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Abstrad

Surface propertiessuch agopographyand wettability play a pivotal role in controlling the
cellular behavioron dental and orthagedic implants and eventually thelinical success.
The mplementation ofmore advancedell-targetedsurface modification approachéss
opened upadditional possibilitiesfor improving osseointegration tfurther increase the
success rate of bone impta.

In this thesis, the potentiaf employing femtosecond lasenduced periodic surface
structures with submicron spatial periodicities of 300 nm, 600 nm and 760 nm on titanium to
improve osseointegratiomf dental and orthagedic implants was explored. Uniform
submicron femtosecoridserinduced periodic surface structunggh consistent periodicity,
roughness and oxidicknesswere generatedver large area(10 x 10 mnv) on titanium
substrate and characterized usingcanning electron microscpp(SEM), atomic force
microscopy (AFM), electron energy loss spectroscof(ELS) and Auger electron
microscopy(AES). In vitro experiments using osteosarcoma Saa®lls showedhe same
level of cell metabolism on the laser texturadd unmodified (control) surfaces along with
statistically significant alkalinphosphatase activity after 14 days of sekkding for the laser
patterned surface with periodicity of 620 ntompared to the control surface. Average
circularity along with nclear area factor of cells fixed onto the laser textured and
unmodified titanium surfaces were acquiredm SEM images usingmageJ The lower
circularity and highenuclear area factor of ceNgas observed on all laser textured aoes
as compared tthe control, anéreindicative of healthier cells on the laser textured surfaces.
The cells appeared talign perpendicularly tahe periodiclaser generatedtructuresand
showed a more elongated shape on laser patterned surfaces as compared wittnolhe con
surfacewitht h e filapddia appeang to be athched to the peaks of the lasextured
pattern.

In the seond part of the thesishe mechanism underlying the wettability transitioom
superhydrophilic to superhydrophoban femtosecondaser generated periodic surface
structures on titanium was investigated. The tdependentvettability of the laser treated
surfaceswvas assessed by the sessile drop method. The samples exhibited superhydrophilic

behavior immediately after laser textugiand became superhydrophobic over time. Detailed



surface chemical analyses byrXy photoelectron spectroscopy revealed that the unique
electronic structures of F®; and TiO,, which resultedin hydrophilic and hydrophobic
hydration structures, respectiyeplayed a crucial role in the observed wettability transition.
This study demonstratethe prospect of usinfemtosecond lasenduced periodic surface
structuresas a promising surface adification strategyto potentially manipulatecellular
behaviorand improvedental and orthopaedic implagts c| i ni cal success
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Résumé

Les propriétés de surface telles que la topographieGéth u mi dej ouent jouent
dans le contrdle du comportement cellulaire sur les implants dentaires et orthopédiques et,
®ventuel |l ement , l eur succ s <clinique. La m

modification de surface ciblées sur lesllules a ouvert des possibilités supplémentaires

doam®l i oration de | 6ost®oint®gration afin d:¢
0SSeUX.
Dans cette th se, l e potenti el déoempl oyer

par laser femteeconde avec des périodicités spatiales submicron de 300 nm, 600 nm et 760
nm sur | e titane pour am®liorer | 6ost®oint®
été exploré. Des structures périodiques périodiques induites par le lasanicaums
uni f or me avec une po®riodicit®, une rugosit®
générées sur de grandes surfaces (10 x 18) sum des substrats de titane et caractérisées a
| 6ai de de | a microscopie ®I ect r doce @ammue™ bal
( AFM) , | a spectroscopi e de perte do®nergi
électronique Auger (AES). Les expériences in vitro utilisant des cellules ostéosarcome Saos
2 ont montré le méme niveau de métabolisme cellulaire sur lexesirfaxturées et non
modi fi ®es (contr?t] e) au | aser ai nsi gue | 0
significative apr s 14 jours dbébensemencemen
une périodicité de 620 nm par rapport a la surfaceodé&dle. La circularité moyenne ainsi
gue le facteur de surface nucléaire des cellules fixées sur les surfaces de titane texturées et
non modi fi ®es au | aser ont ®t ® acqui ses
circularité inférieure et le facteglus élevé de zone nucléaire des cellules ont été observés
sur toutes les surfaces texturées de laser par rapport au contréle, et sont indicatifs des cellules
pl us saines sur |l es surfaces textur ®es d e
perpendiculaement aux structures périodiques générées par laser et ont montré une forme
plus allongée sur des surfaces a motifs laser par rapport a la surface de commande, avec la
filopodia de la cellule semblant étre attachée aux crétes de la motif texturé au laser.

