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Abstrac

Abstract

This PhD thesis is focused on the development bfitijtitanium- based surfaces with
improved bioactivity on the bone forming cells. Falifferent approaches for the
modification of titanium surface are presentedhie thesis, with the potential to be
applied to currently used implant surfaces, enlmneand establishing a bone ingrowth

into the implant surface.

Alongside the enhanced cell activity, some surfasleswed extended action on the
mineralization ability of osteoblast cells, thusultblead of rapid bone tissue formation.
The overall aim of this work is to contribute teethiomaterials scientific community
which could lead to new findings and tools basedhm nanoscale modification that
may be used to enhance osseointegration and overdoplant rejections and

inflammations.

One of the key challenges in the engineering diapédic implants is to “bioactivate”
their surface. Carbon films have attracted mucnétin in biomedical fields due to
biocompatibility and low wearing capacity. Howevehey are bioinert and thus
unsuitable for bioactive use in orthopedic implambstrates. We employed non-reactive
magnetron sputtering to produce amorphous carbo, dilms and utilize
biocompatible niobium (Nb) to alter the surfaceroisry and nanotopography of the a-
C films with the purpose of bioactivating carbonated surfaces implants. The
nanocomposite films (Nb-C) formed by the additidnNd into the a-C films possess
enhanced mechanical properties in means of nanoéssd Young's modulus and
super-elastic recovery.
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It is of special interest that preosteoblasts celitured on the Nb-C films have
enhanced adhesion and upregulated alkaline ph@sggh&ALP) activity, compared to
those cultured on the bare carbon and on, Tils. This improvement is ascribed to
the combined effects of the changes in surface tgmand the refinement of the

nanotopography caused by the addition of Nb.

Recently it has raised interest in the so calledlolgical approach to enhance
performance of the implants. In this thesis we riiedithe surface of titania (TKp
with a self-assembled and chemically crosslinkegdiymer film. The biopolymer film
is made from naturally occurring polymers, alginaied collagen. The biopolymer
coated titania closely mimics the bone extracellubatrix regarding bio-morphology

and mechanical properties.

The biopolymers are prepared using the layer bgrlagchnique and crosslinked by
carbodiimide chemistry to obtain a stable and cahgéucture. Alginate- collagen
coatings display fibrillar morphology with an apeat fiber diameter of ~50 nm and
lengths ranging from a few hundred nanometers tqum3 mimicking therefore, the
extracellular matrix of the bone in fiber lengthdaextent. Atomic Force Spectroscopy
revealed a Young’s modulus of a few kPa for then filvhich matches the mechanical
properties of naturally occurring collagen fibe@steoblast cells showed enhanced
adhesion on the coated surface compared to thetitem&, and a superior biological
activity in means of mineralization of the algindégeminated coating that interfaces the

cells in biological fluids.
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Strontium, an essential element in bone remodeatyae, has large perspectives for
application in therapies for bone- related diseasekreplacements. However, its use is
limited since oral application with effective daseluces a toxic response and unwilled
side effects. We have incorporated strontium orte surface of titania through
polyacrylic acid (PAA) polymer brushes, synthesiZemin the surface of the titania.
This approach can help to overcome the drawbacksstmmntium treatment, by
restricting the presence of Sr at the site of img@lion and consequently its bioaction to

the cells in direct contact with the titanium sgdga

We have for the first time to our knowledge, applmlymer brushes bonded to titania
with the scope of entrapping strontium for enhanogskoactivity of biomaterials. The
concentration of strontium can be varied through gnafting density of PAA to the
titania surface. At higher grafting density brustwgfer more carboxyl groups for Sr
binding. Initial adhesion of osteoblast was supesiothese structures compared to bare
TiO,. Moreover, these coatings showed ability to prarmne tissue mineralization in
dependence of the strontium concentration. The rgigte effect of the polymer
coating enhancing biomineralization and the osdeaastrontium is confirmed with
increased ALP and osteocalcin, the main componaintee mineralized extracellular

matrix (ECM).

