible, and appear continuous and blurry due to
information overlap along the Z-axis, i.e., through the thickness
of the specimen. However, 3D reconstructions of on-axis ET of
the interface by gray scale 3D volume rendering (Figure 4b),
and by orthoslices—virtual sections through the thickness of
the reconstructed volume (Figure 4c—g) offer a more detailed
visualization of the nanotopography of the implant surface.
Here, we can easily identify the circular shaped nanoscale
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features that make up the titanium oxide modified surface. Bone
ingrowth into this nanoscaled rough oxide layer and an intact
nanoscale interface can also be appreciated. From the
orthogonal slices of the 3D volume (Figure 4c—g), the features
in the bone and at the interface are free from elongations along
the Z-axis caused by the missing wedge. A video clip showing
the 3D reconstructed volume obtained by on-axis ET is
available (Video S2).

This clearly demonstrates that the nanoscale features of the
implant are contributing to the osseointegration of the material.
Nanoscale phenomena in other biomineralization scenarios
have been reported previously with advanced electron
microscopy techniques. Recent studies focusing on in vitro
investigations of biomineralization have contributed to
interesting findings related specifically to mineral in bone
formation. For example, the role of collagen as a template for
the growth of amorphous calcium phosphate has been
demonstrated with cryogenic transmission electron microscopy
and conventional cryogenic electron tomography, i.e, not on-
axis tomography.”' This study has provided a useful basis for
visualizing bone-like mineral integration into collagen fibrils in
vitro. Other works have attempted to replicate the cellular
process of bone mineral formation using mouse osteoblast cells
and techniques such as TEM and electron tomography.’* While
making important contributions to the process of mineral
formation and certainly technically challenging to carry out, in
many ways these investigations that focus on in vitro collagen,
or single cell cultures, are much simpler than analyzing the in
vivo bone growth scenario, which is complicated by the sheer
complexity of bone tissue itself.

Even tomography techniques, which are widely used to assess
biomineralization®' and bone growth,”'"** present artifacts due
to the missing wedge. To demonstrate the effect of the missing
wedge, we computed a reconstructed slice through the same
on-axis data set using varying angular ranges from +90° to
+40° (Figure S). It was observed that as the angular range of a
given tilt series decreases from +90°, there is an obvious
elongation in the direction of the Z-axis so as to make the
circular cross-section of the sample appear more ovoid and
grossly distorted (Figure Sa—c). This type of artifact can also

Figure 5. Effect of the missing wedge is demonstrated through this
series of X7 cross-sections through a single reconstructed slice
(denoted by the yellow horizontal line in g) as reconstructed with (a—
f) various maximum tilt ranges from +40° to £90°, showing the effect
of the missing wedge. Artifacts such as elongation are quite clearly seen
at (a—c) smaller tilt ranges, whereas (d—f) larger tilt ranges show a
more accurate representation of the exterior shape of the sample
allowing for the visualization of the oxide layer and bone growth,
which is almost indiscernible at smaller tilt ranges.
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contribute to the loss of quality of the 3D reconstruction so
that features in the specimen become blurry and may even
disappear completely. For example, for a tilt series with a
maximum angular range of +40° (Figure Sa), demarcating the
border between bone and implant is difficult, and the oxide
layer cannot be resolved clearly. Therefore, on-axis electron
tomography using a complete +90° data set (Figure Sf)
contributes greatly to improving the fidelity of 3D reconstruc-
tion of the bone-implant interface, offering an accurate
understanding and a clearer picture of nano-osseointegration.
However, one major limitation of using needle-shaped samples
is their small size, thereby restricting the visualization of bone
microstructure and organization to only a small region near the
interface. Therefore, conventional single-axis ET and on-axis
ET techniques may be applied in a complementary manner to
investigate materials exhibiting a heterogeneous and/or a
hierarchical architecture.

There are some fundamental distinctions between this
tomography technique and, the perhaps more familiar,
microcomputed tomography (micro-CT). Although both are
tomographic in nature, meaning that a 3D representation of the
structure of interest can be created, their imaging source, i.e., X-
rays or electrons, results in vastly different resolving capabilities.
For example, typical laboratory-based X-ray micro-CT instru-
ments can reach a resolution around 1—1.5 pm. In contrast,
electron tomography provides a resolution down to the
nanometer level. Moreover, micro-CT investigations of bone-
implant interfaces result in beam hardening artifacts that
obscure visualization of the first few micrometers from the
bone-implant interface. Therefore, micro-CT is capable of
large-scale measurements of bone-implant contact similar to
histomorphometry,”* but it cannot resolve the details we
observe within this study, including collagen fibrils, that are on
the nanoscale. Furthermore, micro-CT provides no reliable
information on the composition of bone, whereas HAADF
imaging is inherently based on compositional contrast.
Furthermore, TEM in general couples imaging and a variety
of spectroscopic techniques to simultaneously probe composi-
tion.