Dans la deuxieme partie de la thése, le mécanismejamerg a la transition de la

wettability de superhydrophile a superhydrophobe sur les structures périodiques de surface



générées par laser femtoseconde sur le titane a été étudié. La mouillapgitélatéde du

temps des surfaces traitées au laser a été évaluée par la méthode de chute sessile. Les
échantillons ont montré le comportement superhydrophilic immédiatement apres texturation

de laser et sont devenus superhydrophobes au fil du temps. Dgseanethimiques de

surface détaillées par spectroscopie photoélectronique a rayons X ont révélé que les
structures électroniques uniques deCgi et TiO,, qui ont abouti a des structures
dohydratation hydrophil es et hrglel cruxipl dand e s , r
| 6®t ude transition humide. Cette ®tude d®m
périodiques de surface induites par le laser femtoseconde comme stratégie prometteuse de
modification de surface pour manipuler potentiellement lenpmtement cellulaire et

améliorer le taux de réussite clinique des implants dentaires et orthopédiques.
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Chapter 1
Introduction

1.1 Overview

Orthopedic and dental implants are used to replace or support missing or damaged bone,
joint or tooth due to accidents, disease or aditig All medical implants are made of
materials, known as biomaterials, definediaa s ubst ance t hatbtakeas bee
form which, alone or as part of a complex system, is used to direct, by control of interactions
with components of living systems, the course of any therapeutic or diagnostic procedure, in
human or vet el2]i Over thg lashvidedades, ipnogreds in medical technology
and biomaterials has paved the way to creating innovative biomaterials to improve the
quality of life and longevity of patient8]. The field of orthopedic and dental implants is
rapidly growing to keep with the dends of an aging population and also younger patients.
According to the latest market research report, global orthopedic implants market is
projected to expand from USD $52.8 billion in 2017 to USD $66.2 billion in 2023 at a steady
compound annuajrowthrate (CAGR) of 3.8% [Jand the global dental implants market is
projected to grow from USD $3.60 billion in 2016 to USD $6.54 in 2025 at CAGR of 6.9%
[5]. Orthopedic and dental implants suffer fron@r limited lifetime of 10 to 15 years inside
the bodycaused by corrosion, high modulus of elasticity of implant relative to that of bone,
infection and lack of osseointegartion (i.a.,direct structural and functional connection
between ordered, living bone and theface of a loaetarrying implant)[6]. The major
causes of implant failures are attributed to lack of osseointegration and infection, leading to
revision surgerieswhich are more challenging, expensive and hasreall success raf8].
Thus, much room remains for the improvements of implants bétter biocompatibility and
higher lifespan to reduce the occurrence of failure.

Based on earlieresearch findings that cells can recognize nano and micron features on
the surface and respond by changing their morphology and behavior, themipberet
material development has shifted from basimoinert (i.e., inertness with living tissue or no

release of toxic substances) concept towards more complextarggted surface

1



modification approacks that mimic extracellular microenvironment to controllla&ar

behavior like attachment, migration, spreading, proliferation and differentiation to induce
controlled, guided, and rapid healingananpr ove t he i mpl ant 6s perf
solely bytuning thebi omat eri al 6 s physi osuHaeenpropeatiefs, and t ¢
7]. The commerciallysuccessful implant surface treatments for dental and orthopedic
implants such as acid etching, sandblasting and anodization contaminate the surface and
create stochastic features on implant surf@8¢®]. During the last decade, femtosecond (fs)

laser surface structuring has emerged as a simple, high resolution, fast, controllable,
reproducible, contactless, single step processing technique applicable to a wide class of
materials, including metald.0], semicondctors [11, 14, and polymers13], by generating

spatially periodic structures known as lasgtuced periodic surface structures (LIPSS) or
ripples. The formation of the periodic ripples with spatial periods close to the wavelength of

the laser was attyuted to the interference between the incident laser beam and the surface
scattering wavell4]. Recently, a revised scattering model was propo%Bldeixplaining the

formation of ripples in terms of the initial direct surface plasmon-(&®&r interferene and

the subsequent gratiragsisted SHaser coupling. High biocompatibility, corrosion
resistance, and strength to weight ratio have led Titanium (Ti) to be successkdlyin
manybiomedica) aeronautical, and industriapplications [16].

1.2 Contribution to the Field

The principal goal of this thesis was to evaluate the potential of fs LIPSS with submicron
spatial periodicities of 300 nm, 600 nm and 760 nnmgrade2 Ti (99%, ultra-corrosion
resistant)to improve osseointegration of dental and orthopedic implants. In addition,
numerous studies have demonstrated the critical role the surface wettability of the implants
plays in regulating the important physiological processes such as protein adsorption, ce
adhesion, and cell proliferatiqa7]. Therefore, in the second part of the present thesis, the
mechanism underlying the wetting transition of fs laser generated LIPSS on grade 2 Ti was
systematically assessed by analyzing the surface chemical commofi different aged
surfaces: the fresh laser textured surface, and laser textured surfaces aged under ambient

conditions for 45 days and a year.



