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Lay Abstract

Bone implant devices are required to treat, augment, or replace bone tissue in dental and
orthopaedic application¥hese often metallicjmplanted devices have success when a structural
and functionalconnection withnatural bone tissue is created, a mveenon known as
osseointegrationGood osseointegration is required to ensure stability of the implant without
compromising the quality ofife of the patient. In order to improve osseointegration of
biomaterials, both sides of the interface, tlee bore and implantsurface must be better
understood. This thesis focusesesploring methods to improve the evaluation anderstanding

of bothbone structurat the nanoscale and structured metallic implant surfaceke design of
boneinterfacingbiomaerials.



Abstract

The repair of damaged or diseased bone tissue often requires the use of metallic implants which
form an interface with the surrounding bone tissue. Understanding this interface is important for
improving the outcomes of implant placemhand overall health of patienBone is acomposite
materialof organiccollagen fibrilsandinorganic mineraphaseghat havestructuralvariations
across multiple length scal€Ehis heterogeneous and hierarchical nature posasacterization
challenges for (i) understanding bone, (ii) creating biomaterial structures that mimic it, and (iii)
approaches for evaluating biomaterials. These challenges formed the basis for the three papers
presented in this thesik Chapter 3, leprine bone was examined using atom probe tomography
(APT) to visualizein vivo mineralized collagen fibrilstheir chemicalcomposition,and spatial
arrangemenin 3D with subnanometer accuracyhis provided newinsight into the location of
biomineral with respect tocollagen and demonstratehe power of APT for understanding
collageamineral arrangementn Chapter 4, commercially pure titanium was laser ablated to
generate periodic surface structuiaspired by the periodicity of collagen. Three difent
periodicities were generated with submicismale roughnesanda high degree of reproducibility.

All the surfaces were necytotoxic and encouraged cells to adhere perpendicular to the orientation
of the surface structuresin Chapter 5a simple fie-minute room temperature ionic liquid
treatmentwas developed to investigate the sdaserablated titaniunperiodic structuresvith
osteoblastike cells adhered The development of thitkechnique fulfils an important nichén
biological imagingoy allowing for simultaneous and repeated visualization of submicron surface
features and wet cells.h&efore, the combined impact of this thesis is novel imaging and
biomaterials evaluation strategies toifiprove understandingf @®one structure(ii) leadng to
bioinspired biomaterials designand (iii) new methods for simultaneous biological and
biomaterials evaluation.
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Chapter 1: Introduction

1.1 Research Motivation

Bone is an essential tissue for the structure and funetittre human bodjal]. A consequence of
use aging and growth is that bone is constantly being remodeled, repairedplaced1]. In
some instancesf trauma or diseasboneis sufficiently damaged or defectémla state that cannot
be naturally repaired by the body. In these scenarios, implanted biomatsygadsiallydental or
orthopaediémplants have becomacommonplacaolution In Canada$894 M was spent on hip
and knee implants 20172018 with an dditional$123M devoted taevision surgerief2]. The
success of these biomaterials is predichieal strong functional and structural connection formed
between the existing bone and the implanted degiefened as osseointegratif@]. Additionally,
as our society agelsiomaterials are required to haaigreater longevitand early osseointegration
becomes even more paramount to successful implant outddineEherefore, strategies that
improve osseointegration are important to investiddtelerstanding &th sides of the interface,
i.e.bone and biomateridk crucialfor the design o$uitableosseointegrated implaniBhis creates
a sequencef necessary research undertaken in this thesis. Fipsthe structurenust bewell-
characterizedo understand the natural template for bone groWtfollows that biomaterials
surfaces coulde designed whileonscientious of the structure of borss-called bioinspired
design Subsequentlymethods to accuratelgvaluaé the response of bone cells tiese
biomaterialsareessential tdurtherimprove biomaterials design.

CharacterizingBoneStructure
Bone is a complex and hierarchical composite material. Its smallest buibdouk, the

mineralized collagen fibril, creates all higheder structures, and is the first bone structure
deposited at the implant interface afi@tial interactions of proteins anzklls[5], [6]. Bone has
been wellcharacterized at the maeraonicro, and even nanoscale using a variety of microscopy
techniques ranging from light microscopy, to scanning electron microscopy (SEM), to
transmission electron microscopy (TEMNhich are all twedimensional in niaure [7]7[9]. X-ray
micro-computed tomograpHhiL0], [11], focused ion beam serial section[tg], [13], and electron
tomography[14], [15] arecomplementary approachemployedfor visualizingbone asa three
dimensional (3D) objectNewer approaches telectrontomographyapplied to bonemplant
interfaceshave added a fourth dimension (4D)chemistry,by incorporatingcorresponding
chemical information to each 3D voxel in a reconstructed vo[i@le The current understanding
of the collagermmineral arrangement within a collagen fibril is based attebn tomography
methods only, with no corresponding chemis&g such, three spatially distinct models for bone
exist, with no consensus], [17], [18]. A suitable approach to combine 3D and chemical
information to probe the collaganineral arrangement is needed, and hesgisachieved on the
atomic scale using atom probe tomography (A&fToriented specimens of ban&PT is a field
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evaporation techniguthat has started to gain traction with biological samples dasttamental
innovations such as lasgulsing[19], [20]. APT allows for atomiescale resolution in 3D with
each atom being identifiabfeom a chemical perspectivand thus provides 4D characterization.
In Chapter 3 othis thesisAPT wasultilized to probe bone at the atomic letebetter understand
the variations in the two major phases of band their spatial arrangemettieorganiccollagen

fibril andthe inorganic bonenineral. This improved understanding can be used to inspire the
design of implanted devices.

Bioinspriationin the design of new materials
Designing improved biomaterials for bone repair applications requires knowledge of both bone

and theselectednaterial. Several types of materiedsmging from polymeric to ceramic to metallic
have been used ibone implantg§21]. Metallic substrateRave become commonplafe@ bone
implant applicationsvith titanium being the most prominedhie toits suitablepropertiessuch as
goodbiocompatillity , wear and corrosion resistance, and higher tough28§s[23]. Implant
materials can be specifically tuned fmgseointegratioty altering the topography, roughness,
wettability, and chemical compositionthieir surfa@ [24]i [26]. Roughened surfaces with miero
to-nanoscale topography have bsaownto improve cellular adhesion and facilitate bone growth
[27], [28]. Biomimetic or bioinspied surfacesiseknowledge of thenaturalbiological tissue to
design implant surfaces tailored for specific applicatioviich has been applied broadly in the
field of bone implant§29]. However, many of the methods of modifying implant surfasash

as sandblasting or chemical treatment or ion implantatitatk precision in the features they
generatg30], deposit undesired produd®l], or damage the materig@2]. Therefore, better
methods for surface modification are neededser ablation isa clean, efficientmethod of
modifying the surface of metallsubstrates with a high degree of precision to generate Haicro
nanoscale featurg83]. While earlier attempts at laser modification resulted in damage to the
ablated surface, pulsed irradiaticas applied hereirgan generate uniguperiodic submicron
featureswvith minimal damagg34], [35]. In Chapte# of this thesis, lasenducedperiodicsurface
structures(LIPSS) weregeneratednspired by theperiodicity of native collagerfibrils. The
optimum periodicitywas evaluated withn vitro testing methodsand the feasibility of the
machinng approach waassessed

EvaluatingBiomaterialsPerformance
In vitro testing of biomaterials with mesenchymal or bdéike cells has become a strong analog

for their eventuaperformancen vivo. Essential to the performance of a biomaterial is the specific
interactions between cells and the biomaterial suiffé&e Conventional methods of evaluating
these interactions range from biochemical areglysuch as assays or polymerase chain reaction
(PCR) to microscopic analys, which often dilize fluorescent techniques. Biochemical analyses
such as those performed in Chaptesah be quantitative but they provide no qualitative or visual
information regarding the specific interactions of the cells with the syrfactcularly in the case

of structured surface87]i [39]. Conventional luorescent techniquesn the other hangbrovide
visual and information but lack the quantitative informaaod are limitedy the diffraction limit
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of light [40]. The shape and morphology of cells is often quite indicative of their health and how
they will respond in theuture. This information is most readily obtained througgasurements

of cell circularity or nucleus size obtained frdhoorescentmicrographs[41], [42]. However,

when considering biomaterials whialrcorporatemicro- to nanoscale surface topography, these
features are not visiblby light microscopc techniquesdue to the diffraction limi{43], [44].
Scanning electron microscop8KEM) typically fills that niche inbiomaterials analysidue to its
higher-resolution via electron optics[44]. The electron mioscope, however, is incredibly
dangerous to biological samples due to the requiremeithigftvacuumchamberand electron
beam which can generate heat in rRoonductive specimeng5], [46]. Typical preparation of
biological samples foBEM is unwieldly due to its time requiremgnthemicalmodificatiors to

the cels, and removal ofall liquid [47], [48]. Room temperature ionic liquids (RTY). are
substancethathave high conductivity and minimal vapour press&®€IL have shown promise

for facilitating imaging of bacterial cells, mammalian cells, and some insects without being toxic
[49]1 [51]. In Chapter 5RTIL treatmens have been adapted amktended to biomaterials research

to enablesimultaneousmaging of submicron surface features and wet or even living biological
cells imagingin the SEM.This will be crucial for improving our understanding of bone-cell
material interactions to improve biomaterials for bamelants.
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1.2 ResearchObjectives

This thesis aimed to explore strategies to adgang understanding of biomineralization, the
design of suitablbioinspiredbiomaterialsurfacesand the subsequetévelopment ohovel and
more realistic method®r biomaterials characteation The specificobjectivesand approaches
taken withinthis thesisare divided by subhemeas follows:

(i) To elucidatethe understanding of bone structurat the atomic scaleThis was achieved in
Chapter 3 by:
(a) Developing alternative sample preparation methods for bonepenfiodrming atom
probe tomography to visualizéone at the atomic scale wittorrespondingchemical
compositional information
(b) Implementing new data processing methodglemtify the posibn of mineral with
respect to collagen using both qualitative goéntitative statisticanalyses

Lee, B. E. J. Langelier, B., & Grandfield, K. Visualization &f vivoMineralized Collagen Fibrils
using Atom Probe Tomographfsubmitted)

(il) Tounderstand the response of botlike cells toa bioinspired surfacereatedon titanium

using laser ablation techniqued his was achieved in Chapter 4 by:
(a) Using a pulsed femtosecond laser to generate reproducible and consistent linearly
inducedperiodicsurface structureisspired by theeriodicity of native collagen in bone
(b) Characterimg and evaluanhg these features using materials andvitro testing
methods

Lee, B. E. J.,Exir, H., Weck, A., & Grandfield, K. (2018). Characterization and evaluation of
femtosecond laseénduced submicron periodic structures generated on titanium to improve
osseointegration of implant&pplied Surface Sciencé41, 1034 1042.

(iii) To develop a new method of evaluating biomaterthist enables simultaneous visualization

of cells and surface featuredhis was achiewkin Chapter 5 by:
(a) Developinga RTIL protocol that allows for the visualization of wet bving
mammalian cells in the SEM
(b) Using this treatment to facilitate simultaneous observation of cells and biomaterial
submicron surface features

Lee, B. E. J. Exir, H., Weck, A., & Grandfield, K. Capturing Mammalian Cell Adhesion to-Sub
Micron Suface Features with lonic Liquids in Lewacuum SEM(submitted)
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In addition to the work presented in this thesis, | am alsautioor of three other published articles
relevant to my PhD project. The articles are attached in the app&uinbined theseprojects
represent madditionalterationof the three objectives outlined abamdthey have been marked
as such.

(i) To elucidate the understanding of bone structure

Lee, B. E.J.,Luo, L., Grandfield, K., Andrei, C. M., & Schwardd, P. (2019). Identification of
collagen fibrils in cross sections of bone by electron energy loss spectroscopy (EEdrSi,
102706.

(i) To understand the response of bonéke cells to a bioinspired surface created on
titanium :

Lee, B. E. J.,Ho, S., Mestres, G., Karlsson Ott, M., Koshy, P., & Grandfield, K. (2016).-Dual
topography electrical discharge machining of titanium to improve biocompatil$litface and
Coatings Technology96, 149 156.

(iif) To develop a newmethod of evaluating biomaterialsusing bioprinting:

Lee, B. E.J.*,ShahinShamsabadi, A.*, Wong, M, K., Raha, S., Selvaganapathy, R., Grandfield,
K. (2019) A Bioprintedn vitro Model for Osteoblast to Osteocyte Transformation by Changing

Mechanical Progrties of the ECMAdvanced Biosystems. *These authors contributed equally to
this work.
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1.3 Thesis ChaptefSummary

The research objectives presented in the Chapter 1 Introduction above are presented in the
following five chapters, divided dellows:

Chapter 2: Background and Literature Review. This chapter provides a summary of topics
relevant to this thesis. The overarching topics are: bone structurerelsiglnition microscopy
techniques (APT and SEM), metallic biomaterial surface modidicestrategies andin vitro
methods for evaluating biomaterials.

Chapter 3: i VJollged MinemlaAtrangementoas Mineralized In vivo using

Atom Probe Tomography. ®his chapter presents the visualizatiomirieralized collagen fibrils

from leporine boneat the atomic scale. Using APT, this work shantsa- and extrafibrillar
mineralizationof winding collagen fibrilsfrom anin vivo source It also showcases potential
applications for APT in the biomineral community through quantitative statistical analyses. This
work is currently submitted for publication.