For example, although nano-osseointegration is qualitatively
deduced from the structural representation of bone growth into
the oxide from on-axis ET, chemical analysis, such as by EELS
spectral imaging for elemental distributions at the bone-implant
interface can provide correlative quantitative information
(Figure 6). The respective elemental maps of C, O, Ti and
Ca in the region of interest are shown (Figure 6a, b). An
overlap of C and Ca with O and Ti of the oxide layer, as well as
fingers of Ca and C (representative of bone) reaching into the
nanoscale “channels” of the surface oxide can be appreciated
(Figure 6c—e), which supports the existence of nano-
osseointegration from the perspective of chemical analysis.
Although the elemental maps of Ca indicate that the bone
mineral integrates into the titanium oxide interface, the origin
of Ca from different biominerals requires higher energy
resolution to discriminate EELS near-edge structures, as
shown by Klosowski et al.’”® Further investigation on the fine
structure of EELS data at interfaces with higher energy
resolution, as well as incorporating chemical analysis into a
three-dimensional structural reconstruction to enable a 4D
tomography approach (where the fourth dimension after spatial
coordinates is the chemical composition) is needed. Using a
needle-shaped specimen, as reported herein, makes this
simultaneous structural and chemical analysis possible in the
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Figure 6. EELS elemental distribution maps of the human bone-
implant interface. (a) Corresponding HAADF image (with rectangular
region of interest marked). (b) Elemental distributions of C, O, Ti, Ca
corresponding to (a). (c—e) RBG color maps of (c) Tiand C, (d) Ti
and Ca, and (e) Ti and C and Ca clearly show the interdigitation of Ca
and C (representative of bone) within the nanostructured oxide layer.

future due to the constant sample thickness over all tilt ranges,
unlike lamellar samples whose thickness increases with
increasing tilt angle, reducing the intensity of the EELS signal
detected.™

The gold standard in assessing bone integration of implant
devices has been backscattered electron scanning electron
microscopy and histological studies.'” Although these techni-
ques have certain advantages, particularly the ability to stain for
specific biological features in the case of histology, neither is
capable of probing the interaction of nanoscale features with
bone. Used in combination with these traditional analyses, on-
axis electron tomography can provide the advantage of a clear
visualization of the role of the implant surface features on bone
integration. With increasing interest in the nanofunctionaliza-
tion of implant surfaces, and the demonstrated role of
nanotopography on bone cell and tissue response,””** the
use of on-axis electron tomography provides a suitable
approaches to evaluate the effectiveness of these devices.
Furthermore, the technique can certainly be applied to other
biological interfaces of interest, including soft or connective
tissues, and other tissue engineering constructs. Using similar
preparation methods by focused ion beam, and incorporating
appropriate staining methods all biological matter that can be
analyzed by TEM, could in theory be investigated by on-axis
electron tomography. Established methods for staining,
reducing beam dose and perform cryo- electron tomography
of soft materials are widespread.”” In particular, for the
evaluation and accurate quantification of porosity in nano- or
mesoporous scaffolds or biomaterials, on-axis ET could be
particularly well-suited, as demonstrated for quantitative pore
analysis in nonbiological materials.”® The technique could also
be extended to the investigation of mineralized tissues
themselves. For example, a recent study investigating bone
ultrastructure and mechanical properties used pillar-like
specimens, some of which were on the range of 250 nm and
could be correlatively investigated by on-axis electron
tomography to fully understand the link between nano- or
ultrastructure of bone and its mechanical properties.*’ There-
fore, the possibilities for expansion of this technique in
biomaterials research are yet to be fully realized.
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B CONCLUSIONS

In this work, the application of conventional single-axis ET
(using lamellar samples) and on-axis ET (using needle-shaped
samples) of the human bone-titanium implant interface has
been presented. Although both techniques allow direct
visualization of the oxide layer on the implant surface and
bone growth in the immediate vicinity, the lamellar samples
allowed a larger field of view of the interface, which showed the
structural arrangement of bone both near to and distant from
the implant surface, albeit with the missing wedge being a major
drawback of the technique. On the other hand, on-axis ET
offered a more detailed visualization of the 3D volume of the
oxide structure and intervening bone in high fidelity due to the
tilt-series spanning the entire +90° angular range, without
introducing the missing wedge artifact. Therefore, although on-
axis tomography provides near artifact-free 3D reconstruction,
both ET techniques reveal useful and complementary
information about the bone-implant interfaces. Moreover,
revealed via EELS mapping, the presence of C and Ca within
the nanoscaled oxide layer provides direct evidence in favor of
nano-osseointegration from the perspective of elemental
distribution. More work is clearly needed to understand from
which bone mineral phase the calcium signal originates.
Therefore, on-axis ET is a promising method to correlate 3D
structure with the chemical composition in the future (e.g,
combined with EELS® or atom probe tomography) because of
the needle-shaped sample geometry. Ultimately, this method of
characterization provides an approach to visualizing bone
ingrowth into nanoscale features. This serves as a technological
platform for investigating the influence of differently manufac-
tured nanosurfaces on bone attachment mechanisms.
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Chapter 4 Biomineralization at Titanium Revealal by

Correlative 4D Tomographic and Spectroscopic Methods

In Chapter 4, the project design was performed by myself eatisultationfrom Dr.
Kathryn Grandfield.Electron tomography experimes were conducted by myself. Dr.
Andreas Korinekprovided assistance with EELS tomograptigta collection Dr.
Matthieu Bugnetided with ELNESdata collectionDr. Brian Langeliemperformed APT
experimentsand Dr. Adam Hitchcockperformed STXMXAS experments. All data
were analyzed by myself with much useful discussion withNDatthieu Bugnet Dr.
Brian Langelierand Dr.Adam Hitchcock This manuscript wasvritten by myself and
edited by Dr. Kathryn Grandfieldsurgan A. ShatandDr. Anders PalmquistThe final
revisions and proofreading were kindly providadall authorsThis manuscript version

of chapter has been submitted for publication in 2018.
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4.1Abstract