1.3 Organization of the Thesis

In chapter 1, awverview on the field of orthopaedic and dental implah®g with the
recent innovative directions tamprove the imphnt 6 s perfor mance and
presented.

Chapter 2 provides a detailed literature egwon the principal factors determining the
success of mhopedic ad dental mplants major implantsurface modification methods in
use today along with the future ones, femtosecond laser direct weithgigueand the
surface wettability.

In chapter 3, generation and surface characterizatiossilwhicron femtosecond laser
induced periodic surface stitures (FLIPSS) with consistent periodicities of 300 nm, 620 nm
and 760 nm onitanium covering the entire sample with no other features appearigg (e
due to the line spacinglong within vitro bioactivity assessments of oasteosarcoma-3aos
cells onthe FLIPSS are presented.

In chapter 4, the mechanism underlying the gradual evolution of surface wettability of
FLIPSS over time from superhydrophilicity to superhydrophobicity through detailed XPS
study was revealed.

Chapter 5 providea summary of thanajor findings along with suggestions for future

work.



Chapter 2

Literature Review

2.1 Factors Influencing the Success of Orthopaedic and

Dental Implants

2.1.1 Biocompatibility

Biocompatibility is defined as #fAtheehasti | ity
resmnse i n a s pe cliThatmears theimplants should possesk High level of
nontoxicity and the materials or any leachable products from it must not trigger cell death or
any inflammatory or allergic reactions in the bg@®}. The concept of biocompatibility
comprises both compatibility of the material with the tissue (biological compatibility) and its
ability to perform specific function. The main factors affecting the biocompatibility are

chemical composition, mechanical paesies and surface features [19

2.1.2 Osseointegration

Il n 1982,gvRer Br -nemark and his team were con

bowme alpirmgess byopitniscerchanngbelris i nto the | owe
the conclusion of the experiment, when it be
the bone, he discovered that t he bowaes had

di fficuldt he markno cedlilrddc + " tshteructtiuormd |l aaan nfel
bet ween loirvdienrgedbone and tkkarsurngce mpfl antth,
i nterveni n@s seditnlfta2 Gjsateidemyr ee of i ntegrati ol
t he surbomuendde@i des the outcome of the i mpl .
osseointegartion eecshtaanbilciasihest asdbhleii golyeorbami Il io
i mplant | oosening and failure. Adhesion of

of micromoti @as uc 6 aoksssietoii malegfran i on and i s hi

physi ochemical pr opmirdri eme taenrd sncashloemett ep o carnap
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2.1.3 Inherent Material Properties of Implants: Titanium

Titanium is the preferred material for orthopedics and dental implants due to combination of
desirable characteristics including formation of a very stable surface oxide layer of titania on
its surface of thickness betweerl® nm immediately after expoguto air that provideSi

with superior biocompatibility and high corrosion resistgd€}. The low elastic modulus of

Ti (105 GPa)is crucial for hard tissue replacement to ensure smaller stress shielding, a
phenomenon where due to the dissimilarity afdulus of elasticity of implant and bone,

reabsorption of bone and implant loosening ocdaegling to revision surgery].3

2.2 Modifications of Implant Surfaces

The significance of implant surface topography for successful osseointegration was first
indicated by Albrektsson et al. ir1981 [21]. Since thenthere have been many studies
demonstrating the effect of surface roughness on the rate and extent of osseointegration of
dental implants§, 23] Menezest al observed that osteoblast cells show an increase in cell
attachment and proliferation on roughir surfaces when compared with smooth oimes

vitro [19]. The improved bone integration of implants with increased surface roughness was
demonstratedn vivo by Grizon et al. [24]. Therefore, in recepgars the primary goal of
biomedical research efforts has been focused on surface modifications to create topographies
on implant surfaces to optimize osteoblast cells migration, adhesion,eptbth, and
differentiation The implant surface roughness depending on the scale of the different surface
features can be classified into ma¢nmicro- andnano scalg23]. The macro roughness is
termed for topographical features ranging from millimeters to tens of msicamal is
determined by implantds visible geometry,
Previous studies have shown that the initial implant stability and-temng fixation are
improved by mechanical interlocking between the implant macro rougacsudand bone.