Chapter 4 : ACharacterizati on anducedewbmicronat i on
peri odi ¢ structures generated on titaniThism t o i
chapter presentsraproducibleand controllable method of generating periodic surface structures

on titanium. The generated surfaces were reproducible, with submiatarefe and promoted the

activity of osteoblaslike cells. This workwas published iApplied Surface Science

Chapter 5: ACapturing MamnaWVactom SurfaceCredtures wAitd h e s i o r
lonic Liquids in Low-V a ¢c u u m SJHisMhapter presents thiest use of RTIL to facilitate
simultaneous visualization of cells and submidsmmaterialsurface features. facile method to

treat cells adhered to biomaterials was developed and was shown to be successful in the SEM.
revised version of this manugatris currentlyunder review

Chapter 6: Conclusions.This chapter summarizes the key findings of the research along with
contributions and potential future work.
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Chapter 2: Background and Literature Review

2.1Bone

2.1.1 Overview

Boneis a tissuavith both mechanical and chemical functions. Mechanically, bone acts as support
and protection for vital organs within the boalyd provides us with mobilityvhile chemically it

actsa reservoir for importanélements such as calcium (Ca) anghosphorus (P)52]. The
structure of bone, which allows it to perform both functions, is hierarchical and quite complex
[12]. Due to its multifaceted role, understanding bone famtnuctural, physiological and overall
health standpoint is importafit]. When considering the increased quantitypofeinterfacing
implants being placed, it is important to further develop the knowledge of[#priEhis thesis
focuses on examing bone structuren the atomic scaland usingknowledge ofthatto better
design implanted biomaterials.

2.1.2Bone Composition

The composition of bone can be broadly divided into three nmjases mineral (60 wt%),
organic (30 wt%) and water (10 wt%®3]. The biomineral phase is typically ceidered to be
mostly carbonated hydroxyapati{@€lA) [54]. However, recent work has demonstrated that this
hydroxyapatiten vivo can be substituted for a variety of ipgsich as magnesium and strontium
leading to diverse compositioffi§5], [56]. HA in boneexists as elongated crystal plates, with
dimensions known to be-@ nm thick, 2550 nm wide and 5200 nmlong [14], [57], [58] The
organic phase of bone is primarily conspd ofType 1 collagen and assorted rmilagenous
proteins (NCPs)which combine together to form extracellular mati®2]. The structure of
collagen itself is hierarchical ag progresses from amino acidsl nm) to triple helix
tropocollagemmoleculeg~ 300 nmYo collagen fibrilg~ 1 um)to collagen fibreg~ 10 um)[59].

These triple helices have a diameter of 1.5 nm and when arranged in arrays become collagen fibrils
with a characteristic, periodic banding pattern in which there are 40 nm gap zones followed by 27
nm overlap zones between the helife3]. This model of collagen is known as the Hodge and
Petruska mod€l60]. This overall 67 nm banding pattecan beobserved in the transmiegs
electron microscope (TEMP1]. Thearrangement omineral and organic phases of interest due

to the unique way in which they interweave within each othexreate a mineralized collagen

fibril [62]. The mineralized collagen fibril makes @hbasis for all higheorder hierarchical
structure, some outlined in Figurel2
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Figure 2-1. Hierarchical structure of bone from the molecular scale to the macroscale.
Reproduced from referen{@3] with permissions.

2.1.3BoneHierarchical Structure

Bone has a hierarchical structdrem the nanoscale to macroscagh 11 general levels of
classification being consider¢ti8]. At the nanoscal@r ultrastructural levethe building blocks

for the mineral and organic phases are apatite crystals and tropocollagen molecules respectively.
The tropocollagen molecules aggregate into arrays to form collagen fibrils which are subsequently
mineralized iy the apatite crystal[$4]. This process is ongoing as the bone g4k In a sense,

these mineralized fibrils act as a secondary scale building block for Heyletbone structures as

they arrange into collagen fibre3he fibres then arrange themseliato lamellar bone and
concentric ring®f lamellar bonadentify the microscale motif recognized as ostdéd$. It is at

this length scale that cortical and trabecular smparate themselves as the cortical bone contains
osteons while trabecular bone contains trabecuastruts of lamellar bone generally aligned
along the direction of the stru4], [65].

The ultrastructure of bone and how the collagen fibrils are mineralipedcollageAmineral
arrangement, has been tubjectof large debatewith three models presently existing and shown
in Figure 22. The first, Figure 2A, is from electron tomography studidy Landis et al who
examined mineralized turkey tendon and observed that mineral crystals in the shape of needles
were present inollagengap zones and then nucleated outwg@g This is known as intrafibrillar
mineralization. This stemom olderwork by Katz et alwho proposedhat mineral crystals
formedwithin the gap zones in the periodic collageanding[62]. However,massto volume
comparisonsuggestethat the total weight of mineral in bone could not fit solely in the gap zones
of collagen ibrils, and about 2@0% must be outside the fibrilknown extrafibrillar
mineralization62]. Similar work carried ouby Weinerand Traubdemonstrated that the mineral

is in the form @ plates closely related with the gap zone regj6i]. A different model fobone
ultrastructureproposed by Schwarcz et ahd shown in Figure-2B, postulates thaxtrafibrillar

mineral is comprised afurvedmineralplates in stacks refexdt o as fAmi ntataré | a me
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separated by less than 1 B8], [69]. This modelproposes entirely extrafibrillar mineralization
not inside the gap zone of collagen. Thied model (Figure 2C), by Reznikov et al. summarizes
some of thesearious theorieandattributes this misunderstandinggamples extracted from the
ordered(aligned collagen fibril arraydp disorderedunorganized fibril arrays) zones bbne
leadng to conflicting theories on bone ultrastruct{t8]. In her model, bone crystals appear again
as needles, this time acicular in sh§{f8]. Therefore, anunderstanding of the mineralized fibril
and bone ultrastructure is still yet to be completely addrebgedestingly, all these studiesed
electron tomographgisthe dominant materials characterizatroethoddespite it lackingirect
chemical inform#on.

A

Figure 2-2. Three models of the mineralized collagen fibril. (A) shows a model wherein mineral
forms in collagen gap zones and eventually nucleates into plaitesafibrillar mineralization
(B) proposes that the mineral is located externtieayap zones curvedmineral lamella®r
extrafibrillar mineralization(C) proposes that the mineralized collagen fibril has a number of
differing motives lacy, rosette and filamentous, the latter dich is shown hetdA), (B), and
(C) were reproducedith permissiorfrom reference§l7], [7] and[18] respectively.

2.1.4Bone Remodelng

In addition to being a hierarchical tissuenk is a dynamic tissue that actively remodels
throughout the lifespan of an individual order tomaintain its function both mechanically and
chemically. This remodeling can occur due to extedaahage, homeostasis requirements, or for
growth [1]. This process is governed by a series dutzel events which remove old bone and
place down new bong2] (Figure 23). The three central cellsinvolved in theprocessof
remodelingare osteoblasts, osteocytes and osteoclasts.

Once an external stimulus initiates the remodeling process, typically through mechanotransduction
of osteocytes, osteoclasts are recruited to the remodeling site where they digest mineral and
extracellular matri§64]. Osteoclasts share a similar ancestry to macrophages which allows them

9
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to resorb existing bone through acidification and proteolgls Osteoblastare differentiated
mesenchymal stem cells and are instead involved in the synthesis of nedtmeosteoclasts
digest old bone, osteoblast® recruited to the same remodeling site and they begin to secrete new
bone matrix known as ostedid0]. Osteoid is the unmineralized extracellular matrix that forms
the collagen fibril§64]. This process continues until the matoegins to be mineralized at which
time point many of the osteoblasts become encapsulated by the [@4j}riXhis encapsulation
leads to osteoblastseversibly differentiating into osteocyt§®4]. These osteocytes then act as
mechanosensors that transmit mechanical signals to initiate bamarcatitivity, including bone
remodeling and the cycle so continufs].

Quiescence >
Resorption

Reversal

Formation

Mineralisation

Endosteal sinus
l Quiescence

o - Monocyte
%\‘\‘é l Mesenchymal

Hematopoietic @ @ stem cell
stem cells
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Macrophages
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Old bone Cement line
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Figure 2-3. Schematic illustrating the cycle between osteocytes, osteoclasts and osteoblasts
during the bone remodeling proce@steocytes, via mechanotransduction, signal that bone
needs to be remodeled which recruits osteoclasts to resorb bone and osteolylaiieszes

new bone as the site of remodelifggure reproduced from referen@d] with permisson.

The newly deposited bone is referrecagwoven bone due to its lack of organization, but over
time it is remodeled intamore organized structure known as lamellar 68¢ Bone resorption

and subsequent formation can take up to 6 months to corfi2¢t@ his lengthy remodeling cycle
highlights the importance of understanding bone formation and its importance only increases when
considering bone remodeling in the contef an implanted device.

10
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2.2 The Bonelmplant Interface

2.2.10sseointegrationof Implant Materials

Individuals require their natural bone to be supported, replaced or supplemented with implanted
devices due to reasons such as injury, disease ofra@anada,here is a growing number of
requiredobone implants such as joint replacements placed annwéliyapproximately 59 008ip

and70 000knee replacement surgerigsrformedn 20172018 whichrepreserga 17% increase
compared to th@reviousfive years[2]. Use ofimplants caries the risk of signiicant lifestyle
changes for the recipient, rejection nlammatory responsesr even replacement of the implant

[72], [73]. As none of these situations atesirable, work has been conducted to investigate
methodso improveimplant outcomes. Amdeal implant would function seamlessly with natural
bone and a structural and functiconnection between bone and implant mateo#herwise

known as osseointegran, needs tde present [1].

It is well-known that increasing the roughness or surface area iofi@antsurface can improve
cellular responses and implant integration. However, cellular behavior on the surface is not so
easily controlledin order toencourag cell migration or specific differentiatiofir4]. Cell
migration can be guided by chemical or mechanical stimuli, chemotaxis and dyrotaxis
respectively[75]i [77]. The cells become polarized as a result of these stimuli and move along a
gradient[78]. It is known that cells tend to orienteih migration towards increasing availability

of adhesion sitelg9], [80]. The ability of cells to migrate along a surfasgery important as the
migration and adhesion of cells to biomaterials is part of the initial foreign tesgpnsevhich
occurs before osseointegratif®l], [82]. Similarly, the foreign body response can occur in
response to the chemical composition or functional groups of a biomaterial leadimdgsirable
fibrous encapdation or infectiong72], [73]. An ideal material is one that is inert and thus avoids
excessive chemical reactignghile being capable of being modified into a surface with high
surface area to encouragell adhesionOne such material fitting these parameters, and widely
used in boneémplants, is titanium and its alloys.

2.3Titanium as an Implant Material

2.3.1Properties of Titanium

Titanium is a material commonly used in implants that possesses many of the properties to allow
for good osseointegratiq@3]. Titanium has the unique combination of higiesgth, low density,
relatively lowelasticmodulus, high corrosion resistance, along with being biologically [i84}t

One of the major issues with metalbased implants is #t they can corrode and deteriorate when
placed in the human body. Titanium avoids this due to the presence of an exterior, natural oxide

11
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layer that forms as a result of reactions with ambient elerf@ntEhisoxide layer does not form

direct chemical bonds with bone tissuwaich allows titanium to act similar to an inert, ceramic
biomaterial[85]. The combination of high strength and low density also gives titaailmgh
specific strengtii84]. Additionally, since natural bone has a modulus betwegd @Pg86], an

ideal material for implants should have a modulus close to that of the natural bone to avoid bone
resorption as a result of stress shieldB@j. While titanium alloys have elastic modulii as low as

55 GPa which is greater than that of bone, compared to alternstiviesas 316L stainless steel

(210 GPa) or cobalthromium alloys (240 GPa) this is a marked ioy@men{83]. Compared to

nickel implants (skin disease risk), cobalt implants (potentially carcinogemi®L6L stainless
steel(high modulus), the major downside to usiitgnium is that it is more expensij&3]. Some

other issues that have been reported are that Al and V ions that are used in titanium alloys can be
released into the bodyd have potentially negative health effd&®]. It hasalsobeen found that

debris from titanium alloysave caused inflammatory responsg&8]. Despite these issues,
titanium is consideredne of the premium materials for implaatsd several surface modifications

have been investigated to improve its use for bone

2.3.2Surface Modification Strategies on Titanium

Due to its use in the medical industry, various modifications techniques have been applied to
titanium with the goal of improving osseointegration. Initially, the metallurgy of titasivould

be considered. As an implant needs to be strong, typidatyir metastable beta class alloys are
used[83]. As mentioned previously, thelasticmodulus of the material needs to be kept low
enoughto avoid stress shielding. Other metals such as Nb, Zr, Mo and Ta are considered suitable
alloying elements, some of which are beta stabilizers, which decrease the modulus of the material
without significantly reducing the strengf9]. The choice of alloyed material also can affect the
oxide layer. It has been found that alloyimigh Nb appeared to stabilize tb&idelayer[90]. The

two most commonly used forms of titanium for implants are commercially pure titanium and
Ti6AI4V with Ti6Al4V being the most common dental implant matef@l]. However,
commercially pure titanium has a lower modulus than Ti6AI4V and the two materials have similar
material properties and osseointegration when utiiizeavo[92].