Biominerals often have intricate hierarchical structures linked to the physiological
functions of living organisms. Calcium phosphate (CaRypical examplejs a buildirg

block of the bones and teeth of vertebrates. The biomineralization of CaP at biomaterials
interfaces plays a key role in the interlocking of living bone with dental or orthopaedic
implants. However, the exact bonding mechanism between bone and implatils i
unclear. The distribution of both the mineralized and organic components of bone at the
interface, and their origins, requires improved characterization. Here, we report the first
correlative application of eaxis electron tomography, electron emeloss spectroscopy
(EELS) tomography, and atom probe tomography (APT), as welspastroscopy
techniquego probe the nanoscatdemical structuref the biointerface between human
bone and commercial titanium dental implant in four dimensions (40.cbirelative

4D tomography workflow establishedtrsinsferable to other applications in materials or

biological sciences.

4.2 Introduction

Biominerals are abundant natural materials formed from the interaction of organic and
inorganic components medidteby living organisms. Their intricate hierarchical
structure and distinctive mechanical properties have attracted interest to unveil their

formation mechanisms, as these mechanisms could f@ratsis fomodel systemfor
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the design and synthesis of biomimetic matefi@lgicium phosphates (CaP) are aife

the most highly researched classes of biominesialsethe carbonated apatite crystal is

the buildingblock of both bones and teeth of vertebrates, and consequently, they have
extensive biomedical applicationd:he mechanism of CaP mineralization in bone is not
fully understood. A transient psa of amorphous calcium phosphate (A¢Rhd the
mediating roles of collagérmand nonrcollagenous proteifi©iave been reported from both

in vivo andin vitro studies Bone regeneration and remodeling play a key role in the
maintenance of healthy bone quality, for example in repairing naturally occurring
microfractues, maintaining ionic balance, and enabling the interlocking of living bone
tissue to artificially synthesized biomaterial surfaces, i.e. in the case of dental or
orthopaedic implants. Every year, millions of dental implants, hip and knee replacements,
prosthesis, and even 3printed customized bone implants are placed in human bbdies.
One key to the success of these dental and orthopaedgeriegris whethemineralized

bone is able to format these artificial interfaces to form a lelagting and
biomechanically loadearing bond, termed osseointegrafidnThe research on
osseointegration not only explores the strategies of-opknt design and modification

to accelerate bone regeneratfbrbut also helps to shed light on the mechanism of
biomineralization at these interfaces between natural organisms and engineered

biomaterials

However, the mechanism of osseointegration is still debd®nysicemechanical
interdigitation and biechemical bonding have been reported as the potential contact
modes at bonémplant interfaces’ Davies et al proposed a nonollagenous
hypermineralized layer similar to the cement line as the layer responsible for direct
bonding of bone and implafft!® Steflik et al observed the existence of proteoglycans at
the interface which are highly polyanionic and able to bintf By electrostatic bonding

so as to generate an initial amorphousri€la layer***> McKee et al showed that
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osteopontin in cement lines acts as an interfacial adhesion promoter irbdrane
bonding and bonénplant bonding? In addition, an osseohybridization model was
recently put forward suggesting the potential presence of a gaji®idized laye at

the titanium dental implarione interfacé’ One of the key remaining issues is the
distribution of calciurdbased (i.e. inorganic) and carbbased (i.e. organic) agponents,

at the bonemplant interface and their origins. Until now, this has not been fully

understood, particularly with spatial and chemical clarity at the nanometer scale.

Owing to the hierarchically structured nature of bone and the inhomogeneous
topographicaljuality of the implant surface, multiplength-scale three dimensional (3D)
visualization characterization techniques have been exploited to visualizéniyast
interface$. The understandingf osseointegration has also evolved with breakthroughs
in discerning finer structures at the interfaceray micro computed tomography (xay

CT) enables visualization of large volumeghamicron resolution to reveal microscaled
bone ingrowth surrounding the implant for histologiliieé quantitative analysi€ The
concept of nan@sseointegration was put forward based on electron tomography (ET)
observations with scanning transmission electron microscopy (STEM)-ahigh
annular darkield (HAADF) imaging mode that enhanced compositional contrast.
Recently, the atomic continuity at the bamglant interface was also investigated by
atom probe tomography (AP1J?* However, in order to contribute to the unresolved
mechanisms of osseointegration, both naalesstructural and elemental distribution at
the bonemplant interface is needed across three dimensions. Thus, spatial 3D
characterization techniques should step further towardsilted four dimensional (4D)

techniques by adding chemical informatiantae fourth dimensioff.