The micro roughness is for features ranging froriO1lmicrons. Micron level surface
topography increases the benglant interface area and enhances growth and interlocking

of bone at the implaninterface[25]. The submicron roughness feees range$rom 0.11

pum [26] andstudies havehowngreaterosteoblast differentiation and maturatiarvitro and

osseointegrationn vivo on implants with submicron textured roughn¢2%]. The nano



roughness featuresmanges from 4100 nm and is conslered to promote absorption of
proteins and adhesion of osteoblasts resulting in enhanced osseointd@Etion
To increase the surface roughness of implants, the following major surface modification

methods for implants are used.

2.2.1 Gritblasting

In grit-blasting hard ceramic particles such as alumina, titania or hydroxyapatite particles are
projected at high velocities using compressed air at implant surface to modify the implant
surface. In a study done Nyennerberg etal [28], implantsurfaces were blasted with &

or 75nm alumina particles (Figur2l) and inserted in the rabbit tibia and femur and after 12
weeks, the rougher 75 um blasted surface showed a higher removal torque and mtoe bone
implant contact (BIC) than the 25 uames.In a humanstudy, the titania blasted implant
showed a higher BIC than in regular machined surfaces which was confirmed by other

studies p9]. Other clinicalstudies reporte@ high success rate of up to ten years for the

titania grit blasted implats [30].

(b) 75um alumina particles. Arrow shows the particle contaminat&h [The scale bar is :

mm.

2.2.2 AcidEtching

In surface modification by acidtching, theTi implant is immersed in strong acids such as
H,SO,, HCI, HNO; and HF, eroding the surface to produce micro pits with sizes ranging



from 0.5 pm to 2um in diameter[8, 31]. An exampleof an acidetched titanium surface is
shown in Figure 2 [32]. Acid-etching surfaces exhibited favorable cell adhesion and
thereby enhancedsseointegratianit is found that in duaicid etched technique where a
mixture of aads are used to produce a micro rough implant surface, adhesion of osteogenic
cells, and thus bone formation directly on the surface of implast promotedThe acid
etching causes hydrogen embrittlement of the titanium that creates micro oracdis

suface and thus reducése fatigue resistance of the implant leading to frad@iral].

Figure2.2: SEM micrograph of an acidtched Ti implant. The scale
bar is 6 um32].

2.2.3 Plasmapraying

The other technique used in modification of implant surfaces is plasma spraying in which
powders ofTi or calcium phosphates are heated to high temperatures and then blasted onto
implant surfaces to form 30 um to pén thick coatings An example ba Ti plasma sprayed
surface is shown in Figure 2.3 [8]. It was shown in adgtirecal study on minipigs that
boneimplant interface formed faster with Ti plasma sprayed surface as compared with
uncoated implants [8]. However, these coatings may be ildeeto delamination or
resorption aftetong periods in use and can adversely affect the mechanical integréynga
periimplantitis {.e., an infectious diseaseccurring in tissues arounan osseointegrated

implant resulting in loss of supporting boijd}, 33.



Figure2.3: SEM micrographs of a Ti plasma sprayed implant surface [8]. The scale bar fc

image (a) isl00em and for image (b)ki10em.

2.2.4 Anodization

In anodization technique, the implant is placed as anode in an electrochemical cell to
increase the oxallayer thickness and generatero-or nanepores with variable diameters.
Anodized implants show increased cell attachment and prolifer&ipnThetop and cross
section SEM images of titania nanotubes produced by anodization are shown in Figure 2.4
[34]. It was shown in a preclical study in a rabbit model that tB#C wasslightly higher in
anodizedTi implants than on untreated onkr human clinical studies, increased BIC

compared to untreatdd was also reporte®B].

%

100 nm

Figure2.4: The top and crossection SEM images of titania nanotubes produced in
HsPOy + 0.3 wt% HF ata) 10 V and (b) 20 V for b [34].



2.3 Future of Implant Surface Modification

Most of the surface modification techniques in use today show random surface topographies
with features ranging from nanometers to millimeters. To gain insight into the influence of
these topographical features on osteoblast cell behavior at the cedhrtd improve
osseointegtarion, surfaces with topography in nanoscale are required. To create
modifications to the topography and chemistry of the surface in a reproducible manner, the
most promising methods are lithography based dnaborrowed from he semiconductor
electronics industry [8]. However, they require expensive equipment, are time consuming
and have small surface coverd@®]. For multiscale process like osseointegration, insight
and control of surface properties over different scalesegpg@ired.During the last decade, fs

lasers have emerged as a simple, high resolution, fast, controllable, reproducible, contactless
processing technique applicable to a wide class of materials3JL@ machine microand
nanoscales features msingle step over large area, making it a very promising surface
modification technique for scaling it up to industrial produc{i8@. Severalgroups studied

the effect of fs laser textured surfacesthe behavior of cellm vitro. Carvalho et al[37]

found that cell attachment, alignment, migration and proliferation were modulated
preferentially by surface microtopography, and human mesenchymal stem cells (hMSCs)
undergo a faster and higher osteogenic differentiation on these laser textured suafemes th
unstructured control surfaces Cunha et al. studied the spreading, adhesion, and differentiation
of hMSCs on fs laser textured surfaces and observed the laser textured surface can trigger the
stretching of hMSCs, and is famtially capable of improvop osseointegration of titanium

orthopedic and dental implar{t3g].
2.4 Surface Structuring with Femtosecond Laser