Both the surface chemistry and topography of implants are believed to play a role in the response
of bone tissue to implanted devid@8]. In particular, rough and porous surfaces are known to
stimulate cellular attachment and differentiat{®4] as a result of increasing the beinglant
interface surface argas shown in the schematfiégure 2-4. For titanium, common surface
modifications to increase roughnesgh as acid etching, electeoosion processing, sandblasting

and machingooling as shown irFigure 25. The presence of roughness and pores increases the
contact area which has been associated with an increase in osteoblast@6tivitgis increased
surface area also results in the quantity of oxide present whkichemeficial from an
osseointegration standpoint. Sandblasted titanium has been found to improve implant retention
due to the increased surface af@3],[96],[97]. Usage of acid treatemt following sandblasting

12
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has also been considered as it reacts with th
[97]. Nitrogen ion coating has been observed to improve corrosion resif¥@heand has been

used in combination with other treatments such as plasmeesim@gting [99]. Plasma spraying

of titanium with HA has been used in implant studies to generate relatively porous surfaces,
compared to desely packed sandblasted titanium surfaces, that were considered more viable for

cell growth[99].
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Figure 2-4. Schematic illustrating the various parameters, biological and surface, that are govern
interactions between cells and materials. Figure reproduced from refgr@@peith
permission.

A commonapproachto improve the osseointegration of titanium involves modification of the
oxide layer. Machined and electropolished titanium have shown mimdestemarkable changes

in the oxide laye[28]. Ideal oxide thickness has been estimated to be gthater

600 nm[101]. Sul et alused microarc oxidation to create porous structures, increase roughness
and generate oxide layettickerthan 1@0 nm[93]. Anodzation has shown to produce thicker
oxide layers that show a larger degree of biomglant contact as evidenced by screw removal
torque studieg28],[102]. Use of piranha and alkaline treatments panerated surfaces with
varying morphologies but with alterations to the surface chenidijy Anodic oxidation using
phosphorusandcalciumhas been found to improve cellular adhesion, create micropores up to 2
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pm, and increase roughness of the surfa@2]. Cdcium andphosphoruare known, in particular,

to increase bone formation around impla®3],[103]. It has been speculated that rich calcium

and phosphorus environments are beneficial for stimulating osteoblast adhesion anfti@wth

The anodic oxidation process can also be altered to optimize the surface as alterations in electrolyte
concentration, current density and voltage have been correlated with changes in surface roughness
and oxide crystallinity105]. Another physical approach modifying the oxide layer and surface
roughnessand the one used in this thessslasermodification.

Figure 2-5. Titanium surface modified using (a) acid etching, (b) eleetasion processing, (c)
sandblasting and (d) machit@oled to generate roughened surfa&esle bar is 50 pnkigure
reproduced from referen¢®&06] with permission.

2.3.3Laser-Modification of Titanium

A lessconventional, but promising, method for modifying titanium for implants is the use of
industrial lasers. Lasers primarily work by either remelting, alloyangladding substrate surfaces

to improve material properties such as corrosion or heat resil@¥deThere are a wide variety

of types oflasers, many of which have been examined for use in biomedical applidad&iis
[110]. Lasers are primarily classifieatcording tothe gain medium which corresponds to the
possible wavelenfgs at whicHaserscan be operateak shown in Table-2 [110]. Thesdifferent
types of lasersllow for different modes of operation and thus generation of diftesurface
features[111]. In operation, certain laser parameters such as wavelength, pulse duaton,
fluenceare important for surface modificati@ong with considerations taken for the material
being modified[110]. Altering these parametecan result in microstructure alteration, grain
refinement or phase transformations of a given matéral], [111] Particular for pulse duration,
the distinction betwen long and short pulses dictates whetherthermal routes are possible
[112], [113] Operating at a pulse duration greater than the femtosecond, or ultrashort pulse, range
results inthermal processes dictating surface modificafibh2]. Conversely, operating at or
below this range results in surface modification being dictated by the length of th§lp@lse
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Table 2-1. Example laser devices used in microfabrication applications. Variations in the state
and the wavelength allow for fabrication of differer#tesl features. Adapted from reference
[110] with permission.

Physical State Medium or Species (Centre Wavelength' Excitation Methods
Gas (Excimer) ArF (193 nm) Electric Discharge
KrF (248 nm)
XeCl (308 nm)
Solid State Ti: sapphire (800 nm) Optical Pumping
Nd: YAG (1064 nm)
Nd: YVO4 (1064 nm)
Yb: YAG (1030 nm)
Yb: KGW (1030 nm)
Gas (Molecular) CQO. (10.6 pm) Electric Discharge

The major benefits of using laser techniques, compared to other surface modifications techniques,
are that they allow for a degree of precision and control over features and -@@ntext,rapid,

and clean[111]. Variation of pulsedurationis known to allow for formation of different
morphological features on the surface depending on bothgwiaBonand the heat affeetizone

[114]. Nitrogen in particular has been found to be effective when alloying due to the formation of
TiN [115]. Lasermodified titanium implants have been reported to have larger removal ésrqu
compared to control implants as a result of animal styiiied],[117]. Use of solid and gas state
lasers to generataicropores on titanium implants $iaeen examinefl18].

Studies involving the Nd:YAG laser increased the surface roughnéisanoadm at wavelengths

of 1064, 532 and 266m with 40 ps pulsefl18],[119]. Trtica et alnoted the presence of plasma
which they believed to provide a potential sterilizing effect against surface contanjirieBits
Excimer lasers, KrF and ArF, have also been used and were able to create holes on the micron
scale[120]. These excimer studies noted that while pulse durations in the nanosecond range
resulted in the formation of crowlike projections, pulse durations in the picosecond range were
ableto smooth out these ablatiofi®0]. KrCl and XeCl excimer lasers have also been used with
single and multipulse irradiationso alter surface roughness, with higher pulse counts leading to
greater roughne$s21l]. Despi te producing pronounced perio
et al. found that cracks formed on the surface of Ti alloys wisamguhigher pulse count
irradiations[121]. This was believed to be due to the movement of the liquid phase towards the
periphery before it resolidifiefl21]. Use of a Ti:sapphire laser system by Vorobyev et al., with
pulses on the femtosecond scale, was abledatemanoscale ripples on titanium pld&s).
However, their treatment also resulted in the formation of crfid&js Examples of titanium

ablated by Nd: YAG and ti:sapphire lasers can bergbdein Figure 26. Despite all progress,

laser modifications often result in the formation of cracks, holes, or craters due to the high cooling
rate following removal of the laser which is detrimental to the potential use in clinical settings
[107].
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Many of the features introduced by laser ablation have no defined structure and are irregular. A
consequence of laser ablation has been the formation ofinaiseed periodic surface structures
(LIPSS) on the surface of metals, semiconductors and inssa®2]. A longstanding theory by

Sipe and van Driel proposed thhtse rippled patterns were long considered to be interference
betweerthe incident beam and a surface scattered wave which resinteomogeneousnergy
absorption below the surface leading to surface roughh28% [124] More recently, Huang et

al have added to this model by stating that interference between the surface plasmons and the
incident laser are the major contributors to LIPSS formdtia6]. These structures have a defined
periodicity and their size and orientation can be adjusted by altering laser parameters. Linearly
polarized light can result in the structures being elongagegokendicular to the axis of polarization
[126]. LIPSS have been generated on titani[id7] and Ti6AKV [34] with periods in the
submicron range and have shown that cells appearaiot themselves parallel to the direction of

the ripplesOther work with LIPSS has beg@erformedat the microscale and observed enhanced
cellular responsefl28]. Reports of cellular experiments with LIPSS shows that cells undergo
stresses relative to the LIP$R29]. The control of cell migration or differentiation onto LIPSS
titanium has not been completely deciphered, and additionally, smaller periodicities approaching
the nanoscale have not been reached eitimit the work presented herein Chapter

% . . ,{é\ "I‘A‘ "‘-\ 9 :," ~ 'J m. '. —
Figure 2-6. Lasermodification of titanium using Nd:YAG (A/B) and Ti:sapphire (C/D) lasers
generated reproducible and consistent structhiaswvere either random or periodic in nature

Both (A/B) and (C/D) were reproduced from referend&®] and[131] with permission.

16



Bryan Leei PhD Thesis McMaster Universityi School of Biomedical Engineering

2.3.4 Bioinspiration

Designing or fabricating synthetic structures to replace natural occurring ones can be challenging.
Application of bioinspired or biomimetic designs to engineering materials has seen limited success
thus far primarily due to the requirement of biologists identifying phenomenon that could be
utilized in design$132]. Another challenge with bioinspired design is the inability to replicate the
structuresexactly asobserved in nature. This can be due to biological material that is constantly
renewed[132], difficulty in replicating their complexity63], or due to the requirement tie
presence dbiological cells. For bone implants, it has been reported by numerous studies that the
incorporation of hydroxyapatite to materials can resulimproved cellular responses and
osseointegratiofil 33]i [135]. Due to the natural presence of HA in bone, the rationale is that
incorporating HA will improve the biological response. Other biomaterials design has focused on
directing biological resptse by using queues familiar to cells and proteins. One example is the
usage of peptides with the adhesion domains of extracellular matrix (ECM) pretehas RGD

[136]. The adsorption or immobilization of these peptides to titanium has been observed to
improve osteoblast adhesion and proliferatj@B7], as well as contribute to improved bone
density inin vivo studies[138]. Dental implants designBave beenmanufactured on the
macroscale tie similar to root formatiofil39]. While modification ofimplant surfacesn the

mese [140], micro- [141], and nanoscal§l42] have investigated variou®pographies and
finishes the magrity of which do not replicate the structure of bone at those length scales. These
existing designs improved cellular responses and osseointegration but the mechanism as to how
these designs are directed these improved responses has not been dh86kidd 3] Similar

to the methodology for incorporating HA into bioméss, it follows that the collagen in bone
could be used as inspiration for biomaterials design. From bone remodeling it is known that osteoid
is first deposited and is subsequently mineralized over fiffg This deposited @soid is
primarily organic matrix comprised of collaggn0]. As such, itis possiblethat the distinct
periodic spacingfrom the previous identified Hodge and Petruska malat,existan collagen

could be used to guideellular responsedn Chapter 4, laser ablation techniques were used to
generatel IPSS on titanium that were inspired from the smlicron scalecollagenfeatures of

native bone.

2.41n Vitro Testingof Biomaterials

2.4.1 Bone Cells

Thein vitro methods used to test the biocompatibility of the aforementioned surface modifications
in the context of osseointegration typically involve the use of osteoblasts or ostéikblastls.
Protein adsorption is the first event following contact betwieevivo fluids and the implant
material which is immediately followed by cellular attachmg®4],[145]. Ideally, implants
would be testedn vivo but in vitro testing is often preferred because efficient, -eff&ctive
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methods are needed to allow for materials development without the unnecessary use of animals.
The type of osteoblasts used is important as phenotypes vary between cglifihesd because
osteoblasts have been found to react to features as small as [1@6jnClonally derived or
immortalized cells, such as neonatal mouse MC3T3EL1 or fetal rat RCJ cell lines, have been used
due totheir alkaline phosphatase (ALP) and collaggpe 1 productiofl44]. However, each cell

line has a unique phenotype which canfds the ability to directly compare morphology between
lines [144]. Nontransformed or primary cultured osteoblasts have also been used due to their
ability to adapt talterations in their surrounding environmé¢i44]. The most commonly used

cell lines in osseointegration studies are osteosarcoma celll#gsWhile they do not represent

the longterm phenotype of osteoblasts, osteosarcoma cell lines are easy to propagate and maintain
in cultureand are good measures of the initial phenotype ebbsdst§144].

There are several common osteosarcoma cells that have been used in stub8sd@&2 and

U-2 OS[147]. Pautke et al. determined that each cell line produced a differently composed
extracellular matrix and that the osteosana cells had smaller cell diameter and cell volume in
solution compared to humaterived osteoblastfl47]. It was unsurprisingly found that cell
proliferation was much greater with the osteosarcoma lines and that their phenotype did not well
represent that of humaterived osteoblas{d44],[147]. Saos2 cells were dund to embody the
most mature phenotype due to their production of ALP, bone sialoprotein (BSP) and chjipgen

1 and 3while U-2 OS only resulted in the production of collagame 4, which is typically only
found early in differentiatiofl47]. Production of key compounds for the M&3 cell line was
greater relative to thg-2 OS line but still less than the Sebtine[147]. Therefore, in the widk
represented in Chapters 4 and 5, Saosll lines have been used.