Spectroscopic electron tomography is a recently dgeel 4D technique to visualize 3D

chemical information with nanometer resolutfdrBased on acquiring energy filtered
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images or spectrospic images at different tilt angles, it comprises either eridtgyed

TEM (EFTEM) tomography, or more recently enedjgpersive Xray spectroscopy
(EDS) tomography or electron energlposs spectroscopy (EELS) tomography in STEM
mode?*. With the development of detector technology, EELS tomography is able to limit
the electron beam dose exposure to biological specimens and has high sensitivity to light
elements> Atom probe tomography (APT), another 4D imaging technique, is based on
field emission of surface atoms under a strong electric field or pulsed UV laser
illumination. APT combines sumanometer spatial resolution with chemical sensitivity
across the entire periodic taBfe?” APT has been successfully applied to study
biomaterials such as biominer&l$®, dentiri’, and human borié X-ray absorption
spectroscopy (XAS) in soft Xay scanning transmission-pdy microscopes (STXM)
providesspeciatiorbasedchemical mapping in 2B and 30° with better than 30 nm
spatial resolution and has been applied to several biomineralization sy&téimsluding

bone® Furthermore, STEMEELS and STXMXAS are able to probe ttehemical states

of each element at the nanoscale on the basis of characteristic fine structural features at
the core level excitation edgdowever, considering the complex nature of biomaterial

and the limitations of each single technique, correlative characterizatiming

complementary techniquésessential foreliableanalysis and validatio?(’ *

Here, we report the first correlative application ofaxis ET, EELS tomography, and
APT, as well axomplementary electron eneripss neaedge structure (ELNES), and
STXM-XAS to acquire nanoscaled sttual and chemical information from the intricate
biointerface between human bone and titanium dental implant to provide insights on

bone attachment mechanisms.

4.3 Resultsand Discussion
Osseointegration on multiple length scales

Human bone has compléwxerarchical structures with nanoscaled building units of Type
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| collagen and carbonated hydroxyapatite crystals. After a titanium implant is phaced
vivo, new bone forms along the implant surface to generate a biomechanically functional
integration. Dueo the hierarchical character of bone, this integration should also exist on
multiple length scales. As revealed in Figd+rg, correlative tomographic reconstructions

of the same sample sharpened into a needle can be used to visualize the human
boneimplant interface from namoeterto atomic length scales. Figudel (@) shows the
reconstructed 3D volume from @xis HAADFSTEM ET, which provides Z(atomic
number) contrast to differentiate the Ti implant (the brightest structure), collagen fibrils
(the darkest structure), and apatite (the intermediate contrastlflakstructuresf® The
continuous incorporation of bone structure witie nanetopographic oxide layer on the
surface of this lasenodified commercially pure titanium (€f) dental implant is
visualized in 3D, providing experimental evidence of nasseointegration. Since this
implant has beeplacedin the human body fo47 months, the bone near the interface

has likely been remodeled and the ultrastructure of mature bone can be identified in
orthoslices of the reconstructed volume (Supplementary FigudreVideo S1 in the
Supplementary InformatignOn-axis ET not onlyci r cumvent s t he A mi
problem, which causes artifacts and limits the resolution of 3D reconstrd@tioussit is

also suitable to correlate with 4D EELS tomography (Figlfe(®)) and APT (Figure

4-1 (c)) due to its needitke sample geometry.

The EELS tomographic reconstruction (Figu#el (b)) of the same needlefter
sharpemg to 100 nm in diameter to enable spectroscopy, complements thescalro
chemical distribubns to the 3D structures at the interface. Even though-ten#ast of
HAADF imaging in ET helps to differentiate the different phases in the sample, the
EELS elemental reconstructed volume offers more accurate chemical visualization. Ca
concentrated aas (in green), representing bone apatite, are distributed complementary to

C concentrated areas (in red), representing organic components of bone. For APT
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characterization, the same needle was further sharpened down to around 50 nm in
diameter using focesl ion beam (FIB). The 3D reconstructed APT volume (Figure
4-1(c)) is rendered in ions and both Ca and C were shown in direct contact with the oxide
layer, suggesting osseointegration at the atomic level. This correlative tomography
workflow helps to visulize the inhomogenous and hierarchical bonplant interface,

and it is also applicable to the investigation of other complex biointerphases.

On-axis ET EELS Tomography

200nm 100 nm

Figure 4-1. Correlative tomographic reconstructions of the human fopént interface from the
same sampleeedle. (a) Oxis electron tomographic reconstruction of the bone -{toplant
(bottom) interface with 3D renderings in grey scale.Abepresentative 3D eaxis EELS volume,
where red represents Carbon (C), green represents Calcium (Ca) and whgentspTitanium (Ti).
(c) Atom probe tomography 3D reconstructiavith Cacontaining ions displayed in green,
C-containing ions in red, TiO ions in bright blue, TiN ions in dark blue and Ti ions in grey.

Nanoscale elemental distribution in 3D

Based on té conflicting mechanisms of osseointegration, elucidating the elemental
distribution at the bonenplant interface is a vital piece of experimental evidence.
Two-dimensional EELS or EDX elemental mapping has been the-sgmidlard to
present elemental drgtution at interfaces. However, these spectroscopethodsin

TEM are based on 2D projectiomd a 3D sample which are therefore difficult to

interpret as many overlapping features in the sample volume are collapsed into 2D. EELS
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tomography enables vislization of elemental distribution in 3D reconstructed volumes,
and much more clearly correlates the chemical information to the structures identified by
HAADF STEM tomography than the granular and sparse 2D EELS maps. Bigue

and @) show a compason between 2D EELS elemental maps and EELS tomography
reconstructions, respectively. Collagen fibrils, visualized as the higher contrast, highly
C-concentrated areas, are clearly identified from the 3D EELS orthoslices (Bigyo})

as structures disbuted parallel to the implant interface throughout the bone (highlighted
in the yellow box), while other collagenous structures are more randomly distributed near
the interface (highlighted in the red box). This morphology change could be described as
a transitional layer, where bone structure is less ordered, with randomly distributed
collagen fibrils and denser bone apatite distribution directly at the oxide layer surface
(Supplementary Figuré-2, Video S2 in the Supplementary Informafiofhe titanium

oxide layer is highlighted by two blue dotted lines through the 3D EELS orthoslices
(Figure 4-2 (c)). Both C and Ca were observed penetrating this oxide layer, which
correlates with our observations presented in Figetfrom APT (elaborated in Figure

4-3), supporting an atomiscaleintegration of bone constituents into the surface oxide.