In recent years, fs laser surface structuring has emerged as a, dangpl resolution, fast
controllable, reproducible, contactlepsocessing technique applicable to a wide class of
materials, including metald. (], semiconductorsifl, 13, and polymers 13|, to fabricatea
variety of micre and nanoscales features in one single step over large muadng it a very
promising surfae modification technique for scaling it up to industrial production. Different

micro- and nanostructures on the surface of the material can be formed by changing various

9



parameters, such as fluence, wavelength, number of pulses, scan velocity, lasatipolari
incident angle, andnvironment 39]. With fs laser structuringf is possible to control the
optical, mechanical, wetting, chemical and biological properties of a solid surface and to
fabricate novel materials for a wide range of applications in photonics, plasmonics,

micro/nanofluidics, wetting and biomediagplications [40].

2.4.1 Mechanisms of Femtosecond Lasktterinteraction

The fs lasematter interaction processtke place over a short duration time leading to
ablation and the formation of surface structures. After a metal surface is exposed tem fs las
pulse, the pulse energy is absorbed by the electrons, the electrons are excited on a time scale
of 100 fs and thermalization of the energetiectrons (hot electrons) takpkce in a few

tens of fs, leading to an electron temperature much highetthkdattice temperature while

the lattice temperature remains at the initial room temperature. Therefore, the system is out
of thermal equilibrium consisting of two subsystemh® hot electrons and cold latticeh&
two-temperature model (TTM) is used tbescribethe temperature dynamnscfor this
nonequilibrium system. The hot electrons are cooled down by hot electron diffusion and
electronphonon interactions establishing the thermal equilibrium in the system between
lattice and electrons within a few pmeconds (ps). For sufficiént elevated lattice
temperature, surface melts on a timescale between a few and a hundred susfacel
ablation occurs within a few tens of ps aftee laser pulse strikes the surface of the material

and carries on up to sesal nanoseconds (ns). Then, the adanaterial rapidly cools down

and resolidifies leading to the formation of setfjanized patterns frozen on the surfaoel

some of the generated nanoparticles during ablation are redeposited to further change the
morphology of thesurface B9, 41].

2.4.2 Laser Ablation

Lasermaterinteraction leads to laser ablation which is defined as removal of material from
the surface under laser irradiation occurring abdlve ablation threshold thagventually
leads to theformation of mcro- and nanoscales structures. The ablattbreshold is the
minimum amount of energy required to inigathe material removal proces$he

mechanism of lasenatter interaction and ablation depsmh the material properties and
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the lasemparameters such as fluence (i.e., ratio of laser pulse energy (J) to the irradiated area
(cn?)) wavelength and pulsguration B9).
For a Gaussian beam distribution, the spatial fluence profile, in a plane perpendicular to

the laser beani(r), is definedas:
%ol %o Q (1)

wherel is the distance from the center of the beam] and the laser beam radius@t of
the maximum intensity. The peak fluenc#%o.) is related to the laser pulse energy

(O according to:

%o —— )

The laser pulse energ®( is given by: i

o (3)

© Q
wherer) (W) is the average power of the laser beam measured with a power met@r and
(Hz) is the repetition rate of the laser. It has been shown that for a Gaussian beam with
radiug , the diameter of an ablated cratris related tothe peak laser fluence¥

according to:

, %o
O ¢ G &g (4)

where %o is the ablation threshold fluence of the material. On account of the linear
dependence of the peak laser fluerfée (on the pulse energy, the Gaussian beam radius
1 is obtained from a linear plot of the squares of the average ablated crater d{@neter

versus the logarithm of the laser pulse enetg¥© . From the slopé& of the linear fit to

the (semilogarithmic plot ofO versus théx €0 , the beam radiuss found according to:

. )

With this technique the Gaussian beam radius at the interaction suri@deensined 39,
42, 43|.
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2.4.3 Laser Induced Periodic Surface Structures