Titanium osseointegration, the bone- implant bigdprocess, largely depends on the
texture of titanium. It is enhanced on surfacesaomg nano and micro features, that
mimick the texture of extracellular matrix. We hagplied alkaline etching of titanium

alloys to refine its surface texture producing dedi micro and nanotopographical cues.
The resulting morphology depends on mainly timepadcess and concentration of
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NaOH. Using longer times and high concentrationNelOH we have been able of
producing very rough and irregular topographic dead. The reaction of titania with
NaOH forms a layer of sodium titanate that we usethcorporate strontium with aim
of overcoming toxic effects that may come from #lficaline compounds. Strontium is a
bioactive element, thus we have explored the capadithe surfaces to incorporate
strontium in relation to their morphology. We foutit slightly alkaline conditions are
more favorable for ion exchange betweer’ Wad Sf, resulting in higher amount of

Sr*incorporated in the surface of the modified Ti gdlo

The surface morphology of alloys influences thalffiamount of St in the surface:.
Rougher surfaces have higher capacity féf 9inding, as they can react more intensely
with NaOH, providing more exposed surface areasidarexchange. A preliminary
evaluation of bioactivity and biocompatibility witbre-osteoblast cell draws a parallel
between morphology of implant substrates and erdthb®logical performance as the

cells showed a better adherence to the nanosteactunfaces.
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Resumen

Esta tesis se centra en el desarrollo de supesflubridas basadas en titanio y niobio
con una bioactividad mejorada para aplicacionegganeracion de tejido oseo.. En este
trabajo incluye cuatro enfoques diferentes parantalificacion de las superficies de

titanio o niobio, con potencial para ser utilizadeomo implantes, mejorando el

crecimiento y la fijacion del tejido 6seo en la edijgie del implante. Ademas de una

mejora en la actividad celular, algunas de las rfigs en este estudio mostraron

ademas capacidad de mineralizacion de las célelastgoblastos, con el potencial por

ende, de conducir a una rapida formacion del tejskDn.

Este trabajo tiene como objetivo general el conirib la comunidad cientifica en el area
de biomateriales, generando nuevos materialesoin@izados en la nano-escala que
podrian ser usados para el mejoramiento de larat&m Osea y asi, superar el posibles

rechazo y/o inflamacién generadas por los implantes

Un aspecto clave en la ingenieria de implantespédicos es la de “bioactivar’” su
superficie. El uso de capas finas de carbonoradédatuna atencion considerable en los
campos biomédicos debido a su biocompatibilidaduybaja tasa de desgaste. Sin
embargo, las capas de carbono son bioinertes ylgpdanto su bioactividad es
inapropiada para el uso en implantes ortopédicosedfa tesis se utilizo la técnica de
magnetron sputtering no-reactivo para producir asafinas de carbono amorfo, a-C,
incluyendo el elemento biocompatible niobio (Nbarg alterar la quimica y
nanotopografia de las capas de a-C con el fin dachvar la superficie de implantes

recubiertos con carbono. Las capas de nanocompudst@arburo de niobio (Nb-C)
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formadas a partir de la incorporacion de Nb encksas de a-C presentaron mejores
propiedades mecanicas, tales como una relativanaftadureza, modulo de Young y una

inusual super elasticidad.

Es especialmente destacable que células de prblasts cultivadas sobre las capas de
Nb-C presentaron una adhesion y una actividad tiosdaalcalina (ALP, por sus siglas en
inglés) mejoradas, comparadas con las célulasradts sobre superficies de carbono y
TiO,. Esta mejora se puede asociar a los efectos caddsnde cambios en la quimica
superficial y del refinamiento de la nano topografjenerado por la incorporacion del

NDb.

Losen los ultimos afios ha crecido el interés pdizat enfoques biolégicos para
optimizar el desempefio de implantes. En esta $esmodifico la superficie de la titania
(TiO2) con una multicapa auto-ensamblada de biopolimgafmicamente entrecruzado.
La capa de biopolimero se fabricé en base a padisnde origen natural; alginato y
colageno. Se constatd que el titanio recubierto@onulticapa biopolimero reproduce de
una forma muy cercana a la matriz extracelulahdelko en términos de bio-morfologia
y propiedades mecanicas. La multicapa se desamaltiante la técnica de capa-a-capa
y se entrecuzé por medio de la quimica de carbadhinpara obtener una estructura

estable y compacta.

Los recubrimientos de alginato y colageno mostrarna morfologia fibrilar con un
didmetro aparente de las fibras[d® nm y longitudes que variaron desde unos cientos
de nandémetros a una8 um, imitando por tanto la matriz extracelular dek$m en la

longitud y alcance de las fibras. Los analisis dpeetroscopia de fuerzas de la capa
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revelaron un modulo de Young de uns pocos kPajalaoncuerda con las propiedades

mecanicas de las fibras de colageno de origenatatur

Las células de osteoblastos mostraron una adhes{@rada en la superficie polimérica
comparada con la superficie de titania sin recuprirna actividad biolégica superior en
términos de la mineralizacidn especialmente cominalo como Ultima capa en la

multicapa.