2.4.21In vitro Cellular Assaysfor Osseointegration

Evaluation of cell responses to biomaterials can be done using various biochemical assays. These
assays are typicallysedto measure cell viabilityr cell metabolism. Exampdeof metabolic

assays include tetrazolium saksch as MTT or XTT37] and resazurifcommercially known as

al a ma r BL4StlatErkpate terminal and intermediate steps in the electron transport chain step
of cell metabolism and doing so approximate the amount of living cells from the frequency of the
reaction The redox reactions of relevant electrorrieas during the electron transport chain such

as NAD'" and Cytochromes are outlined alongside the reactions for MTTeaaduririn Table 2

2. It should be noted that MTT is an endpoint assay for examined cells as its potential is
intermediate to the elgon carriers. This halts the electron transport chain leading to inhibition of

cell respiration and eventually cell death. Resazurin, however, does not have this concern and has
the benefit of enabling multiplex analysis as the assay does not inhib#s@Hation[38]. The

dyes or reagents will emit at a given wavelength which enables fluorescence or absorbance
measurementssing a plate readet specific values
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Table 2-2. Example of haHlreactions for relevant electron carriers in the electron transport chain.
Use of MTT creates a terminal step as it prevents the transfer of electrons from donors to carriers
as MTT has a midpoint potential in between the two. Alternativegazurincan detect
oxidation of any step in the electron transport chain without interfering with the transport of

electronq148].
Half Reaction Redox Potential (mV)
NAD* + 2H" +2¢ € NADH + H* -320
MTTox + 2H" +26¢ € MTTRrep -110
Cytochromesx +1€ &€ cytochromesep +80 to +290
resazurint + 2H" +2e € resorufin 380

In addition to cell metabolism, the morphology and dimensions of a cell can also be very indicative
of how they will respond in the futufd43]. As such, visualization of these cells under the
microscope using viability stairis also effective. Cedl stained with a viability reagent can be
evaluated lrough plate reading or light microscoggpending on the applicatioBxample o
viability stains include live/deadCélcein AM & ethidium homodimet) [149] and neutral red

[150]. These images allow for morphological examination of @dlke size and shape of the cells

can be indicative of their health. Two examptésmeasurement parametense circularity and
nuclear area factor, a quantitative measure of apoptatich can be used to assess cell
morphology[42]. The equations for their calculation can be seen below in Equations 1 and 2.
Depending on the cell type, the numerical value from eatihesk equations has differing value.
Specific to bone cells, higher values for circularity and nuclear area factor are associated with
healthier cell§41].

D)8 Q G & Qe 2)0 6 & & GV Ho 81 QO

Another common measure when assessing biomaterials for osseointegration potential is ALP
activity. ALP is consistently produced by osteoblasts and is considered a biomarker for bone
remodeling[143]. Evaluating the amount of ALP activity can be done using an activity assay. P
nitrophenyl phosphate when dephosphorylated by native ALP produced by cells will turn yellow
and the amount of activity can be determinedalasorbance readings.

The choice of evaluation method is independent of the biomaterial being examined aside from
situations where the biomaterial naturally fluored@e4 ] or if its surface is active and can react
with the reagentfl52], [153] The concern for some of these technigsesh as MTT or viability
stains,is that they act as endpoint analydiS4]. However, some methodsich as resazurin or
neutral red can allow for multiplexing which is beneficial from an experimental design standpoint.
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2.5 Scanning Electron Microscopy Principles for Biological Materials

2.5.1 Biological Imaging and Sample Preparation

Scanning electron microscopy (SEM) is a fundamental materials characterization technique that
has applications in numerous fields. For biomaterials, SEM is important when characterizing
materials with micro to nanoscale features that cannot be visualitedaight microscope.
Secondary{SE) and backscattereglectron (BSE)maging modes are typically uséalallow for
topographical and compositionalontrast information respectively. The topography of a
biomaterial is consistently cited as importantdeliular and protein interactions and SEM is ideal

for visualizing these surfacg$55]. Related characterization methods such as energy dispersive
spectroscopy (EDS) can be used to prowideequantitativecompositional information compared

to BSEimagingalone. As biomaterials are comprised of a variety of material types, not all these
materials are ideal for being placed in the electron microscope. For nonconductive materials,
accumulation otlectronscan often be problematandcan lead to imging artifacts known as
charging As aconsequencsamplesare regularly coated with conductive metals suctaalson,

gold or platinunto reducecharging[156], [157] These issues, however, cannot be resolved when
working with liquid-basedbiomaterials suchas hydrogelswhich cannot be coated or maintain
their integrityin atypical SEM because of thegh-vacuum requirements of the instrumentation
[158].

Imaging ofcells and their processés a primary method by which scientists can understand
biological processes. Historically, imaging of these samples hastyygeally conducted with

optical or fluorescent microscopy techniques due to their ability to visualize samples in live or
reattime conditions. While electron microscopy has extensive use in materials characterization, it
has been used in biological experiments to obtain the extra resolution not possible with optical
techniqueg44]. Doing sooftenrequires thasamplesundergosignficant sample preparaticio

fix cell membranes, stain low contrast components and dehydrate the specimen for the high
vacuum of SEM However, the advent of supegsolution techniques has enabled optical
techniques to achieve nanoscale resolution viatimeeuse of fluorescent tools which has impeded
upon the territory once owned by electron microscpiy. It is important to note that super
resolution techniques only apply to samples that can be fluorescently tagged and thus the resolution
for anythingelse in the system is limited by the diffraction of light. As such, cells adhered to
surfaces with submicron scale features could be visualized but not the substrate they are adhered
to.

The majority of electron microscopy conducted witammalian cedl has them prepared with a
fixative prior to imaging. These fixatives act as chemical eliokers of proteins which allow
them to preserve the structures of thangets[159], [160] Fixatives are often toxic, such as
osmium tetraoxide, and may destroy or damage cellular compdi2&htdVhile use of these
compounds allows for higresolution images of biologicakllsto beobtained, a fixed sample is
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nortliving and therefore not completely representative of the behaviour of the sample in question.
Additionally, a primary requirement for all samples to be viewed in electron microscopy is that
they cannot be exposed to the wam in a liquid state. As such, fixed samples are subsequently
dehydrated, often with ethanol or acetone, which removes all liquid components in the tissue or
cellular samplefl61]. Sometimessamplesan besubsequently engaided in resin dnstead may

be critical point dried to complete the dehydration. Sicedls areprimarily composed of low
atomic weight elements, the contrast obtained in the microscope will be poor when imaged without
further modifications. Therefore, biological samples are often given kaamyent stains or
coatings to improve contrast and alltow visualization of the immobile and ndining biological
structureg161]. Other technigues that can be used to facilitate visualization of cells in the electron
microscope include cryofixation and immunolabelljag2].

From a biological standpoint, fixah, staining, dehydrating and coating are unaédgras they
can eachcreate artifacts in the imaging procgg$], [163]. More importantly, all of these
processes can alter the morphology of cells, pratamsother relevant molecules resulting in the
imaging of a sample which has been altered from its live [gt&}g[163].

2.5.2lonic Liquids

lonic liquids have shown promise as an alternative method of sample preparataridgical
samplessuch as cellfl64], ticks [49], and chromosomg$1]. lonic liquids are defined as salts

that remain in the liquid stateud to the ions being poorly coordinated and thus have low melting
points[165]. The melting points can be sufficiently low that these salts can be in liquid phase at
room temperaturdRoom temperature ionic ligdRTILS)also possess low vapour pressare,
electrically conductiveand are no-volatile [166], [167] For SEM sample preparatiorhese

liquids can impart a sample with etacal conductivity and requirgignificantly lespreparation

time compared to traditional methods. These liquids have been used in a variety of methods, from
simply replacing the sputter coating step to being usetiameplacement of any number of
traditional methodssuch as fixing or dehydratir{§1], [168], [169] Bacterial cell§170], blood
cells[164], andchromosome$51] have all been visualized using these treatmantssome of
theseare shown in Figur@-7. It has beensaid that imaging of living cells using electron
microscopyis extremely difficult and has even been noted as impos§iblé]. Alternative
methods such lowacuum chambers or environmental S&Ehave allowed for imaging of wet
cells[172], [173] However, by combinig electron microscopy with fluorescent techniques, it is
possible to determine if the imaged cells are alive or ded@hapter 5, RTIL treatment of Saos

2 cells facilitated electron microscopy of these cells adhered to LIPSS titanium while cell viability
was assessed with fluorescent assays. This technique fulfills a niche in biomaterials evaluation by
enabling the simultaneous, rapid, and facile imaging of submicron biomaterial features and wet
living cells.
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30 um

treatmen{B/C) on flat substrategA) and B8/C) were reproduced from referend&s4] and
[168] with permission.

2.6 Atom Probe Tomography (APT) as a Characterization Tool for Bone

2.6.1Introduction to APT

Atom probe tomography (APT) uses tiroentrolled field evaporation of atoms from a surface to
reconstruct 3D volumes witsimultaneoushemical resolutiofil74]. As the name implies, APT
theoretically facilitates atomic scale spatial resolution with chemical sensitivity for all elements
down to a resolution in the parts per milliffiv5]. The atom probe microscope provides the
greatest spatial resolution for chemical analysis compared to TEM or secondary ion mass
spectrometry (SIMS)[176]. APT is a destructive technique that involves the sequential
evaporation of atoms from the surfadex sampl¢174]. To do this, a specific needhape sample

is needed for the appropriate electrostatic field tproeluced at the tip which in turn allows for

field evaporatior174]. These tips ide§t have a radius of 50 nm such tlebigh electrostatic

field can be produced at the tip surfated].
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Figure 2-8. Schematic demonstrating tleserassistedAPT experimental flowrom acquisition
to reconstruction. Figure is reproduced from refer¢h@@] with permission.

Once in the atom probe anoscopethetip is subjected to an electric field at an energy just below
thethreshold of atom evaporation. To cause field evaporation, additional energy is applied to the
tip via voltage or laser pulse$he timeof-flight of the atoms from the tip to a positisensitive
detector is recorded and using this information in combination with laser tracking, atom probe
allows for the specific identification of each ion that is detected and the spatial location from where
it was generatedlhe time of flight of an individual ion is the time from the pulse to the time it
contacts the detector and allows for determination of the mass to charg&#a}id his ratio can

then be identified to a specific ion using knowledge of evaporated elements afiti7i®n3 he
location that the ion contts the detector providesandy coordinates for the ion while the
coordinate is determined through reconstruction paramidtés$ The resultant data are iane-

of-flight mass spectrum corresponding to a 3D point cloud which can be reconstructed into a 3D
volume using an appropriate softwaféis 3D point cloud can be freely manipulategerform
analysison the spatial and chemical arrangement of atoms, and thefdi@@rocess is illustrated

in Figure 28. APT is sometimes referred to as a falimensional (4D) technique, whexey,z

spatial information in 3D is combined with a fourth dimension ofiakgy.

2.6.2 Sample Preparation for APT

APT sample preparation on metallic materials uses electropolishing but lacks control of the
examined surface and can be tinmsuming174]. The development and proliferation of focused

ion beam (FIB) microscopes worldwide have enabled use obBH#&d sample preparation for
APT [178]. FIB-milling techniques allow for the fabrication of tips suitable for APT and have the
advantage of being stspecific (Figure 2). Using liftout techniques, it is possible to prepare
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multiple APT sanples from a single extracted regifti78], [179] Use of SEM within FIB
microscopes enables this sgigecific extraction. When considering biological samples, the
lengthy sample preparation methods detailed above includingiofixadehydration and
embedding are required. Additionally, there is capacity for correlative APT with TEM tomography
techniques, such as STEM or EELS tomography, since the sample meets the geometrical
requirements for TEM at the same time as ARZ0], [181] Tips prepared foAPT can be
mounted on a rotating sample holder that would allow for traditional electron tomography. These
samples could subsequently be multiplexed and put in the atom probe micrasgmyérm
correlative microscopgis demonstrated with boimaplant nterface§16] and steel$180], [181]

The combinabn of these two techniques allowed for optimized APT reconstruction parameters.

Figure 2-9. Sample preparation of human bone for APT experiments using FIB sample
preparation methods. Scale bars (a) 40 pre)(®um, (f) 200 nm. Figure was reprodudedm
referencd20] with permission.

2.63 APT of Biological Materials

Traditionally, APT was only possible for conductive samples as pulsed voltage was required to
cause field evaporatiorBiological, organic and norconductive materials do not typically
evaporatevell inthe atom probe under voltagelsing conditions; hoewer, laser pulsing methods
have enabled thexamination of insulating and organic materidl9], [176]. It has also been
speculated that shortening the laser pulses could create lower local temperature spikes at the
specimen surface which is ideal for all materjal&]. APT has been successfully appliedhitin

[182], ename[183], denting184], andhuman bon¢20], as well as borenplant interface$l6],

[185]. Each of these studies provided insigtib the interfaces present within the materials and
identified localization sites of specific elemgrstsch as Naand Mg altering the composition of
individual organic fibres in chitofi82] or Mg?* and Fé" being segregated at grain boundaries in
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rodent enamdlL86]. Of these four biomineralBuman bone has the highest percentage of organic
content in the form of collagen which makes it challenging to put in the atom prolmscope.
Theprevious APTwork on human bone represents the f¥&t model ofbone at the atomic scale

but the amount of collected ions is significantly less than many typical APT[2QhsAs the

authors suggesthis may hae beera consequence of the heterogeneity of lehigh organic
contentas well as its poor heat conducti@®]. These conditions result in ir@ased background

signal and reduced mass resolving power due to the presence of thermal tails in the mass spectra.
These negative side effects have been observed in all biominerals and methods to minimize these
effects have been moderately effectj28], [182] [184]. As such, improvement on the quantity

of data collected and its quality is required to further probe biomiratialin of bone at the atomic

scale. In Chapter 3yy altering the type of bone studied, and optimizing sample preparation to
align collagen fibrils along the axis of the APT specin#d?] was used to probe biomineralization

of leporine bongresulting inmuch larger datasets than those previously reported as a result of
condition optimizatiorand new insights on collagenineral arrangement
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Chapter 3: Visualization of CollagenMineral Arrangement as
Mineralized In vivo using Atom Probe Tomography