Due to the considerableelectron beam exposure during the EELS tomography
acquisition, the effect of beam damage should be taken into consideration. A clear
beaminduced hydrocarbon contamination shell was observed on the surface of the
sample needle (Figurd-2 (c)). Since bone is an organic and inorganic composite
material, it acts as a local source of hydrocarbons. Studies have proven that this thin C
contaminatio layer covering the sample could act as a C coating to reduce ma$s loss.
By comparing EELS tomography with electron tomography, no obvioustsial
artifacts besides the formation of the C shealte seen. This C shell has been cropped

from reconstructed volumes for easier visualization (Figt2€Db)).
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EELS Orthoslices
100 nm

Figure 4-2. Representative elemental distribution of bamelant interface revealed/lmn-axis EELS
tomography. (a) EELS elemental distribution 2D maps of C (red), Ca (green) and Ti (white) from the
0°tilt angle. (b) The corresponding 3D reconstructed elemental volumes from EELS maps acquired
over a tilt range of #0? (c) XY orthoslicegxtracted from the 3D reconstructed EELS tomograms
showing the elemental distribution of Ca, C and Ti inside of the sample volureeémplant oxide

layer is highlighted by blue lines, and the ordered collagen fibrils are highlighted by the yellow box,
with an intermediary unorganized zone in red.

Atomic level mapping of osseointegration

Figure4-3 (a) shows another representative APT reconstruction of the interface between
human bone and oxidized Ti implant. Both Ca, which represents bone mineral, and C,
which represents organic components, are shown in direct contact with the oxide layer,
corroboraing the observations in our correlative EELS tomography and previous APT
datasets mentioned abov€rom the proxigram (Figured-3 (c-d)), the gradient
concentation change of Ca and Ti across the interfac@ides authenticity to the atomic
continuum of osseointegratio®ther APT studies on different implant surfacgsch as
mesoporous titania coatisty and a sandblasted acid etched (SL/Strauman)f° also
showedCa immediatly adjacent tditaniumimplant surfaces. In this work, a small N
enrichment is noted between Ti metal and oxide laybrch may be attributed to the
laser surface modification process carried ouanmbient air. Although APT provides
atomic scale 3D visualization of element distributions, it is unable to determine the exact

chemical environmentof each element, which is complemented by a more detailed
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spectroscopic study in the following section. Hwer, due to the high sensitivity of APT

(down to 1 ppm), trace elements of magnesium (Mg) and sodium (Na) were detected

the interface Previous APT research on human bone has demomkstriie

co-localization of Na with @ich regions in bone structuf&This result agrees well with
observations fnm secondary ion mass spectroscopy (SIMS), whtakedthat abundant

Na exists largely in organic material in bdid\a" plays a key function in ion exchange

and transportation during cell activations involved tie bone generation process.
Inorganic phosphate (Pi) is an essential component for bone mineralization, which has
been known to be accumulated and transported by sedip@ndent (NaPi) transporters

in osteogenic cell§ Also, a similar functional protein sodiutependent citrate
transporters reported to regulate citrate talge and release in osteobla&tCitrate has

been reported to bind strongly on the surface of apatite to regulate crystal growth

orientation and siz&4°
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Figure 4-3. Atom probe tomography of the human bemgplant interface. (a) 3D reconstructed APT
volume with Cacontaning ions displayed in green,-ntaining ions displayed in red, TiO ions
displayed in bright blue/cyan, TiN ions in purple and Ti ions displayed in grey. Atuale
integration of Ca ions with the oxide layer is noted. (b) Oveslaga, C, and Na iopositions on
oxygen concentration map&) Supporting proximity histograms across the implaotie interface
showing the integration of Ca within the oxide, and (d) the presence of trace elements like Mg and Na
in the bone structure which presents imraggly adjacent to the oxide lay of the implant.

Transient mineral phase at boneémplant interface

Hydroxyapatite or its carbonageibstituted form is generally accepted to be the inorganic
constituent of bone, which, evidence suggests, passes throdgterdifapatite phase
transitions during its mineralization process. Different apatite phases have significantly
different Ca/P concentration ratios, and thus Ca/P ratio is a traditional method to
differentiate apatite phasés.However, the atomic ratio determined by APT is
guantitatively unreliable for such inhomogeneous composites. Due to the comparatively
high background and thermal tails in the APT spectra, which are caustut bgw
thermal conductity of the sample, mangmall peaks areobscured, thus reducing the
accuray of quantitative analysisthis is particularly important for quantification of P, as

it has a tendency to form numerous complex ions when evaporating during the APT data
acquisition sage®' However, ELNES can probe the local envimtent of Ca atoms so as

to differentiate different apatite phases, combining superior spatial resolution with high
energyresolution?® Figure 4-4 (c) compares G#.,3; ELNES from bone (blue box in
Figure4-4 (a)) and the bonémplant interface (red box in Figuee4 (b)). The double

peak spectrumcan be deconvoluted into four components by Gaussian fitting
(Supplementary Figuré-3). While the two main sptorbit split peaks k (peak 3), and