El estroncio, un elemento esencial en el ciclo elmadelacion 6sea, posee grandes
perspectivas opara el desarrollo de terapias pafermneedades relacionadas con los
huesos y con reemplazos ortopédicos. Sin embanges esta limitado debido a que su
aplicacion efectiva mediante dosaje oral induce wespuesta toxica y efectos
secundarios indeseados. En este trabajo tambiéashi@corporado estroncio en titanio a
través de cepillos poliméricos de acido poliaanilfPAA), generados in situ a partir de la
superficie de titanio. Este enfoque puede ayudauperar los inconvenientes del
tratamiento con estroncio, restringiendo su praaesalo a la superficie implantada y
consecuentemente su accion a las células quecsergren en contacto directo con la
superficie del implante. Hemos utilizado primeraz,v& nuestro conocimiento, la
modificacién superficilla de titanio con cepilloolipnéricos con el fin de capturar

estroncio y lograr una mejora en la osteoactiviigdiomaterial.

La concentracion del estroncio puede ser variadangealio de la densidad de las cadenas
en el cepillo de PAA enlazadas a la superficieitdaeib. Una mayor densidad de cadenas
poliméricas en el cepillo ofrece mas grupos catbexpara acomplejar Str La adhesion

inicial de los osteoblastos fue mayor sobre estasicuras poliméricas comparadas con
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la superficie de Ti@ sin recubrir. Ademas, los cepillos mostraron cajzat para

promover la mineralizacion del tejido 6éseo en fanaile la concentracion de estroncio.
El efecto sinérgico del recubrimiento poliméricomemntando la biomineralizacion y
osteoactividad del estroncio se confirmo6 con unentmde la ALP y la osteocalcina, los
elementos principales de la matriz extracelular NlEGpor sus siglas en inglés)

mineralizada.

La osteointegracion en el titanio, el proceso dérudel implante al tejido 6seo, depende
en gran medida de la textura del titanio. La ostegracion se ve mejorada en
superficies con caracteristicas nano y micro, gueulsn la textura de la matriz

extracelular. En este trabajo también hemos hentdenapado alcalino de aleaciones de
titanio para refinar su textura superficial produncio una topografia con detalles en

escala micro y nano.

La morfologia resultante depende principalmente tempo de proceso y la
concentracion de NaOH. Usando tiempos largos g attacentraciones de NaOH hemos
sido capaces de producir superficies rugosas guiaees. La reaccion de titanio con el
NaOH forma una capa de titanato de sodio que usga@s incorporar estroncio. El
estroncio es un elemento bioactivo, asi que explosala capacidad de las superficies
para incorporar el estroncio en funcion de su nbogi@. Encontramos que las
condiciones ligeramente alcalinas son mas favosaidea el intercambio de iones entre
el Na" y SF, resultando en una incorporacién mas alta dé &r la superficie de las
aleaciones modificadas de Ti. La morfologia supmifide las aleaciones antes del
decapado influenciaron el contenido final dé" ®n la superficie. Las superficies mas

rugosas tienen una mayor capacidad para incorttardebido a que pueden reaccionar
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mas intensamente con el NaOH, de tal forma que &nés queda expuesta para el

intercambio de iones.

La evaluacion preliminar de la bioactividad y biogmatibilidad con células de pre-
osteblastos permite establecer un paralelo entrmtfologia de los implantes y un mejor
comportamiento biolégico en cuanto las células skeablastos mostraron una mejor

adherencia a las superficies nano estructuradas.
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| ntroduction