SummaryThe mineralized collagen fibril is an essential unit in the assembly of bone but the
collageamineral arrangemeris still subject to debate. In this chapter, leporine boneahigised
with collagen fibrils parallel to APT tip geometry aimgestigated tmbserve possible
mineralizationpatterns obone at the atomic scale with corresponding chemical identification.
The new sample preparation approach resulted in an increased specimen yield, compared to
previous studies on bone from the maxillae position of the mineral with respect to the
collagen fibril wagnvestigatedising ionic density plots, isosurface volume rendering, and
proxigram analysess well agjuantitative statistical analysen the pointcloud dataWithin
bone, themineralized collage fibril entity was observed with suftanometer accuracy and
equivalent chemical compositiomhis work identified indicators dfoth intra and extrafibrillar
mineralization Exploring the 4D pointloud identified variations in the stochiometfyminerad
(compositions consistent with hydroxyapatite or amorphous calcium phosphati&)caitration
based on distance to the collagen fibrtereforeas outlined in the objectivethis work
developed the technique of APTdontribute to theinderstandingf bone structurand

chemistry specificallycontributing to a better understandingcoflagenmineral arrangemeratt
the atomic scale.
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Abstract

Bone is a complex, hierarchical structure comprised of two distinct phases: the organic, icollagen
rich phase and the inorganic minéradh phase. This collagémineral arrangement has
implications for bone function, aging, and disease. Howesteategies to extract a single
mineralized collagen fibril to investigate the interplay between components with sufficient
resolution have been confined to in vitro systems that only approximate the biological
environment. Therefore, there is extensiveatelover the location of mineral with respect to
collagen in in vivo mineralized tissues as visualization and quantification of the mineral in a living
system is difficult or impossible. Herein, we have developed an approach to artificially extract a
single mineralized collagen fibril from bone to analyze its composition and structurebgtom
atom with 3D resolution and sutanometer accuracy using atom probe tomography. This enables,
for the first time, a method to probe fibkdvel mineralization and clalgen mineral arrangement

from an in vivo system with both the spatial and chemical precision required to comment on
collageri mineral arrangement. Using atom probe tomography, 4D (spatial + chemical)
reconstructed volumes of leporine bone were generatiddasturacy from correlative scanning
electron microscopy. Distinct, winding collagen fibrils were identified with mineralized deposits
both encapsulating and incorporated into the collagenous structures. This work demonstrates a
novel fibril-level detecton method that can be used to probe structural and chemical changes of
bone and contribute new insights to the debate on collagaeral arrangement in mineralized
tissues such as bones, and teeth.
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Introduction

Bone is an extraordinary material thabyides vertebrates with skeletal support and essential
metabolic functions, acting as a reservoir for ions involved in muscle activation to nerve signaling,
and as a vessel for the production of blood cells [1]. By volume, bone can be divided into organic
and mineral phases, 35% and 65 vol%, respectively. The majority of the organic phase is Type |
collagen, while the inorganic phase is widely accepted to contain hydroxyapatite
(Cao(PQy)e(OH)2) with carbonate substitution. These two phases work in cotweneate a
hierarchical structure which is templated by the organic phase built from individual amino acids
to collagen molecules to collagen fibrils and collagen fibréq42]

The mineralized collagen fibril is considered the building block for iglhdrorder structures

within bone. However, identifying where the mineral is located with respect to the collagen fibril
and what exactly that mineral is, are challenges that have plagued bone researchers for decades
[5]. This is primarily due to the teafcal limitations associated with visualizing the mineralized
collagen fibril with both sufficient spatial and chemical resolution in tdigeensions (3D).
Previous work has employed higésolution microscopy techniques, such as electron tomography,

to facilitate visualization of collagemineral arrangement [B[9]. However, these studies have
been | imited by the Omissing wedged, the inabi
to distortions in reconstructions [10]. Moreover, previousistidith electron tomography have
visualized the 3D structure of bone mineral [4], [f1#] but not simultaneously probed for
chemical information. This may account for the discrepancies seen in models for bone
ultrastructure. Furthermore, there have beemerous attempts to mimic in vivo mineralization

using in vitro [15][17], cryogenic [18], [19], and/or in situ approaches [20], [21], however, they

are all limited by being in vitro systems and thus not truly equivalent to the biological in vivo
environment.

Herein, we overcome the challenge of visualizing an individual mineralized collagen fibril from
an in vivo system by utilizing atom probe tomography (APT) to extract and virtually reconstruct
the exact chemistry and 3D structure of the collageil.fAs shown in Fig. 1, this method enables

us to study collagémineral arrangement from a precise site within the femur @id) and
lamellar layers of interest (Fig-1B), resulting in a 3D dataset displaying clear and winding
collagen fibrils (kg. 3-1D) that can then be explored atdayratom. In this paper we present the
competing theories on collagen mineralization, an overview of the technical limitations associated
with existing in vitro and 3D visualization approaches, and our findingptaaént new insights

for collagefi mineral arrangement. Our work demonstrates that APT is a powerful technique for
probing collagen mineralized in vivo, helping answer the questions of: (i) Where is the mineral
with respect to collagen?, and (ii) What Iee tbone mineral composition, how does it vary
spatially?

38



Bryan Leei PhD Thesis McMaster Universityi School of Biomedical Engineering

200 nm 20 nm
| |

Figure 3-1. The hierarchical organization of bone as prepared for atom probe tomography. Bone is a

hierarchical structure that spans the macre to micro- to nanoscaleThe femur (A) is colloquially considered to

be a long bone, but upon closer inspectmoomprised of complex structures, known as osteons, which act as the

macroscale building blocks of bone (B). These building blocks are oriented parallel to the long axis of the femur,
and within each osteon, the majority of collagen is also parallbktéetnur long axis. Bone can be sectioned further
using highresolution microscopy techniques, for example by focused ion beam microscopy, a region only 50 nm in

diameter with collagen oriented along its long axis is prepared (C). Using APT, collagerofithe nanoscale

can be visualized in bright red (D) which represent bundles of collagen molecules with their characteristic banding

pattern and a righhanded helical structure (E).

Using APT to Extract Mineralized Collagen Fibrils

Atom probe tomography (APT) is a field evaporation technique that generates 4D (3D spatial +
chemical) reconstructed datasets from individual atoms, as opposed to 2D projections like electron
tomography [22], [23]. Using field evaporation, atoms from aispen surface are ejected and
collected by a positiosensitive detector, giving rise tqQy coordinates, while simultaneously
identified through timeof-flight mass spectrometry, giving rise to the mtmssharge (m/z) ratio

[22]. Historically, APT was nioutilized for biological materials due to the requirement for a pulsed
electric field to generate field evaporation which limited analysis to conductive materials [24].
However, since the advent of lasasisted APT the technique has gained tractioariatyzing

various biominerals [24], [25]. APT of enamel [26], dentin [27], [28] and human bone [29] has
facilitated localization of mineralization modulating elements, such aszNaMd*, within their
structures or at interfaces. Human bone examined A®th showed regions of high calcium and

high carbon which may correspond to the locations of mineral and collagen respectfully, but the
samples were taken from the maxilla, a more disorganized type of bone, and thus the lack of a
priori information on colhgen orientation prevented a thorough analysis [29].
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In long bones, such as the femur, collagen fibrils are aligned parallel to the long axis of the bone
providing optimal structural support [30]. In this study, leporine bone from the femur was
sectionedand using a focused ion beam (FIB), was prepared such that collagen fibrils were
maintained parallel to the APT tip long axis (F3¢S1).

-

-

Figure 3-2. The winding collagen fibrils present with the mineralized matrix of leporine boneepresented in
three different reconstructed datasetsThe carbon isosurfaces (A,B,C) (11 at%) show a fiiké structure that is
not directly parallel to the lifout but instead appears to have some helical curvature. An individual fibril section
from the reconstruction in C is isolated in D and shown along with calcium isosurface (29 at%) in E suggesting that
the calcium envelopes the carbon fibril.

In this way, APT was performed and enabled long winding collagen fibrils mineralized in vivo to
be extacted from seven APT tips, with three of the largest representing over 40 M ions each,
shown here (Fig3-2 A,B,C). Isosurfaces of red, yellow, and blue represent three different
reconstructed surfaces high in carbon concentration, representing coltagsnvith a measured
average diameter of 20 nm that is comparable to known dimensions [31]. The chemical sensitivity
of APT means that a fibril can be further isolated, where a select collagen fibril is shown without
(Fig. 3-2D) and with (Fig.3-2E) corresponding calcium isosurface rendering, which represents
bone mineral. Surface renderings of each of the three tips were visualized in 3D with calcium
isosurfaces demonstrating the close spatial relationship throughout the entirety of the APT
specimen betwen the collagen and mineral (FigS2,3) On the molecular level, it is known that
bundles of collagen molecules formed rigainded alpha helix structures, demonstrated by Orgel
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et al. that collagen molecules further formed rigabhded microfibrils [32]By using APT to
extract carbosrich collagen fibrils, our work shows that this same, Fggahdedness is maintained

at higher ultrastructural fibril levels. Unlike previous models relying on in vitro, cryogenic, or in
situ TEM, these collagen fibrils wefermed and mineralized in vivo and their chemistry and
spatial structure is simultaneously shown by APT.

Where is the mineral?

The extracted collagen fibril can be probed deeper to explore local changes in chemical
composition to uncover the relationshigtween collagen and mineral. There have been numerous
theories regarding the structure of bone, particularly how the collagen fibrils are mineralized. The
dominant theories on collagen mineralization have been generated using electron tomography
techniques [4], [11], [14], and broadly classify mineral placement as occurring inside the collagen
fibril, intrafibrillar mineralization, or exterior to the fibril, extrafibrillar mineralization.

The chemical sensitivity and spatial accuracy of APT, enablesprsbe the composition in both

these locations in collagen. A carbon isosurface, representing the collagen fibr8-g8y is

shown along with corresponding calcium density maps, representing the minera3€Eig from

each of the tips shown preusly in Fig. 2. Corresponding density maps for carbon match the
implied spatial coordinates from the isosurfaces (8i§4). The collagen fibril and the mineral

are predominantly present in different areas of the sample3f38,C). In general, the spas
between the carbon isosurfaces (BgB) are filled by calcium (and phosphorous, not shown)
and therefore, mineral dense regions (R¢3C). This primarily supports the argument of
extrafibrillar mineralization dominating collagen mineralization.sTis in agreement with the
model proposed by Schwarcz et al. which proposed that the mineral surrounds the collagen in
curved sheaths known as Ominer al | amal |l aed6 t |
extrafibrillar [6], [14]. However, therera regions of high calcium density, most visible in the
yellow specimen in Fig3-3, that correspond to the same spatial coordinates as the collagen fibril,
thus providing some evidence of intrafibrillar mineralization. This is supported by 3D visualizatio

of the extended fibrils (Fig3-S5) which show variations in concentration of calcium and
phosphorus relative to the collagen fibril and some coincidence of calcium/phosphorous with
collagen and nitrogen. This spurred further investigation intatikenistry inside collagen fibrils.
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C Calcium
0 ions/nm’> 1N M >3.16 ions/nm°

A

0 ions/nm> N M >2 .42 ions/nm®

0 ions/nm’> 1N M >2 59 jons/nm’

Figure 3-3. Isolated collagen fibrils (B) from three different reconstructed datasets (A) with corresponding
calcium atomic density maps for the same region (CA represents the original reconstruction previously show
in Figure 2, B represents the extracted collagen fibril from indicated regions in A, and C shows calcium atomic
density maps. The extracted collagen fibril isosurfaces (11 at%) from all three tips show a winding structure (B).
Calcium is most dense inghregions outside of the fibril (C), and example shown by the asterisk (*) on the red/top
specimen. However, calcium is also present in varying high density regions within the fibrils, most visible in the
yellow/middle tip, marked by arrows (*). The dimemss for B and C are identical.

The collagenous phase of bone can be broadly described as carbon and-hasmgkwhile the
mineral phase is considered calcium and phospHmsed. Atomic density maps of a
representative fibril are shown for each ledd¢e four major elements through yhendz plane of

the tip (Fig.3-4). Density maps show a projection of the atoms in the extracted fibril. The collagen
fibril is characterized by a distinct periodicity of 67 nm with gap (27 nm) and overlap (40 nm)
regions between the collagen molecules which was first observed in the electron microscope and
proposed by Hodge and Petruska [33]. The banding associated with collagen and its helical nature
is readily visible by the nenniformity in the density map of carbdFig. 3-4A). Furthermore,

distinct spacings between the regions of high density in the calcium3¢&RB) and phosphorus

maps are approximately 30 nm apart, which could suggest that gap and overlap zones identified
by Hodge and Petruska are being vigeal with this imaging method. Nitrogen, a major structural
element in the amino acid backbone of collagen, is directly correlateB3{&#() to locations of

dense carbon which confirms that these long winding structures are indeed collagen fibrils.

The atomic densities for both calcium and phosphorus are higher than the densities of carbon or
nitrogen. This illustrates that although there are observable regions of variable density for calcium
and phosphorus, the mineral is highly concentrated throughesample. When considering the
calcium map, the majority of highest density regions appear counter to that of carbon, and along
the exterior of this fibril. An example of this is shown by the asterisk marked regions 3MFig

A,B which highlight thatthe central collagen fibril is flanked by dense regions of calcium and
phosphorus. This is corroborated by the phosphorus map 3HEB) where dense areas of
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phosphorus are directly correlated to dense areas of calcium, together providing strong evidence
for extrafibrillar mineralization. Visualization of the section throughxfaady plane, shown on

the right of Fig.3-4, shows that most of the calcium and phosphorus is on the periphery while the
carbon and nitrogen are most concentrated in the centre. This in agreement with previous work
that states a majority of the mineral is external to the fibril [34].