In 1965, Birnbaum was the first to observe a series of parallel periodic surface grating
patterns, a phenomenon knownldBSS on semiconductor surfaces irradiated with a ruby
laser[44]. In recent years, fs laser has emerged as a si@gh@ique to fabricate fs LIPSS
(FLIPSS) on a variety of materials, includingsemiconductor§45-48], metals f19-52),
polymers [13] and dielectrics p3-55 to tailor the optical, mechanical, and chemical
properties of the surfaces to eventually fabricab¥eh materials for a wide range of
applications in photonics, micro/nanofluidics, wettability, tribology and biomedical
applications 40, 56, 57]. FLIPSS can be classified as Low Spatial Frequency LIPSS (LSFL),
with periods on the order of the incidéaser wavelength and oriented perpendicularly to the
incident laser beam polarization, and High Spatial Frequency LURSBEL), having periods

much snaller than the laser wavelengtind with an aientation either parallel or
perpendicular to the incidepblarization[58]. It has been shown by previous studies that the
spatial period of LIPSS can be controlled by wavelerigth 59, angle ofincidence[60]
andrefractiveindex[51] while its orientation depends on polarization of incident laseam

[61, 62]. Recentstudies have revealed the orientation of the LIPSS can be modified by
varying states of laser polarization (linear, circular or elliptical). When linearly polarized
laser beam is applied, the ripples are aligned either perpendicular or gar#flelincident
laserpolarization p3]. Wanget al [63] reportedthat under the irradiation of left and right
circularly polarized fs | aser pulses the ri
the incident plane of the beam, respectively. On the contrary, the elliptically polarized fs
laser pulses induced pfes that were aligned perpendicular to the long axis, as demonstrated
by Tanget al [64] and Varlamova et al[65]. The formation of the periodic ripples with
spatial periods close to the wavelength of the laser was attributed to the interference between
the incident laser beam and the surface scattering wave that was developed by Sgpe and
workers [14].Recently, Huang et allp] proposed a revised scattering model explaining the
formation of ripples in terms ahe initial directSPlaser interferere and the subsequent
gratingassisted Shaser coupling.The key underlying reasons behind decreasing of the
spatial period of the ripples as number of laser pulses increases is discussed as a mixture of
field-distribution effect and gratingoupling effets. As observed, for the Gaussian

distribution of laser beam, the spatial period of the ripples depends on the laser intensity.
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With increasing pulse number, the diameter of the laser abtastdrincreases and the
spatial period of the ripples decreasés moving away from the center towards the
perimeter of the laser ablated crater, the laser intensity decreases leading to lowering of
electron density at the laser ablated crater periphery causing the wavelength of the surface
plasmon polaritons to shten, decreasing the spatial period of the ripples. In addition, the
groove depth also has important effects on the ripples spatial periodisitheumber of

pulses increasehe ripples deeperandthe wavelength of the surface plasmon polaritons

will decrease. Theaser fields are more localized in the grooves and absorbed more
efficiently, leading to a strong positive feedbatd the gratingssisted Sfaser coupling
efficiency is enhancedlThe enhanced laser field enhancement allowing for moreiegffi

laser fieldscoupledto the SPs;result in smaller ripple spatial period. However, the high
fluence in the center of the laser ablated crater causes a strong thermal effect, creating a thick
melted layer which weakens the graticmupling effect andipples with periodicity near

laser wavelength with interference mechanism are créhbéd

2.4.4 Femtosecond Laser Direct Writing Technique

A typical setup for fs laser direetriting is shown in Figure 5. Aariety of micre and
nanoscales features in one single step on a wide class of materials can be fabricated in a
reproducible manner witthe laser direct writing technique depending on the laser beam and
processing parameters. The fs laser beam is palssmajh a series of optical elements to
finally impinge on the surface of the sample. The combination of a Glan polarizer and a half
wave plate is employed to vary the laser power. A shutter is used to control the number of
pulses from a fs laser impingirg a stationary sample. Fibre non-stationary case in direct

fs laser writing, the sample is translateih respecto the stationary laser beam to generate

a line or an area on the surface of the sample where the number of laser pulses per shot is
alsocontrolled by varying the scan velocity. Afterwards, a series of miriis M2, and

dichroic mirror (DM are used to direct the laser beam into an objective lens (OL). The
sample is mounted on a computentrolled XY-translation stage and illuminatecifn the

top to enable monitoringf the laser micromachining processes with a CCD camera. The fs
laser micomachining setup shown iRigure 2.5 carbe used for ablating a spot on the
sample when the translation stage is stationary, generating a singléhbnethe sample is
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translating alonghe X- or Y- axis by overlappinguccessive laser pulses time scanning
direction or by allowing a certain amount of overlapping between successive scanned lines,
termed line overlap, to achieve surface coverage afeaj39, 40].