Need for implants, state of theart

Bone tissue loss or failure resulting from bonesdges such as arthritis, osteoporosis
and bone cancer as well as from physical injurges lecome a major health problem,
causing an ever-increasing demand for orthopediglants with improved activity.
Approximately 1 million hip replacements and 25@ (hee replacements are carried
out annually worldwide and this number is expecteddouble between 1999 and
2025.(1) In United States, it is estimated that feplacements will reach 570 000
surgeries by year 2030, rising by a 174% while kadbkoplasties are expected to rise
by a 673% with 3.48 million procedures by that y&3rThe most recent statistical data
published by The Organisation for Economic Co-openaand Development (OECD)
show an increase in the number of hip and kneeacepients in European countries
with an average increase of hip replacement by X&¥veen 2000 and 2013 per
country and up to 90% of increase of knee replacemeer 10 years.(3) Implant
materials are expected to replace the bone andhidnes a role to bind to living bone
material without soft tissue between. A materiac@sidered osseointegrated when
there is an absence of relative motion betweenirtipdant and bone.(4) Insufficient
osseointegration of implants can result in the @teme failure and aseptic loosening of
the implants. This limits the lifetime of the implain the body, causing very often
replacement of the implant. The revision surgsrysually less successful than initial

implantation surgery. This inevitably increases fihancial burden to the patients and
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decreases life expectancy and quality of life feogle having hard tissue, bone and
teeth diseases. According to data collected inEsixopean countries, hip revision
surgeries result in 6.5% implant revisions aftee fyears of initial surgery and 12.9%
after ten years of initial implantation.(5) On thier hand, the rate of knee replacement
varies from 5.3% revision surgeries in France afi%% in Portugal.(6) The revision
surgery is being more difficult and having low sess rate. Since the seventies, with
the development of first oral implant surface witicro defined roughness that resulted
with minimal trauma and optimal healing period ¢k tbone (7), efforts are still

nowadays being directed to improve the qualityhef currently used implants.

Titanium biomaterials and osseointegration

A biomaterial is any natural or artificial consttuother than drug, that is implemented
into body for any period of time. The purpose ajrbaterials is to act as support or to
restore any tissue, organ or function of the baaty taus improve the quality of life of
the individual.(8) Due to their intended implemeéia in the body, high requirements
are put on biomaterials biocompatibility and intgrn with minimal risk of infections
and rejections. Biocompatibility is a primary resjte for the material. For
biocompatibility is understood that the materialogld display no toxicity, non
allergenicity and non inflammatory characteristic®eside biocompatibility,
biomaterials have to compile other physical, chamand mechanical requirements,
depending on their targeted implementation in tbendn body. For orthopaedic or

dental implants, there are three major requiremitshese materials to successfully
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achieve osseoiagration and simultaneous biofunctione: biological, mechanic and

morphological compatibilit

Metal based implants, such as stainless steelaatemmon choice in orthopaet
implants as they provide stable structural suppmrthe bone Titanium (Ti) and its
alloys (Ti-6Al-4V and Ti6Al- 7Nb) are wellestablished orthopaedic and dental imp
biomaterialsTitanium is shown to have a closer contact withlibae tissue compart
to other metal substrates such as stainless stdediaconiun and itstrongly displays a
biomechanical compatibility with the bone mate.(9, 10) Some of its numerot

applications in tissue engineering and regeneratiedicineare shown irFigure 1.
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Figure 1. Examples of widely used titanium as implant material asA meshplate for
skull replacemen® vascular stel, C artificial hip joint andD screw for dental implar

These applications include the preparation of Mascstents, dental implants
artificial joints mainly used in hip and knee impla bone screws and plates
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orthopedic and dental applications as bone implaaterial. Their spread use is
acknowledged to their good mechanical properties;dmpatibility and high corrosion
resistance.(1, 11, 1Bjocompatibility and corrosion resistance of titami mainly arise

from the naturally formed protective oxide layeiQ7, which covers the whole titanium

surface.(13)

Since the implant is expected to replace or supfi@tbone, it has to imitate the

biological environment and mechanical propertieghefbone.

The mechanical properties considered in the evialuabf the suitability of a
biomaterial are elongation, hardness, tensile gtreand Young’s modulus (E). The
Young's modulus, a measure of materials elastioitystiffness, of the bone hard
material lays in the range of tens of GPa.(14) Cenamal titanium implant satisfies this
requirement till large extent with E of one order magnitude higher (100-120

GPa).(15)

Even if it particularly satisfies requirements giveo implant material, drawback of
titanium materials is in displaying poor osseoinéign. The failure of titanium to

osseointegrate with bone may come from the comosdidhe protective oxide layer
includes deformations. Deformations can cause #ubin a host biological

environment where metal cations can dissolve ana fcewis acid, thus lower the pH
at implant surface. In such lowered pH, physiolaghlorine may form HCI attacking
bone and result in undesirable tissue responseBd&kgrial infection and failure of the
implant is increased at a low pH environment as thierface lacks a vascular blood

supply resulting in immunogenic response. Bactemgowth is favored in acidic
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conditions, leading to a destructive tissue envitent and finally aseptic loosening of

the implant.(17)

For the last decade, various approaches have lempéed to provide titanium and its
alloys with ability to improve bonding to living he. Commonly used concepts will be
addressed in the further text as well an overviavthe strategies that provided titanium

materials with the most suitable surface for boglss@dhesion and bonding.