M >0.75ions/nm>

A Carbon >0 ions/nm° IF

M >2.60ions/nm>

C Nitrogen >0 ions/nm° IF M >0.19 ions/nm?3

L@

D Phosphorus >0 ions/nm* Il M >1.00 ions/nm?®

B Calcium >0 ions/nm° I

30 nm

Figure 3-4. lonic density maps visualized from they,zand x,y planes of a collagen fibril showing distinct
phases of mineral and collagenCarbon (A) and nitrogen (C) are-tmcalized to form the collagen fibril while
calcium (B) and phosphorus (D) arelocalized to form the mineral. The mineral is predominantly external to the
collagen fibril, marked by asterisks (*) in (A) and (B). However, periodic increases in mineral density are visible
within the collagen fibril, marked by arrows (*) in (A) arg) (A periodic spacing that approximates to 30 nm,
indicated by dashed lines<-), can be observed in calcium and phosphorus maps.

However, equally important to note, is that many of the gaps observed in the carbon map appear
as repeated interdigitatis of calcium, marked by arrows (F&4A), which suggests intrafibrillar
mineralization. Building from the work of Hodge and Petruska, Katz and Li postulated that mineral
apatite crystals were arranged within the periodic collagen gap zones [34]. Thpramment

theory of intrafibrillar mineralization was proposed by Landis et al. that used mineralized turkey
tendon to show that inorganic mineral formed in the gap zones and nucleated outward over time
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[12]. Similar work byWeiner and Traub demonstratidht the mineral was present in the plate

like structures that were associated with the gap zone region [35]. These theories on bone
mineralization have identified mineral as being present predominantly in the gap zone regions of
collagen [34], [36][39]. While the mass resolution of our datasets was insufficient to observe
distinct mineral plates, the observed chemical periodicity and interdigitation of calcium and
phosphorus within the collagen fibril is strong evidence of intrafibrillar mineralizatitimnhe

gap zones. However, it has been noted that the total weight of mineral in bone could not be solely
present in the gap zone of collagen fibrils and that some must be present externally, via
extrafibrillar mineralization [34]. Therefore, these mapggest that a combined model occurs,
with both intrafibrillar and extrafibrillar mineralization occurring simultaneously in vivo.

In order to better quantify the presence of intrafibrillar mineralization, the same sectioned fibril
described above (frorfig. 3-4) is shown toglown from thex,y plane with both carbon and
calcium isosurfaces (Fi§-5). A noticeable void in the calcium isosurface (grey) is visible when
the carbon isosurface is not rendered (Bi§A). Whereas, rendering of the two isosurfaces (Fig.
35B) simultaneously gives an appearance si mi/l
has been frequently described [6]. The difference is that with APT, chemical sensitivity is
available. Usg a proxigram (Fig3-5C), the atomic concentration is measured moving into and
away from the carbon isosurface (F3¢bD; purple and red lines, respectively). The concentration

of carbon greatly decreases while moving away from the collagen fibriewhé calcium
concentration increases, suggesting more of the caleamphase is located exterior to the fibril,

in extrafibrillar mineralization. In the opposite direction, moving into the collagen fibril, the
concentration of carbon increases sigaifity while calcium drops. However, notably, the
concentration of calcium and phosphorous does not completely drop off and hovers around 10
at%, indicating that there is indeed biomineral present within the collagen fibril structure, evidence
of intrafibrillar mineralization. Studies by Reznikov et al. created the most recent model of
mineralization which identifies mineral needles that are boethnd outside the fibril while also
highlighting that differences in the ordered and disordered regions oftharlead to alternative
theories, especially when considering the small volumes that are typically analyzed in the
microscope [4], [8], [37]. The results of our work show that both intrafibrillar and extrafibrillar
mineralization are present in all obsedvAPT specimens.
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Figure 3-5. Demonstration of the spatial relationship between mineral and the collagen fibril. (A) Calcium
isosurface (grey, 30.3 at%) alone showing a distinct gap in the centre of the sam§) Calcium isosurface
rendered with cdoon isosurface (blue, 11 at%) showing that the collagen fibril is enveloped completely by the
mineral. (C) Carbon isosurface alone with red and purple arrows indicating the directions for the proxigram (D).
Movement along the red arrow indicates measurésrtaken from the edge of the carbon isosurface towards the
centre of the collagen fibril, while movement along the purple arrows indicates measurements taken from the edge
of the carbon isosurface outwards into the extrafibrillar region. (D) Proxigrawsshat while the collagen fibril is
carbon and nitrogen dominant (under the red arrow), there are still significant amounts of calcium and phosphorus
present suggesting intrafibrillar mineralization.

What is the mineral?

The specific composition of the naral phase in bone is extensively debated as is its localization.
Bone apatite can be generally considered carbendistituted hydroxyapatite, but it is has been
proposed that other phases such as amorphous calcium phosphate and octacalcium pleosphate ar
also present in bone structure [4], [9], [34]. Amorphous calcium phosphate, in particular, was
originally proposed as a precursor to hydroxyapatite during mineralizatiorrem diffraction

studies by Posner [40]. This was followed by otheaydiffraction studies which have stated that

this is not ACP and may instead be poorly crystalline hydroxyapatite [41]. More recent work by
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Sommerdijk et al. has shown that ACP infiltrates collagen fibrils in vitro [18]. NMR studies have
also observed ACP forminga both intraand extrafibrillar mineralization pathways in vitro [42],
[43].

The wealth of information provided by the APT mass spectra allows for quantification of elemental
ratios. In theory, field evaporation results in single atoms being ejectadhe APT tip at a time.

The reality is that it is often ions, with varying degrees of complexity, are ejected at once. While
high quantities of important, singular elements in bone structure such as C or N or Ca are present,
there are also peaks in thpectra corresponding to PO, 2Or even more complex ions such as
CaQ or CaPs0s. By decomposing all of the peaks, the calcium to phosphorus atomic ratios (Ca/P)
were calculated and compared to average values in the literature from varying techiradpes (
3-1). The average Ca/P ratio for alltbeé APT tips was determined to be 1.45 which is very close
to the theor et i c aftricaldiumfphosphatePr amapghdus caloifm phbsplateb
(ACP). This contrasts with the established 1.67 ratio of stochiometric hydroxyapatite. However,
the ceviation could be explained by the substitution of carbonate groups for phosphate groups
within bone, as explained elsewhere [29], [41], [44].

Table 3-1: Ca/P ratio of biominerals measured using atom probe tomography and photon
absorptiometry. Ratio was cetermined usingn=7 reconstructed datasets.

Leporine Bone Hydroxyapatite Human
i Atom Probe i Atom Probe Calculusi
Tomography = Tomography Flame
[27] Photometry
[45]
Ca/P Ratio 1.45 1.66 1.68

The APT dataset, consisting of an exportable 4D point cloud, could be sectioned into regions of
interest inside and outside of the collagen fibril (B¢ A,B), and the mass spectra from these
regions can be extracted to probe mineral chemistry. As eyebhe mass spectra show there are
greater quantities of mineral associated ions, suchdfC&PQ,* or PG, in the mineral region

located exterior to the fibril (Fig3-6D) as opposed to within the collagen fibril (F&6C).
However, the mineral within the collagen fibrils had Ca/P ratios comparable to the mineral that
encapsulates it. There was greater variance in the measured Ca/P ratio inside the collagen fibrils
butthis may be due to examining a much smaller volume that is exposed to sampling issues, where
in some cases only 28D atoms were being considered in calculations.
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Figure 3-6. APT of a collagen fibril with representative mass spectra inside and outside of the fibril. An

extracted collagen fibril (A; isosurface, 11 at%) along with carbon ionic density map (B) is showin the

region specific mass spectra (C,D), thare greater quantities of mineral associated ions in the mineral region

located exterior to the collagen fibril (D) (e.g. Ca,2P€@mpared to that inside the fibril (C). The select ionic
species indicated on the full tip mass spectra are some ofithpsdant to bone structure.

The bulk Ca/P ratios for APT reconstructed samples averaged around 1.45. However, using radial
clustering analysis, groups of Ca and P atoms were selected, such that their ratios were within the
ranges of either ACP (1-.4.6) or HA (1.61.8) so their spatial location could be analyzed with
respect to a collagen fibril. Similar analysis of proximity histograms to investigate interfaces has
been conducted by Felfer and Cairney [46]. Herein, clusters labeled as ACP or HA wegiteeval
based on their proximity to the collagen fibril by measuring the minimum cartesian distance
between the two structures (F&7 B,C). It was observed in all datasets but one that clusters of
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ACP are present in greater quantities within 1.5 nm o€alagen fibril compared to HA clusters

(p < 0.05). At greater distances, regardless of the Ca/P ratio of the mineral, the proximity of the
mineral to the collagen fibrils was not statistically different between ACP and HA representative
ratios. This findhg aligns with in vitro studies that note the role of ACP as a precursor to HA and
the first material to form within the gap zones of collagen. However, these results also lend
themselves to a discussion on the crystallinity of the mineral phase. Préviaysdiffraction

studies show that the presence of paracrystalline or poorly crystallized HA has the same Ca/P ratio
as HA [41]. Our results are predicated on the assumption that #1e61Ca/P ratio represents
ACP, but we cannot differentiate betwgmorly crystalline and crystalline HA using APT leaving

the possibility that mineral closest to the fibril, and therefore perhaps inside the fibril, is either
ACP or poorly crystalline HA. The spatial arrangement of these mineral clusters with differing
stoichiometric ratios, along with their crystallinity, requires further investigation via datasets with
improved mass resolution. This necessity to improve resolution is primarily due to the presence of
thermal tails in APT mass spectra which have been tegbarith other biominerals as well [27],

[28], [47]. In addition to cluster of mineral phases, a model for the overall winding structure of the
collagen fibrils was determined by fitting the extracted bundle of collagen fibrils to a helix (Fig.
3-7A). Theparametric equations for the bundle determined that the radius, on average, was 29.5
nm with a pitch of 16.5 nm. The model also confirmed that the helix ismayinded which agrees

with known work on collagen structure [48]. This model shows that AP Dbearsed to extract a
subnanometer and chemically accurate mathematical model for the helical nature of a healthy
collagen fibril. Applying this approach more broadly, APT could become an essential tool in the
diagnosis and investigation of bone diseagagjcularly for specialized pathologies affecting the
collagen organization, such as misfolding of the triple helix [49], Elidardos syndrome [50], or
osteogenesis imperfecta [51]. Combined with the chemical sensitivity demonstrated to probe
compositimal changes in Ca/P ratio, we have demonstrated APT has the power to probe both the
mineral and organic framework of bone.
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Figure 3-7. Cluster analysis of mineral proximity to collagen.Fitted helical model for a collagen fibril alongside
extracted,y,z coordinates of collagen fibril (A). Clusters of Ca/P with ratios ofl164(representing ACP) and 1.6
1.8 (representing HA) visualized using x,y,z coordinates (B). Histograms illustrating that up to 5 nm away from the
fibril there is no differencenithe amount of ACP vs. HA (Clluster analysis was performed using n=3
reconstructed tips.

Conclusion

The collagermineral arrangement in bone has been debated. Present theories are either based on
in vitro systems that model but do not replicate theva environment, or use analysis techniques
without both spatial and chemical sensitivity. Herein, APT was used to clearly demonstrate the
winding structure and localized chemistry of collagen fibrils mineralized in vivo from seven
samples, each consisgj of over 40 million ions. The high spatial resolution and chemical
sensitive nature of APT enabled the extraction of in vivo mineralized collagen fibrils from the
femur of leporine bone. Ca/P ratios were shown to vary with respect to the collagéodatidn,
suggesting possible increases in amorphous or low crystallinity apatite closer to, or perhaps within,
the collagen fibril. Furthermore, this work confirms with sufficient chemical and spatial resolution
that both intrafibrillar and extribrillar mineralization are occurring simultaneously in naturally
mineralized bone, refuting models that insist only one or the other exists. Therefore, APT has
shown the capacity to tackle high spatial and chemical resolution challenges in biomineralization
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to provide newfound insight to the structure and chemistry of organic and inorganic materials,
such as the fundamental building block of bone shown herein, the mineralized collagen fibril.

Materials and Methods

Preparation of Bone Samples

A single femur of dreshfrozen leporine bone, received with institutional ethical approval, was
cut transversely to its long axis using a sigpeed saw (Isomet LS, Buehler Ltd.) and diamond
blade to generate a cressction from the midliaphysis region. Bone marrow wasnaved from

the samples by submerging them in a 3% sodium hypochlorite solution (irQMaater) for 3

hours. Samples were subsequently dehydrated in a graded series of ethanol-1@dfo26n

Milli -Q water) as previously described [52]. Following dehtidn, the samples were infiltrated
with resin (Embed 812, Electron Microscopy Sc
oven overnight. Tissue blocks were polished manually (400, 600, 800, 1200 grit SiC paper and
subsequently cloth with 0.3 pmuethina suspension (MetLab)) until embedded bone was exposed.
Samples were sputteoated with 10 nm of chromium prior to imaging. Scanning electron
microscopy (SEM) in backscattered mode was performed at 10 kV (JEOL 7000F) to select regions
of interest. Aypical ROI is outline in Fig $1.

A dualbeam focused ion beam (FIB) microscope (NVision40, Zeiss) was utilized to prepare tips
for APT according to previous studies [29]. Arsitu lift-out method (Fig. S1) was used to obtain
samples sitespecific samles. Following liftout, samples were mounted to {sfearpened Si
coupons or W needles, and milled to create tips with appropriate sharpness for APT (diameter
approximately < 150 nm). Tips were prepared such that the collagen fibrils were aligned parallel
to the longaxis of the tip.