L, (peak 1) are positioned identically among different apatites, the positions of peaks 2
and 4 are charastistically used to identify the apatite ph&3eThe detailed peak
positions of interestogether with reference apatites are listed in Tablé®. A slight

shift in peak 43 discerned by comparing the-Cas ELNES of bone (Figuré-4 (c) blue

line) and the interface (Figu#e4 (c) red line). Based othe comparison with reference
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apatitesn Table4-1, the Ca of bone should originate from hydroxyapatite (HA), whereas
the Ga at the interface is similar to amorphous calcium apatite (ACP). ACP has been
suggested as a transient phase during mineralization processes by many aiydies.
mouse tooth enanté] and zebrafish fin ray borfe Here, the transient phase of ACP
was observedlisplaying direct contact with the implant oxide layer at the human
boneimplant biomineralization interfac&he existence of a differe@a species at the

interface is alssupportecdby STXM-XANES of CaL; 3 (Supplementary Figuré-4).

(b)

interface 3 rl Ca'l-zlg

bone n N
\ \

T T T T T T T T T T
344 345 346 347 348 349 350 351 352 353 354 355 356
photon energy (eV)

Figure 4-4. ELNES comparison of Gh,3 from bone and interface. HAADETEM images of
mature bone (a) and interface (b). (c)-IGa edges of bone (in blue) and interface (in red) are
extracted from the regions highlighted by tteshedsquares in corresponding colans(a) and (b)
Four discernable peaks anglicated by arrowand their accurate positions are included in Table 1.

Table 4-1. Energy positions of four main peaks-Cas ELNES. Tre energyseparatior(D) of peals 3
and 4highlights the crystallin@atureof the minerals.

Peak 1 Peak 2 Peak 3 Peak 4 D peaks-
position (eV) | position (eV) | position (eV) | position (eV) | peaxa(€V)
Reference HA 352.6 351.6 349.3 348.4 0.9
Reference ACRH 352.6 351.6 349.3 348.8 0.5
Bone 352.6 351.6 349.3 348.4 0.9
Interface 352.6 3516 349.3 348.7 0.6

TiN layer in the commercial dental implant
A distinctN-rich layer was observed between the oxide layer and Ti metal in the APT 3D

reconstructed volume (Figue5 (d)). In order to identify the origin of N in this layer,
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the NK edge was studied by STXMANES on a similar lamellar TEM sample from the
same specimen to gain a laigeale overview of the spatial distribution ofddntaining
species. The optical density difference map (Figife (b)) shows an obvious Hch

layer which is correlated to the APT results. From the STHNMADF (Figure 4-5 (a))

and STXM (Figure4-5 (b)) images, this Nich layer distributes perfectly along the
interface. XANES spectra extracted from representative regions of the bone (green),
N-rich laye (blue), and implant (red) (Figure5 (e)) were used to fit the I edge stack
(images at 50 energies from 395 to 421 eV) to derive component maps of the 3 distinct
N-containing species. These component maps are presented as a combined rescaled color
coded composite (Figuréd-5 (c)). Spectroscopically, the narrow double peak around 400
eV in the NK edge spectrum of the-Nch layer (blue in Figurd-5) is the characteristic
Afinger prXiTheNK edgé spettrub of the implant region (red in Figd®)

has a completely different fine structure with only one sharp peak followed by a broad
signal in the NK continuum The shape of the K edge spectrunof localized band in

the implant regiomatches tht of the hexagonal Il phase? The implant used in this
study is made from commercially pure titanium -{@p'°, which has a hexagonal
closepacked atomic structure. Nitrogen is soluble in the hexagonal structure to a limited
extent>® The NK edge spectrum of the bone region (green in FiguBg is likely the
mixture of signals from different organic components of b&heuch as collagen and
other functional noitollagenous proteins. The fine structure in the 400 to 403 eV region
is typical of NK edge XANES of proteins, which are dominated by N-1Sp*septide
transitions>*>®> The map of the bone component and a comparison to tKeebge

spectrum of collagen are shown in supplemental Figute
In order to invesgjate whether this Mich layer was formedn vivo, the same dental
implant prior to implantation was characterized by EELS. A similaicN region was

also discernible from the elemental mapping (Supplementary Hehlresuggesting that,
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as suspectedt was formed during the laser modification of the implant surface in an
ambient air environmenin other studiesa titanium hydride layenas been reported as a
result of argon plasma treatmes@ndblasing and acidetching of titanium implant
surface.”®°’ However, this is the first timehat this N-rich layer localized onthe
subsurface of a commercial dental implams been observedue to the different
mechanical properties and biocompatibility of TIN compared to titanium dioxide, the

introduction of TiNduring machining should be considered during implant design.