Bone forming cells and interaction with their substrate

Bone in the human body is a very dynamic orgamdeionstantly remodeled in the
cycle where osteoblast cells are responsible fon&ion of a new bone tissue while
osteoclast cells are simultaneously resorbing addebtissue. Osteoblasts, a bone
forming cells are depositing a matrix includinglagken, calcium and phosphate. Three
components give to bone flexibility and rigidityhd matrix deposited by osteoblasts
becomes a new layer of bone tissue on which neeobkist cells adhere and continue

with bone remodeling cycle.

Bone cells sense the underlying surface by thetoskgletal projections such as
filopodia and lamellipodia. Once a suitable sitedestected, cells will attach to it

resulting in the so called “focal adhesion”.

The process leading to the focal adhesion is madiiay an integral membrane protein
called integrin, which binds to the actin cytoskefeinside the cells and the adhesive
recognition sequences (e.g. Arginylglycylasparticida RGD) on the underlying

substrate surface, as shown in schematic repregentaFigure 2.(18)
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Figure 2. Schematic representation of bone extracellular matrix components.
Cytokines and growth factors are signaling molecules for the cellintegrin,
receptors for celextracellular matrix interactio; Fibronectin, glycoprotein that bind
collagen;Collagen, main structural protein of ECNOsteoblasts, cells that synthesiz

bone andProteoglycans, glycosylated proteins that bind growth factors apbkines

Therefore, through focal adhesion cells are ablmediide bidirectional signaling wit
the underlying substrates. The signaling takesepl@mough a mechanotransduct
mechanism, leading to molecular cascades regulatmgcription factor activity, ger
and protein expression, and cell growth and diffaation.(19) Well documente:
mechanotransducers a®etcl-mediated ion channels, primary cilia and integ (20-
23) The mechano induced intracellular signals regutattular response that includ

adhesion, proliferation, differentiation and cqltesading
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Surface aspects. nanotopography and bioenvironment

The surface of titanium regarding morphology, chetgj bioactivity and mechanics

plays a key role in the response of the bone fagneills as it provides a place of the
contact with the bone cells.(24) Cells differerdiat response to mechanical and bio-
morphological properties of their substrate, thenefsurface properties play major role

in defining the cell fate.

In the natural bone environment, functionality aliifierentiation of osteoblast cells is a
response of the mechanical and bio- morphologicapgrties of the extracellular
matrix, a substrate they are adhering onto. Thezefdhe efforts to achieve
advantageous bioactive implant surfaces are duetiethe architectures that closely

mimic the environment of the natural bone.

The relatively hard hydroxyapatite bone core iseted by an extracellular matrix
(ECM), shown schematically iRigure 2. This matrix has a hybrid hierarchical mesh
structure built of protein fibers, e.g. collagerdaastin, providing a scaffold support
abundant with topographical information for thelseThe bone’s ECM consists of a
large number of micro and nanotopographical featunehere the collagen molecules
are extending approximately to 300 nm in length arftdnm in width. They can form
collagen fibrils with diameters between 260 nm a&id nm extending for tens of
microns in length.(18) The size of the apatite @lgsembedded in the collagen fibrils is
at the nanoscale level, measuring around 30- 50imnength and 20- 25 nm in
width.(25) In addition, a large number of nano antdmicron pores are featured in the

bone ECM structures providing topographical cuethéocells. Beside the chemical and
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topographical cues, mechanical response of theibmiatrmeans of its stiffness and
elasticity has a significant influence for celtigity and function.(26) As cells adhere
to substrate, they closely interact with the EC¥#nbechanotransduction converting
mechanical stimuli to biochemical signals.(27) Toeal stiffness of ECM that guides
the cells is significantly lower than of underlyirfgard bone, in the range of few
kPa.(28, 29) Therefore, higher Young’s modulubiomaterials will determine its long

range implementation and while low E values asitdace will influence activity of the

cells adhering to the material previous to ossegattion.