The pulse overlaps( is the percentage amount of overlap between successive laser
pulses and can be varied by the scanning speead pulse repetition rat@ The line overlap
( is controlled by setting line spacirghwhich represents the distance between the
centers of the two successive laser scanraks[39]. The schematic representation of the

pulse and line overlaps is shown in Figar&

. Illumination

CCD _ {

HWP GP SH OL _TiSubstrate

Femtosecond Laser ==
mm

Figure2.5: Schematic layout of a typical for direct fs laser surface writing consisting
laser, haKwave plate (HWP), an polarizer (GP), shutter (SH), mirso(M1 and M2),
dichroic mirror (DM), beam splitter (BS3harged oupled device (CCD), objective lens

(OL) computer controlled X¥ranslation stage
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Figure2.6: Schematics of the laser pulseerlapping to create lines and areas

a substrate.

Percentage of pulse and line overlaps are given by,
. p — PpPTT (6

. P == p 1Tt ( 7
wheret is the scanning spe€edlis the repetition rate) is the laser spot diameter, andis

the linespacing 39].

2.5 Surface Wettability

The surface wettabilitywhich is the degree to which a liquid spread over a sién
importantproperty of a solid stace. For decadesnodifying and controlling the surface
wettability of biomaterials have bedme focus of extensive researddumerous studies have
demonstrated the critical role the surface wettability of the biomaterials plays in regulating
the important physiological processasls as protein adsorption, cell adhesion, and cell
proliferation[66, 67].
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2.5.1 Wetting on | deal FI at Surf a

The main method to quantitatively measure the surface wettability is by measuring the
contact angle (CApf a liquid droplet on a surfacghich is the angle between the selid
liquid interface and the tangent of the liquainl interface at the three phasesundary ¢8],

as shown in Figure 769]. The CA of a liquid on an ideal solid surface that is flat and
chemically homogeneous can be described through balancing the interfacial tensions
between a solid and aif , liquid and solid [ , liquid and air on the solid,

obt ai ni neguattod@,v@ 0 s

Al-6 —— (6)

where— is the equilibrium contact angles illustrated in Figur2.7. In prinaple, surfaces
with a water CA lower than 90are considered hydrophilic and those with water CAs

between 99and 150 are termed hydrophobic.

air

YiLa

liquid By Yea
YSL: g
solid
Figure27.Wet t i ng behavior of a Il iquid dr

where— is the equilibrium contact anglg¢, is the solidair interfacial tension,
is the solidliquid interfacal tension and s the liquidair interfacial tension on th
solid [69].
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2.5.2Wetting Theories of Rough Surfaces

In reality, all surfaces are not ideal and can have roughness and chemical heterogeneity;
thereby two models, the Wenzel and @eassieBaxter(CB) were developed to describe the

behavior of the liquid on thesalsurfaceg72].

252.1Wenzel 6s Theory

In the Wenzel model, the liquid completely wets the groovea kfugh surface, creating a
homogeneous solid/liquid interface. darding to the Wenzeiheory[72], the increase in
surface roughness has an amplification effect on the wettability expressed as f@Bpws
74,

AT-©6 1AT-O 9)

where r is the roughness factor (t)>defined as the ratio of the actual area to the flat
projected area—and— are the apparent contact angle and the equilibrium contact angle
from Young equation, respectively. Eq. (9) suggests that increasing the surface roughness
amplifies the surface inherent wetting behavior, making the hydrophilic surfaces more

hydrophilic anl hydrophobic surfaces more hydrophobic

2.5.2.2CassieBaxter Theory

In the CB model the liquid incompletely wets the rough surface, formengolid/liquidair
composite interface. According tbe CB theory[75], the contact angle of the liquid on this

composite surface is expresses]74],
AT-©6 @ AT-6 Q p (10)
where— is the apparent contact angle ands the equilibrium contact angle on tbelid

with "Qandi being the fraction of wedolid underneath the water droplet and the roughness

factor of the wetted area, respectively. The higher the area fraction of the air trapped

underneath the droplet, the higher the contact angle.
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Chapter 3

This chapter is based on the followipgblishedpaper:

Characterization and evaluation of femtosecond {aser
Induced sufmicron periodic structures generated on
titanium to improve osseointegration of implants
(Publication 1)

Bryan E.J. Lee, Hourieh Exi r , Chéaracterzatidn aWwe c k ,
evaluation of femtosecond laseduced submicron periodic structures generated on
titanium to improve osseointegration of implantdpp. Surf. Sci441(2018) 1034.
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micromachining of all thesamplesused in this studyere performed by H. Exir ahe
Fracture and Femtosecond Reska@ttawa Group (FROG) of profess@eck, in the
Colonel By building(CBY), at University of Ottawa, unddhe supervision ofprofessor
Weck. All the microscopywork was carriedout at the Canadian Centre for Electron
Microscopy,McMaster University, by B. Ledn vitro studiesvere designed angerformed

at the Biointerfaces Institute aficMasterUniversity, by B Lee. All the characterizations
and detailedanalysis of the dataere conducted b. Lee, undetthe supervision of Dr.
Kathryn Grandfield The manuscript wamainly written by B.Lee andin part byH. Exir.