Atom Probe Tomography

APT was performed using a LEAP 4000XHR (Cameca, WI, USA) microscope operating in laser
pulsing mode (355 nm UV, 125 kHz pulse rate, 50 pJ pulse energy) at a stage temperature of 59.6
K under ultrahigh vacuum (< 168 Pa). An evaporation rate of 0.005 ions/pulse (0.5%) was
maintained by controlling the static DC potential applied to the specimen, which typically ranged
from 2.04.3 kV. A total of seven tips were successfully run, with total evaporatedfeorihe

runs ranging from 360 million ions, with three of the largest tips highlighted in this work.

Reconstructions were performed using IVAS 3.6.10a (Cameca, WI, USA). The reconstruction
parameters used a field factor of k = 3.3 and an image cosmundactor of 1.65. There were a
number of peaks that were not possible to range due to challenges associated with running a
biological sample through the atom probe microscope, such as large thermal tails. As such, the
average detector efficiency was @gted based on the number of peaks that were successfully
ranged, resulting in a modified detection efficiency parameter of 0.09. For analysis, all identified
ions were used, a complete list is provided in T8
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To ensure the accuracy of reconstedctlatasets, correlative electron microscopy was performed.
SEM images taken before and after APT runs were compared to determine the area that was
evaporated. For some tips, electron tomography was attempted in a Tig08EM operating

in STEM mode (El Company, The Netherlands) at 300 keV at 2° tilts f#651to 65 ° (Fif-S6).

While the tips were suitable for runs in the APT afterwards, the electron tomography acquisition
damaged the tips during its imaging making reconstruction not possible.

Statistics and Model Generation from APT Data

Helical regression and mathematical calculations of cartesian distances between clusters of various
Ca and P ions, as well as Ca:P ratios and the collagen fibrils was computed using R (version x64
3.6.1). Clustrs of Ca:P were extracted from IVAS using Ca, PO, FR@; and P clustering
centres. The following packages were used in the analysis: dplyr, plot3d, plot_ly, rgeos, rgl, and

sp.
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Supplementary Information

Figure 3-S1: Preparation of sectioned bone into APT tip An appropriate region of interest
was identified in SEM (A/B). The area around the ROI was milled away using Ga ions (C)
before being extracted using a micromanipulator (D). The removed section was splitén&é sev
pieces (E) each of which were sharpened (F/G/H) into the needle shape required to perform APT.

Table 3-S1: List of ranged ions.

Lower Upper Lower  Upper
lon Charge Range Range lon Charge Range Range
C + 5967 6.043 As 2+ 37433 37559
Cc 2+ 11.949 12.08 OH + 16.961 17.074
C + 6.487 6.512 0OH2 + 17959  18.058
Ca 2+ 19.878 20.082 Na + 22955  23.062
Ca + 39.921 40.118 NH + 14978  15.096
N 2+ 6.948 7.073 C3H 2+ 18.46  18.536
N + 13.967 14.058 C3H2 2+ 18952  19.067
] + 15.948 16.05 C3H3 2+ 19.474  19.563
Mg 2+ 12.459 12.538 P20 3+ 2596  26.051
Mg 2+ 12.968 13.03 CaPO 3+ 28953 29077
Mg + 23.945 24.038 NaP 2+ 26.963  27.076
PO + 46.893 47.094 P2H 2+ 31442 31534
P02 + 62.788 63.136 Ca0 + 55899 56.088
PO3 + 78.785 79.176 Ca04 2+ 51903 52145
02 + 31.896 32.102 Ca03 2+ 43907 44085
NO + 29.939 30.073 CaP + 70.846 71122
co + 27.933 28.116 CaP0O3 + 118.727 119137
AsO + 90.822 91.13 P2Ca20 + 157.635 158.321
AsO2 + 106.689 107.213 P302Ca2 + 204.41 205246
P 2+ 15.45 15,521 Ca2P2 + 141,654 142294
P 3+ 10.278 10.373 Ca2P303 + 220555 221322
P + 30.942 31.036 Ca2P405 + 283.356 284536
As 3+ 24.964 25.035 Cd + 105.675 106.092
As + 74.892 75.113
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Figure 3-S2: Rotated Isosurfaces Renderings of 3 APT tip€ (11 at%, blue, yellow and red) and Ca (29 at%,
grey)

Figure 3-S3: Single isolated fibril section showing C (11 at%, red) and Ca (29 at%, greyJhe encapsulation of
collagen, represented by carbon, is clear.
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Figure S4. Isolated collageiiibrils from three different reconstructed datasets with corresponding calcium
and carbon atomic density maps for the same regiofrigure 33 with carbon ionic maps added. Dimensions for
B,C, and D are the identical. D shows that the carbon density m#behgsatial coordinates of the isolated collagen
fibrils shown via isosurface rendering in B.
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Figure 3-S5. Extracted collagen fibril superimposed on atomic density maps of calcium and phosphorousn
extracted fibril, 285 nm in length, is shown to both incorporate and be encapsulated by calcium and phosphorus
demonstrating that while extrafibrillar mineralization dominates, intrafibrillar mineralization is also occurring in

bone.
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Figure 3-S6: Correlative electron tomography from STEM- HAADF images. APT detector and evaporation
efficiency reconstruction parameters were altered using structural information from STEM imaging to improve APT
reconstruction accuracy. Representative APT tip showrlapging the STEM image in cyan.
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Chapter 4: Characterization and Evaluation of Femtosecond laser
| nduced Sub-micron Periodic Structures Generated onTitanium to
| mprove Osseointegration ofi mplants.

Summary:Altering the surface topography amdughness of titanium are known to improve
cellular responses and osseointegration. However, many of these modification techniques result in
surfaces with random or irregular topographies. In this chapter, titanium was ablated with a pulsed
femtosecond las to generate las@nduced periodic surface structures (LIPSS) that were inspired

by the natural periodicity of collagemlthough patterning on a similar length scale was not
feasible These surfaces were characterized for their topograpbghness, wettability, oxide
thicknessand crystallinity. The surfaces were evaluated usingtro testing methodwith Saos

2 cells The LIPSS surfaces had microscale roughness and consistent topography with no negative
alterations to the structure tfanium. LIPSS surfaces improved osteobldsd cell responsem

vitro and encouraged adhesion of the cellpreferredorientationgsee Chapter 5, FigS1) As

outlined in the objective hts work contributed newinderstandingo the response of Ine-like

cells toa bioinspired surfacereatedon titanium using laser ablation techniques
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Reproducible and controllable methods of modifying titanium surfaces for dental and orthopaedic appli-
cations are of interest to prevent poor implant outcomes by improving osseointegration. This study made
use of a femtosecond laser to generate laser-induced periodic surface structures with periodicities of 300,
620 and 760 nm on titanium substrates. The reproducible rippled patterns showed consistent submicron
scale roughness and relatively hydrophobic surfaces as measured by atomic force microscopy and contact
angle, respectively. Transmission electron microscopy and Auger electron spectroscopy identified a

ﬁ);v:ﬁ.rﬁf thicker oxide layer on ablated surfaces compared to controls. In vitro testing was conducted using
Implant osteosarcoma Saos-2 cells. Cell metabolism on the laser-ablated surfaces was comparable to controls
Osseointegration and alkaline phosphatase activity was notably increased at late time points for the 620 and 760 nm sur-
Periodicity faces compared to controls. Cells showed a more elongated shape on laser-ablated surfaces compared to

controls and showed perpendicular alignment to the periodic structures. This work has demonstrated the
feasibility of generating submicron features on an implant material with the ability to influence cell
response and improve implant outcomes.

Femtosecond laser

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Various methods of modifying titanium have been examined to
improve its suitability as an implant material. The goal of these
modification techniques is to improve the overall osseointegration,
otherwise known as a structural and functional connection,
between native bone and the implant material, often achieved by
modulating the surface chemistry and topography [1]. These
changes often arise from the generation of roughened or porous
surface features, which are known to stimulate cellular adhesion
and promote bone growth by increasing the bone-implant inter-
face surface area [2,3].

Laser machining, historically, has primarily been used in the
semi-conductor industry but has gained traction in recent times
as an unconventional implant modification technique [4-8]. Laser
machining alters material properties by remelting, alloying or clad-

* Corresponding author at: Department of Materials Science and Engineering &
School of Biomedical Engineering, McMaster University, Hamilton, Canada.
E-mail address: kgrandfield@mcmaster.ca (K. Grandfield).

https://doi.org/10.1016/j.apsusc.2018.02.119
0169-4332/© 2018 Elsevier B.V. All rights reserved.

ding substrate surfaces [7]. The main benefits of using laser-based
modification techniques, compared to other surface modification
techniques, are that they allow for a degree of precision and con-
trol over features while being non-contact, quick, and clean [9].
This degree of precision is a limitation to many other modification
techniques such as acid-etching, particle deposition, electropolish-
ing and electric discharge machining [10-14]. Surface geometries
achieved via laser modification techniques have ranged from holes,
to crown-like projections, to rippled patterns [7,15,16]. Many
attempts to use laser modification as a machining technique tend
to also result in the formation of holes, cracks and craters, both
by design and as a result of thermal damage [6,8,17]. Laser textur-
ing has been used in the biomedical field as a method of altering
surface topography to potentially improve osseointegration.
Studies involving laser ablation have shown that both osteoblast
differentiation and mesenchymal stem cell differentiation towards
osteogenic fates can both be increased when interfacing with laser-
ablated surfaces [8,15,16,18,19]. In addition, relatively random
laser induced microtopographies on conventional implants have
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demonstrated improved osseointegration in vivo with these
implanted materials [15,20-22].

Irradiation with linearly polarized ultrashort pulses, using a
femtosecond laser, can generate laser-induced periodic surface
structures (LIPSS), or ripples, on numerous types of materials,
including common implant materials such as titanium [23], [24].
Recent studies have revealed the orientation of the LIPSS can be
modified by varying states of laser polarization (linear, circular or
elliptical). When a linearly polarized laser beam is applied, the rip-
ples are aligned either perpendicular or parallel to the incident
laser polarization [25]. Wang et al. reported that under the irradi-
ation of left and right circularly polarized femtosecond laser pulses
the ripples were angled at +45° and —45° with respect to the inci-
dent plane of the beam, respectively [25]. On the contrary, the
elliptically polarized femtosecond laser pulses induced ripples that
were aligned perpendicularly to the long axis, as demonstrated by
Tang et al. [26] and Varlamova et al. [27]. Low-spatial frequency
LIPSS (LSFL) are observed under specific conditions wherein a spa-
tial periodicity similar to the laser irradiation wavelength is used
with an alignment on metals which is perpendicular to the inci-
dent laser [23,24]. Originally, it was believed that the ripples gen-
erated as a consequence of interference between the incident laser
beam and the scattered electromagnetic wave at the surface [23].
Recently, a revised scattering model was proposed by Huang
et al. [28] explaining the LIPSS formation in terms of the initial
direct surface plasmon (SP)-laser interference and the subsequent
grating-assisted SP-laser coupling. The periodicity of these ripples
can be altered and controlled by varying laser parameters. Previous
studies involving LIPSS have generated ripples on the micrometer
scale and have reported equivalent or better cellular responses
[16,29,30]. Beyond the viability of cells, studies have reported con-
flicting results where sub-micron patterns were reported capable
of orientating osteoblasts [31] while other studies have only
observed visible cell orientation along microscale patterns [16].

In this work, LSFL were generated on the surface of titanium to
create sub-micron scale surface topographies. These surfaces were
subsequently characterized and evaluated as a potential biomate-
rial for implant purposes.

2. Methods
2.1. Disk preparation

Titanium disks were prepared by cutting Grade 2 unalloyed
sheets of titanium (ASTM-B-265-13A, McMaster-Carr). The sheet
was sheared into squares of approximate dimensions of 16 x 16
mm. These squares were subsequently cut using a lathe and blade
setup to produce disks with a diameter of 15 mm and a thickness
of 1.25 mm.

2.2. Laser ablation

A Yb:KGW femtosecond laser (PHAROS from Light Conversion,
Inc) was used to generate linearly polarized laser pulses at a center
wavelength of 1030 nm with pulse duration of 300 fs and a repeti-
tion rate of 1 kHz to generate LIPSS on the surface of the grade 2
titanium disks in ambient atmosphere. Before laser processing,
the samples were ultrasonically cleaned with acetone and ethanol
sequentially for 15 min each. The laser beam was perpendicular to
the sample surface and focused using a 5x microscope objective
lens. The combination of a Glan polarizer and a half wave plate
was employed to vary the laser power. The sample was mounted
on a computer-controlled xy-translation stage and illuminated
from the top to enable monitoring the laser micromachining pro-
cesses with a CCD camera. The laser ablation process was per-

formed by translating the sample relatively to the stationary
laser beam. The focused laser beam radius mo on the Ti sample sur-
faces (defined at e 2 of peak intensity of the Gaussian beam distri-
bution) was determined using the D>-method developed by Liu
[32] to be 10.9 um. Raster scanning method was applied to achieve
complete surface coverage of an area of 10 x 10 mm? of titanium
samples by scanning a line at a velocity of 1000 um/s at the laser
fluence of 0.5 J/cm? and then various lateral displacement of the
laser beam of 3 um, 7.5 pm and 10 pm were applied by translating
the stage in a direction perpendicular to the laser beam scanning
direction to partially overlap the consecutive laser induced lines
to create ripples with periodicities of 300 nm, 620 nm and 760
nm, respectively.