The surface of the implanted material with its nimmpgical and chemical features will
provide the support for cell adhesion and subsdqgtiesue formation leading to the
fixation of the implant to the bone or it will rdsin immunogenic response causing the
rejection of the implant and infections in the sumding tissue.(24, 30, 31) Cell
adhesion, migration and differentiation can beue@ficed by modulating the nanoscale
topography of the implant substrate, i.e. introdgchano and micro features into the
metallic or alloy substrate.(32)ternatively, the so- called biological approackas be
applied, such as substrate coating with naturairpets. A biological coating becomes
more attractive recently because it introducesoaghH@&mical environment closer to the

natural one as it will be discussed further inttd.

Strategies for osseointegration enhancement

There are numerous approaches for enhancing implacbmpatibility and long term
osseointegration, based on the engineering and ficatchn of the surface

nanotopography, chemistry and biology. The use opfographical features at the
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nanoscale to manipulate e cell functions to indnew bone formation has attracted

great interest in the biomaterials field.

Titanium biomaterial

Altering the surface topography

Exogenous surface engineering Endogenous surface engineering
plasma spraying, PVD, CVD, sol-gel Acid etching, laser, anodization

Figure 3. Scheme of the exogenous and endogenous surface engineering approaches

for refining the nanotopography of the implants.

Techniques for surface engineering can be divid#d two major categories; 1)
“exogenous” where topography is derived from exdématerials; and 2) “endogenous”
by which nanostructured topography is formedsitu on the implant surface, as

sketched irFigure 2. Commonly used techniques to obtain controllegbrand micro

Page | 18



Introductior

scale features at a surface of titanium are saastibf, acid and alkali etching, plasma

spraying, electropolishing, anodic oxidation.(33-36

The endogenous formations techniques can be comymoséd to situ generate
nanotopographical features without altering thgindl surface chemistry. However the
surface chemistry can be altered if the processesspecially designed or post-

treatments are utilized.

Various nanotopographical features have been pemtuzy these nanofabrication
techniques and their effects on the activationafebcells has been investigated. With
use of chemical etching it is possible to produgbnsicron/nanoscale rough surface
composed of nanopits, nanocaves and nanopores Inyroiog the process
parameters.(37-39) It is also reported that andidizacan induce growth of TiD

nanotubes on the surface.(40)

The exogenous approaches can include alteratiosarti#ce chemistry simultaneously
with topography. These are for example coatingsh wiydroxyapatite and calcium

phosphate resulting in crystalline features thugpra@gching the bone chemical
composition.(41, 42) Examples of topographical desg obtained by plasma spraying
are titania nanograins or MD, nanograins implemented into titania coating.(48) 4
The surfaces can be coated with nanoporous stascthy PEG modified sol-gel

technique.(45) Most common approaches for exogesatiace modification are shown

schematically irFigure 4.

A sub category of “exogenous” surface modificatien the so-called biological

approach, where the surface of the implant is coaith biological molecules as shown
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in Figure 4 C and D. This strategy receives a lot of attention recesihce it makes

possible to mimic the topology of bone ECM as wislbiochemical characteristics.(46)

Figure 4. Examples of exogenous surface modification approaches for enhancement

of osteoblast adhesion and differentiation on titan A) Surface roughness promoting
cell differentiation.B) Surface modification with functional groups suchcasboxyl or
amino, advances protein adsorption and osteobldfrahtiation. C and D are
biological approaches where inC adsorption of proteins or peptides can be used for
integrin mediated cell attachment andD coating with (bio)polymers enables tuning of
the surface chemistry and topography. Additiondlipmolecules can be embedded into

polymers

Coatings based on engineered proteins can be edsworithis category, for example
coating of surface with peptide sequences thabvtiesing the binding domains for the

cell binding.(47, 48)
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The use of the polymeric coatings has become vepular due to the possibility
tuning the elasticity, chemistry and surface ' (Figure 4 D). These can be natural
synthetic with each having advantages and disadgast Natural polymers a
biocompatible and bioactive but they have a low ma@ical strength and their stabil
is limited. On the other hand, synthetic polymere easy to process but lacki
bioactivity. The bioactivity of synthetic polymecain be enhanced by implementat

of biomolecules.(49)

All the strategies have trmommonscope of producing structuressemblini the bone
environment as far apography mechanics and bio-chemistaye concerne, thus
resulting in a highlybioactive and biocompatible surfi for the implant that will

interface biological fluideind bon cells in the body.