All authors contributed to the finahanuscript.
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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
thicker oxide layer on ablated surfaces compared to controls. In vitro testing was conducted using
osteosarcoma Saos-2 cells. Cell metabolism on the laser-ablated surfaces was comparable to controls
and alkaline phosphatase activity was notably increased at late time points for the 620 and 760 nm sur-
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.

© 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.
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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-
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formed by translating the sample relatively to the stationary
laser beam. The focused laser beam radius wg 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 pm. 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 pm/s at the laser
fluence of 0.5 J/cm? and then various lateral displacement of the
laser beam of 3 pm, 7.5 pm and 10 um 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 pL. 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, R, 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 uL 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% COy. Fluorescence values were read using an Infinite® M1000
(Tecan, Madnnedorf, Switzerland) at 540-580nm (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 uL 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 1 day 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 (Rpyax).
Fig. 1 shows 10 x 10 um? AFM scans of the 300, 620 and 760 nm
surfaces. These AFM images confirm the distinct ripple pattern
seen in SEM. Measured R,,x 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 pm, 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.

21



B.E]. Lee et al. /Applied Surface Science 441 (2018) 1034-1042

Height 10.0 pm Height

1037

697.7 nm

10.0 um Height 10.0 pm

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, Ry, ), 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 NJ/A NJA 84+3 5
300 nm 340+ 21 163+4 109+6 37
620 nm 637+8 144+38 134+ 14 20
760 nm 751425 155 +15 132+5 29

S.0,
290

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.
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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
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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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Fig. 5. EELS line scan (C) with accompanying HAADF image (A) of the 620 nm surface. EELS spectrum colour map (B) for a nodule on the 620 nm surface. The red indicates the
titanium while the green indicates the oxygen. The presence of high concentrations of oxygen can only be seen at the surface of the substrate. The line scan (C; double-sided
blue arrow) reveals a higher concentration of oxygen over a small length and supports AES estimates that the oxide layer is 20-30 nm in thickness.
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Fig. 6. (A) Cell metabolism at early time points was significantly greater on the control surface than the 300 and 760 nm surfaces but this effect disappeared at later time
points. The 620 nm surface had statistically significant increased metabolism after 3 days compared to 300 and 760 nm surfaces and after 7 days compared to the 300 nm
surface. At late time points there was no difference between the laser modified surfaces and controls. Error bars represent standard error. (B) ALP activity [mmol/mL] for
control and laser modified surfaces. The 620 nm surface had statistically significant (p < 0.05) improvements in ALP activity at 3 and 7 days compared to the 760 nm surface.
The 620 and 760 nm surfaces had statistically significant (p < 0.05) improvements in ALP activity after 14 days compared to the control surface. Error bars represent standard

error.

on the unmodified titanium surface. The cells on the laser ablated
surfaces appear to be oriented perpendicular to the periodic struc-
tures which can be observed in Fig. 7C/D. Fig. 7D shows that many
of the filopodia have attached directly to the peaks of the rippled
pattern. The circularity and nuclear area factor, a common indica-
tor of cell health, are listed in Table 2. The circularity of the cells is
higher on the control surface compared to the laser-ablated sur-
faces while the average nuclear area factor is larger for cells on
the laser-ablated surfaces. These effects were only noticeable at
lower seeding densities, confluent layers displayed no detectable
differences in orientation or circularity (results not shown).

4. Discussion
The generation of ripples using a femtosecond laser allowed for

a specific and ordered surface modification of titanium for implant
purposes. These patterns are consistent and significantly differen-
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tiate themselves from more random or disorganized modification
techniques. This is potentially advantageous in industrial or clini-
cal settings as the consistency observed in the periodicity measure-
ments is promising from a quality-control standpoint. The ripples
generated visibly distinguish themselves from unmodified
titanium and, with regards to periodicity, are similar in appearance
to that of collagen fibrils. TEM imaging revealed the presence of
grain boundaries and bend contours, the grains were noted to be
smaller towards the surfaces compared to the bulk material. This
effect has been noted previously where grain size distributions
were observed at the surface of femtosecond treated materials
[34]. In addition, this refined grain structure may contribute to a
tougher surface coating [35]. The observed nodules are likely reso-
lidified molten droplets from the laser ablation process which may
benefit biological adhesion by increasing surface contact area.
Results showed that the laser ablation had effects on both the
surface chemistry and topography that warrant discussion. Firstly,
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