2.3. Characterization

All machined disks were ultrasonically cleaned for 15 min inter-
vals, first in ethanol and then in acetone. Scanning electron micro-
scopy (SEM) images of the laser ablated surfaces were obtained on
a JEOL-7000F (JEOL, Peabody, MA) at an accelerating voltage of 2.5
keV. SEM samples were sputter coated with 5 nm of platinum.
Atomic force microscopy (AFM) images were acquired on a Bio-
scope Catalyst (Bruker, Santa Barbara, CA) using the instrument’s
Scanasyst tapping mode, to both observe the surface modification
and to determine surface roughness for each laser-induced period-
icity. Water contact angle measurements were determined for all
surfaces using a high-speed contact angle measurer, OCA 35
(Future Digital Scientific, Garden City, NY), using a sessile drop
method with a droplet size of 3 uL. A JAMP-9500F (JEOL, Peabody,
MA) instrument was used to perform Auger electron spectroscopy
(AES), at a sputtering rate of approximately 2 nm/s, which allowed
for elemental depth profiling of all surfaces.

Sample preparation for transmission electron microscopy (TEM)
was done using focused ion beam (FIB) microscope (NVision40,
Carl Zeiss AG). An in situ lift-out method was used to prepare a
TEM lamella less than 100 nm thick. TEM images were acquired
on a JEOL 2010F microscope (JEOL, Peabody, MA) using both
bright-field and high-angle annular dark-field imaging (HAADF)
modes at 200 kV. The microscope is equipped with a Gatan imag-
ing filter (Gatan Inc., Pleasanton, CA) to perform chemical analysis
via electron energy loss spectroscopy (EELS). Spectra were initially
processed using principal component analysis (PCA) using Digital
Micrograph before relevant elemental maps and atomic concentra-
tion information were extracted. A power-law background model
was used for all shown EELS data.

The periodicity of the laser-ablated disks was determined from
SEM images using peak-to-peak measurements in Image] (National
Institute of Health). Microscope associated software, Nanoscope
Analysis (Bruker, Santa Barbara, CA), was used to process and ana-
lyze all AFM images. Due to the large variability in roughness of the
base titanium substrate, Rmax was used in lieu of R,, to better char-
acterize the amount of roughness that was added to the surface as
a result of laser ablation.

2.4. Cell culture

Saos-2, osteosarcoma, cells (ATCC ®) were grown in Mccoy's
modified 5A media (Life Technologies Inc.) supplemented with
15% fetal bovine serum (Life Technologies Inc.), FBS, and 1% peni-
cillin/streptomycin (Sigma-Aldrich). Cells were kept in an incuba-
tor at 37 °C with 5% CO, and media was exchanged every 4 days.
Upon reaching confluence, cells were detached with trypsin in
0.25% EDTA (Sigma-Aldrich) as per ATCC guidelines and subse-
quently deactivated with media after confirming detachment via
light microscope. Cells were seeded on to the surface of titanium
disks (15 mm diameter) placed in a 24 well plate at 10,000 cells/
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cm?. All disks were cleaned in ethanol and acetone as previously
outlined before being placed into the cell culture environment.
Cells were counted using Countess Automated Cell Counter (Invit-
rogen™). Cells were allowed to grow on the surface of the disks for
up to 14 days with the media changed twice (after 5 and 10 days).
12 samples were used for each surface and time point
combination.

2.5. Cell metabolism

Cell metabolism, which can be approximated to cell viability,
was measured using the alamarBlue® (Life Technologies Inc.)
assay. Media was removed from the wells and replaced with a
350 pL 5% alamarBlue solution (in Mccoy’s 5A media) per well.
The solution was left to incubate for 1 h in the dark at 37 °C with
5% CO,. Fluorescence values were read using an Infinite® M1000
(Tecan, Madnnedorf, Switzerland) at 540-580 nm (excitation-
emission). Each well was sampled at 16 points, approximating
the well as a 4 x 4 square. The blank reading was subtracted from
each data point to obtain the fluorescent signal corresponding to
the cell number only. The alamarBlue solution was then removed
and 300 pL of 0.1% triton lysis solution (in PBS) was added to each
well. Well plates were frozen at —20 °C and freeze-thaw cycles
were performed to conduct further assays.

2.6. Alkaline phosphatase activity

Alkaline phosphatase (ALP) activity was measured using the
ALP assay (Abcam ®). 50 uL of cell lysis from each well was com-
bined with 100 puL of p-nitrophenol phosphate in assay buffer (Pre-
pared as per Abcam instructions) and allowed to incubate for 20
min in the dark at 37 °C with 5% CO,. Absorbance was read using
Infinite® M1000 (Tecan) at 405 nm. The phosphate group is
cleaved by alkaline phosphatase and the resulting p-nitrophenol
emits light. Each well was sampled at 16 points, approximating
the well as a 4 x 4 square. A standard curve was prepared by using
described concentrations of p-nitrophenol (as per Abcam instruc-
tions). The blank reading was subtracted from each data point
and via the standard curve, absorbance values were converted to
p-nitrophenol concentrations.

2.7. Cell orientation

Cells were seeded on the titanium surfaces for 1day before
being fixed with 0.25% glutaraldehyde in a sodium cacodylate buf-
fer. The samples were subsequently stained with osmium tetraox-
ide before being dehydrated through a series of ethanol rinses
starting from 25% (in Milli-Q water) to 100% ethanol. The samples
were then critically point dried (Leica Microsystems, Wetzlar, Ger-
many) before being examined under SEM. Stained cell SEM images
were acquired on a TESCAN VP. SEM (Tescan, Czech Republic) at an
accelerating voltage of 10 keV. Additionally, nuclear area factor and
circularity measurements were obtained by relating roundness and
area values determined via Image] [33]. Circularity and nuclear
area factor are unitless measurements determined via ratios of
the area and perimeter of cells. Larger values for both are generally
associated with healthy cells [33]. A minimum of 3 images was
used for all quantitative measurements.

2.8. Statistical analysis

Statistical analysis was performed using the programming lan-
guage, R (R Core Team, New Zealand), using two-way ANOVA at a
significance level of o = 0.05 and Tukey's HSD test was used to
evaluate contrasts. Data for the cell metabolism and alkaline phos-

phatase activity was accepted to be normally distributed as per the
Shapiro-Wilk test (p > 0.05).

3. Results
3.1. Periodicity

Use of the pulsed femtosecond laser successfully generated rip-
pled patterns on the surface of titanium disks which are shown by
SEM in Fig. 1. The mean periodicities of 340, 637 and 751 nm for
the 300, 620 and 760 nm surfaces were found respectively. These
values, along with 95% confidence bounds, are shown in Table 1.
In addition to showing that the pattern on the surfaces is consis-
tent, SEM imaging also revealed the presence of nodules, in partic-
ular on the 620 nm surface. Resolidified molten material can also
be observed on both the 620 and 760 nm surfaces, in the valleys
of the rippled pattern. There is also noticeable overlap of the peaks
of the rippled pattern on the 300 nm surface.

3.2. Surface roughness

As the titanium disks have an inherent roughness prior to laser
ablation, the measurement of interest when considering roughness
was the maximum roughness of the rippled pattern generated by
the laser. Specifically, this was considered as the difference in
height between the peaks and valleys of the rippled pattern (Ryax)-
Fig. 1 shows 10 x 10 pum? AFM scans of the 300, 620 and 760 nm
surfaces. These AFM images confirm the distinct ripple pattern
seen in SEM. Measured R, values for each of the laser-ablated
surfaces (Table 1) were all found to be in the same general range
of 144-163 nm. Due to the inherent roughness of the titanium
disks, these images also show variation in surface roughness on
the order of approximately 0.5 um, irrespective of the rippled
pattern.

3.3. Additional characterization

Water contact angle measurements for all surfaces are shown in
Table 1. These measurements show that the contact angle is larger
for all the laser-ablated surfaces with mean values of 109°, 134°,
and 132°¢ for the 300, 620, 760 nm surfaces respectively compared
to 84 for control surfaces (Fig. 2). AES showed that the estimated
oxide thickness of 300, 620 and 760 nm surfaces were 86, 83 and
75% thicker respectively than the control surface (Fig. 3). These
percentages can be approximated into relative oxide thickness val-
ues which are less than 50 nm (Table 1). The crossover time of oxy-
gen and titanium profiles was used to approximate the thickness of
the oxide layer.

3.4. Microstructure analysis

TEM images of the 620 nm surface are given in Fig. 4. Many of
the dark lines observed in the images were identified as bend con-
tours via tilting of the sample or as grain boundaries and have been
indicated as such in Fig. 4. TEM imaging also revealed that the rip-
pled pattern is not completely uniform due to the presence of par-
tially ablated features on the surface (Fig. 4B). These images also
provided a closer look at some of the resolidified molten droplets
which have formed into nodules on the surface. Fig. 4C/D show
an example SAED pattern taken near the surface of the 620 nm
sample which shows that the material has retained a polycrys-
talline surface layer. Indexing of this pattern, and patterns from
other regions of the sample, to determine the specific composition
of the oxide was inconclusive.
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Fig. 1. Scanning electron (A, B, C) and atomic force (D, E, F) micrographs for laser ablated titanium with periodicities of 300, 620 and 760 nm. Periodic patterns have been
successfully generated, with consistent laser induced roughness, at all 3 periodicities. (See Table 1 for measured values).

Table 1

Measured periodicity of the ripples, difference in height between the peaks and valleys of the rippled pattern (roughness, R,,.x), water contact angle and relative oxide thickness
estimates from AES for all surfaces (300 nm, 620 nm, 760 nm and control) with 95% confidence intervals. The measured periodicities of the surfaces are shown to be very
consistent and the laser generated roughness is similar, regardless of the chosen periodicity. The surfaces with larger periodicities demonstrate distinctly hydrophobic behaviour
while the control surface is hydrophilic. The oxide thickness estimations show that the laser modified surfaces have a thicker oxide layer compared to the control surface.

Surface Periodicity (nm) Roughness (nm) Contact angle (°) Oxide thickness (nm)
Control N/A N/A 84+3 5

300 nm 340 +21 163+4 109+6 37

620 nm 637+8 144 +8 134+ 14 20

760 nm 751 £25 155 +15 132&5 29

Ll
20

Fig. 2. Demonstration of the different behaviour of milli-q water droplets on the
control, 300, 620 and 760 nm (A, B, C & D respectively) substrates. Measured water
contact angles were 84, 109, 134 and 132° for the control, 300, 620 and 760 nm
substrates respectively. The 620 and 760 nm surfaces demonstrate noticeably more
hydrophobic behaviour compared to the control and 300 nm surfaces.

EELS data was able to show the presence of a thin (~35 nm) sur-
face oxide layer. Fig. 5 shows a HAADF image with a corresponding
EELS line scan. The line scan shows that the oxygen signal, while
present, is extremely minimal in comparison to the titanium signal
and the estimated oxide thickness is comparable to what was
observed in AES. The EELS spectrum map shown in Fig. 5 provides
additional support to the thin oxide layer as the concentrated or
bright green regions of oxygen are only present along the surface
of the sample.

3.5. Cell metabolism

The cell metabolism results in Fig. 6A directly correlate fluores-
cence to cell metabolism. For each surface, from 3 to 7 days, the
magnitude of cell metabolism increased for each surface but was
only statistically significant for the 760 nm surface (p < 0.05).
There were no statistically significant differences noted between
7 and 14 days for any of the individual surfaces. At the 3 day time
point, both the 620 nm and control surfaces show statistically sig-
nificant increases in metabolism compared to the 300 nm surface.
This effect extends to the 7 day time point for the control surface.
The control surface also showed statistically significant increases
in metabolism compared to the 760 nm surface after 3 days. How-
ever, all of these effects disappear after 14 days.
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Fig. 3. Auger electron spectroscopy (AES) depth profiles for control and laser ablated (300 nm, 620 nm and 760 nm) surfaces. Profiles reveal that the oxide layer for all laser
ablated surfaces are thicker than the unmodified titanium. Relative oxide layer thickness estimates were obtained by comparing the crossover times (circled intersections of
Ti and O profiles) between the laser ablated surfaces and controls (See Table 1 for values), where a crossover at longer sputtering times represents a larger oxide thickness.

Fig. 4. Cross-sectional TEM micrographs of the 620 nm surface (A, B) showing the generated rippled pattern while revealing the presence of additional surface features (circle
- resolidified molten droplet, arrowhead - contour line, solid arrow - grain boundary). Diffraction pattern (D) taken from the surface of the substrate (C) reveals a

polycrystalline surface layer.
3.6. Alkaline phosphatase activity

Alkaline phosphatase activity for each surface after 3, 7 and 14
days of cell seeding time is shown in Fig. 6B. Similar to cell meta-
bolism, the magnitude of alkaline phosphatase activity increased
from 3 to 7 days but was only statistically significant for the 620
nm and control surfaces (p <0.05). Notably, the alkaline phos-
phatase activity on the control surface showed a statistically signif-
icant decrease from 7 to 14 days. However, no corresponding
decrease in cell metabolism was observed. Similarly, a statistically

significant difference between both the 620 and 760 nm surfaces
and the control surface after 14 days of cell seeding was noted.
Additionally, the 620 nm surface showed statistically significant
increases at the 3 day time point compared to the 760 nm surface.

3.7. Cell orientation
SEM images of Saos-2 cells on laser-ablated and control surfaces

can be observed in Fig. 7. This shows that the cells on the laser
ablated surface have an elongated phenotype compared to the cells
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