In addition, the spectra ofthe C-K, Ti- L,3 and OK edgeswere also investigatedy
STXM-XANES over the area displayed in Figuté (b). Different types of TiQ signals

are observed in theobeimplant interface region in both the-I}3 and OK edges.
They are subtly different but reliably fitvo separate regions distributed at the implant
oxide layer: one region in connection with the bone, and the other directly adjacent to the
implant surface (Supplementary Figuréd-6). This finding indicates the neddr further
investigation on the formation of theddferent phases of the oxide layer, in particular,

to determine whether they are formedvivo or during implant surface modificatiory b
laser. As for the spectra ofIC edge, o distinct C spectral signatures were found in the
bone region showing the existence of two species of C: carbonate and collagen
(Supplementary Figurd-7). However, lhe possible effects of electron beam damage i
TEM and ion beam in FIB should be taken into consideration when analyzing the fine

structures of C spectra.
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Figure 4-5. Correlative APT and XANES characterization of the human fmpéant interface. (a)

HAADF-STEM image of the bonrinplant interface(b) Optical density difference map (49 ev

T OD3gg ¢y) Sshowing Nrich band. (c) Color coded map of 3dgntaining components:-Nch layer
(blue), bone (green) and implant (red), derived from the fit-6f &dge stack to the N spectra in (e).
The Nrich interfacial layer is also observed in the APT 3D reconstructions in (d) showing the atomic
concentration of N and O. (e)-Kl edge XANES spectra from the-ifich layer, bone region and
implant region, extracted from the regions indicated in (b).

4.4 Conclusion

This paper reports the first correlative 4D chemical tomography study of arbplant
interface, including ofaxis electron tomography, EELS tomography, and APT performed
on the same sample. The combination of these methods reveals both nanaraad ato
scaleinformationneeded to understand biomineralization at the {opbant interface.
Based on morphological and chemical changes, observedrislative 4D tomographic

methodswith supportive ENES and XANES analyses, evidence for the existenca of
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transitional biointerphase at the benglant interface was demonstrated. On this
particular laser modified Ti dental implant, timserveningtransition zone consisted af
disorganized apatite rich material, which was identified as ACP immediatifly akide
surface by ELNES. In addition,heé correlative APT analysis and spectroscopy
characterizatiom provided new insights on the implant modification process and
identified aTiN layer between the surface oxide and bulk metdhetommercial dental
implant. Both findings have implications for thénmediate and longterm
osseointegration of dental implant$ie correlative 4D tomographic workflow presented
here for the bonémplant interface is applicable to other biological systems or materials

science applications.

4.5Materials and Methods

Implant and human bone interface sample preparationThe sample used in this study

was from Biobank 513 at the University of Gothenburg, Sweden and was a dental implant
(Bi oHel i xE, Br = ne ma ddk Swedeh)eetrievadtfrono an§eak 8d M° | n
female patient after 47 months in serviddis studywas conducted undehe ethical

approval from theHamilton Integrated Research Ethics Board at McMaster University.

This screwshaped commercial pure titaniurardal implant was partly lasenodified in

the thread valleys via a -Qwitched Nd:YAG laser (Rofisinar Technologies Inc.,

Pl ymout h, USA) at an infrared wavelength o
air. The implant with the surrounding human bamas fixed in formalin, dehydrated in a

graded series of ethanol, embedded in plastic resin (LR White, London Resin Company,

UK) and cut longitudinally for further study.

On-axis electron tomography, EELS tomography and APT sample preparationA
duatbeam FIB instrument (Zeiss NVision 40, Carl Zeiss AG) equipped with a 30 kV
gallium ion column, FEG SEM, carbon and tungsten gas injector system (GIS), and

Kleindiek micromanipulator (Kleindiek Nanotechnik GmbH) was employed to prepare
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all TEM lamellae and eedleshaped samples for @xis electron tomography, EELS
tomography and APT following published protod8IsA site of interest at the
boneimplant interface was selected from the thread valleys where the implant was
lasermodified, and was protected by a layetwigsten depositio(lLO pm x 2 pm x 0.5

pm). After rough milling of trenches, a wedghaped sample was lifted out and atéath

to the top of electropolished tungsten wires mounted in 1.8 mm copper tubes. The
mounted wedge was annularly milled into needtesa final diameter of approximately

200 nmusing a 30 kV ion beam at successively lower currents-{050A). A final low

keV beam (10 kV, 80 pApolishing step was performed to reduce surface daarad)&a

ion implantation. After oraxis electron tomography, the needleped sample was put
back into the FIB and milled to 70 nm in diameter, which was suitable for both EELS
tomography and APT using a low keV beam (10 kV, 80 pA). After the EELS tomography,
FIB was also used to remove the surface C contamination using the same low beam of 10

kV and 80 pA.

On-axis electron tomography methodsThe prepared needle of 200 nm diaenetn the
tungsten wire was mounted a Model 2050ams rotation tomography holder (E.A.
Fischione Instruments, Inc., Export, PA) and rotated through £90°with an angular step
size of 2°in the scanning transmission electron microscope (STEM) (TitaB080
operated at 300kV). This tomographic -8#ries was acquiredsing on a highangle

annular darlfield (HAADF) detector which provideZ c ont r ast and by wu

‘N

Explore 3D software. The peatquisition image alignment via cressrrelation and

recmnstruction with simultaneous iterative reconstruction (SIRT, 20 iterations) were
completed with the Inspect 3D (FEI Company, The Netherlands) software. The
reconstructed volume was visualized via volume rendering and orthoslices using
software Avizo (FEICompany, The Netherlands). The reconstructed volume was cropped

by a custom MATLAB script (The Mathworks, Natick, MA).

71



Ph.D. Thesi§ Xiaoyue Wang McMaster Universityi Materials Science and Engineering

EELS tomography and ELNES methods.A series of STEMEELS spectrum images

and corresponding dafield images of the prepared 70 nm diaeneheedle were
acquired in the tilt range #70°with 2°tilt increment on a FEI Titan 800 microscope

(FEI Company, Eindhoven, The Netherlands), operated at 300 kV. The microscope is
equipped with a CEOS Probe Corrector, CEOS Image Corrector (CEOS GmbH,
Heidelberg, Germany), and Gatan Quantum energy filter (Gatan Inc., Pleasanton, CA).
The collection sermangle was 40 mrad and the probe current was ~30 pA. The pixel size
in the object plane was set to 1.56 nm, the exposure time for each pixel was 5 ms. The
high-speedacquisitioncapability of the Quantum energy filter reduced acquisition time

to about 2 minutes per spectrum imagGementaldistribution maps were extracted for

Ca, C, Ti and O from EELS spectrum images at every tilt angle using a-fawer
background modelFor reconstruction, the alignment of the déeid images was
completed via crossorrelation by the software Inspect 3D (FEI Company, Eindhoven,
The Netherlands) and the same shifts were applied to stacks of the chemical distribution
mays of each element. The reconstruction of all stacks was performed using Inspect 3D
with SIRT (25 iterations)The reconstructed volumes were visualized using Amira. The
reconstructed needle showed a shell of carbon contamination which accumulated on the
needl eds surface during data acquisition.
from the interior of the needle, the outside shell was removed by manually segmenting
the needle surface and removing the outside carbon signal using a custDivABA

sciipt (The Mathworks, Natick, MA).

For ELNES, the spectrometer was set to an energy dispersion of 0.1 eV/channel to obtain
the best energy resolution at the zkrss peak (0.3 eV). The collection angle and
convergence angle were 55 mrad and 19 mrad, riesglgcThe collection aperture was

5 mm in radius and dwell time of 0.015 sec/pixel was used. Linear leagtare fitting

was used to remove background with a power law model.
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APT methods. Before APT, the needigshaped samples were cleaned in the FIB an
sputter coated with 15 nm of Ag. The atom probe experiments were conducted on a
LEAP 4000XHR atom probe microscope (CAMECA Scientific Instruments, Madison,
Wil ) . A | aser pulse (& = 355 nm, 120 pJ, 1
from the samplewith a base temperature of approximately 43.4 K and the chamber
pressureof 4.0x10° Pa. The evaporation rate was maintained around 0.005 ions/pulse
(0.5%) by controlling the direeturrent potential on the samplReconstructionand
analysis was completé using the Integrated Visualization and Analysis Software
package (IVAS) v3.® (CAMECA Scientific Instruments, Madison, WI) assuming the
shape was a hemispherical tip on a truncated cone. The reconstruction was spatially
defined by assuming the tip radito evolve as a function of a constant specimen shank
angle. The input parameters for this algorithm of initial tip radius and specimen shank
angle were obtained from STEM images of the sample, taken both before and after the

APT experiment. This is crital for ensuring the accuracy of the reconstruction.

STXM-XANES analysis The soft Xray spectromicroscopy beamline 10ID1 (St&t

the Canadian Light Source (CLS, Saskatoon, SK, Canada) was used for the
STXM-XANES study. STXM methodology has been ddseti in detail previousi
Briefly, monochromated Xays are focused to ~30 nm by a Fresnel zone plate. The
sample is positioned at the fdgmint and mechanically-y raster scanned (1 ms/pixel)
while recording the transmitted-days. Spectral data at thekG Cal,s N-K, Ti- Lo,
andO-K edges was collected by image sequences over the area displayed idfgure

(b). All data was analyzely aXis2000>°
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Supplementary Figure 4-1. Onraxis electron tomographic reconstruction of the implate
interface. (a) 2D HAADFSTEM image of the borienplant interface. (b) 3D renderings in color, and
orthogonal slices through the reconstructed volume in the (c) XY, and (d) YZ planes.
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Supplementary Figure 4-2. Onaxis EELS tomography of the boimaplant interface. (a)
Representative EELS elemental distribution 2D maps from the 0°tilt angle foresls present in
bone and at the bonmplant interface. (b) The corresponding 3D reconstructed elemental volumes
from EELS maps acquired over a tilt range of £0? The yellow box highlights the mature bone region
with ordered collagen fibrils and the waibox highlights the transition layer bonding to implant.
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Supplementary Figure 4-3. ELNES of Cal, ; from bone (a, b) and interface (c, d). The peaks are
deconvoluted into four peaks by Gaussian fitting.
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Supplementary Figure 4-4. STXM-XANES at the @ 2p edge(a) Ca 2p spectra of bone and the
interface extracted from the Ca 2p stack. Component maps of (b) bone and (c) interface derived from
a fit of the spectra of (a) to the Ca 2p stack after excluding images at the energies of peak Saturation.
While most of the Ca 2p sigrsalwere absorption saturated, changes in the unsaturated subsidiary
peaks (seen at 348 eV and 351 eV) at the interface allowed differentiation of an interface component
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from unsaturated bonealcium.The interface spectrum was extracted from the interfag®m and
40% of bone signal was subtracted.

Supplementary Figure 4-5. Spatiallyresolved EELS spectra and elemental distribution maps of
native Ti implant. (b) Spatiallyesolved EELS spectra extracted from regions marked in the HAADF
STEM image (a) ¥ red, yellow and blue rectangles. In the red spectrum (bulk Ti region), the Ti
L, sedge is clearly visible. In the yellow spectrum (the start of titanium oxide region), both Ti
L,sedge and N Kedge are discernible. In the blue spectrum (the surfadke aegion), both Ti

L, sedge and O Kdge are detected.-6 Complementary EELS elementary distribution maps. The

N-rich layer can be discerned from (d).
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