Coatings with bioactive incor porated elements

One of the key challenges in the enginee
of the orthopaedic implants isthe
bioactivation of their surface. Besi
commonly used titanium, other metals :

alloys posses the characteristequired for

implant  surface, biocompatibility  «
mechanical strength and material elasticiThe modulation of chemistry ant
nanotopography on the materials surface may résudt bioactive surface capable
osseointegration keeping ibeneficial mechanical properties benedtla layer of

modified surface.Carbon ii an example of a material that can be consid
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biocompatible, it has good mechanical propertigh@sense of low wearing rebut at
the same time itlacks bioactivit due to its inertnessOne of the strategies

“bioactivate” the biomaterials surface is implenaitn of bioactive elements in |
surface, simultaneously introducing topographicaehtiires mimicking nano ai
microtopography of the ECMA “bioactivated” carbon coatinggn the surface «
titanium may creat¢he topographic features and additionallgnhance bioactivity ¢
titanium alloy.Importantly, he bioactivation obther material than titaniuwill help to
improve understandg howthe materials surface itself influences thiéial osteoblast:
cell adhesion and proliferatic Therefore, coating the titanium alloys wiarbor films
that are additionallgloped with NI may well enhance implant surfabmactivity while
maintainingcore mechanical properties titanium. The addition of Nb in the carbc
film also inducestopographic alteratics andreduces the corrosion of underlyi
titanium substrate.(50WJsing this approach, we are able to alter the sartahemistry
by incorporating bioactive elemes and simultaneously improve mechanical prope

of the coating, especially improve resistance efdarbon coatin(32)

Chemical modifications of titanium surface

A possible approach to improve the surf

Nano/micro roughness

topography of titanium is to mimic t bone
extracellular matrixcharacteristics ar nano
and microscale featuresvarious micro-

topographies have beerproduced by

different methods such as s-blasting,

Page | 22



Introductior

machining and thermal spraying, with proven efferidhe bone formation arfixation
of the implant to the remanent b.(51) Chemical methods that corsidetchingof
surfacesare simple and cc-effective, showing attractive practicalify2) However,
tradtional chemical methods involving applications sifong acids and strong ba:
inevitably raise safety and eco issueditionally, residual acids or bases on

surface are harmful for cells and tissue. It ig@f@e of great value to develop mu

applicable, safer and more ¢friendly alternative routes of nanofabricati

Bio-inspired polymer coatings

A Dbiological coating based on naturall

D
IV PJULYLIIVI D

occurring polymersintroduces a biochemic
environment closer to the natural s. In

literature we can find several examples

biological coatings For example, it has b

shown thata modified hyaluronan coatir
provides titania surfaces with enhanced releaggath factors for activation of bor
regeneration.(53)Also, chitosan covalently bound to titanium alloyomotes cel
proliferation and collagen fibre depositi(54) Collagen and alginate are natt
polymers and are approved by the U.S. Food and Rdwinistration (FDA) for
human use in many types of medical applicationghénlast three decades, they
applied for wound dressings, ificial skin and tissue matrices due to their |
inflammatory response and good biocompatib(55, 56)The two biopolymers ai

exceptional building blocks for the design a biological inspired artificial ECM
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Collagen, a main structural protein of the conmectissue, in the form of elongat
fibers found in a bone ECM, provides structuand mechanical support to t
bone.(57)Alginate is a natural polysaccharide known fis excellent biocompabilit
and for having a degradation 1, which depends on its molecular weight, and w
incorporated in tissue scaffolcthe degradation rate can be additior tuned by
choosing theproper methodolo¢ for scaffold fabrication.(58-60yhe combinatiorof
these two polymers in a polyelectrolyte multilay@s already shown high bility and
biocompatibility toendothelial cells after crosslinking with genipwhich also lead t

the improved cell proliferatio(61)

Release of essential mineralsimplemented into the surface

Strontium is one of the important essential t
elements in human body. Its deficiency can |
to poor bone mineralizationStrontium has .

beneficial effect on the bone metabolism du

its anabolic and antiresorptive activity, theref
affecting bone formation and resorpti(62) It has been shown to be a promis
therapeutic agent to heal bone dis. For example, strontium renala8rRan)has
been used in clinics for long time to mote bone healing.(63prRan, used fc
osteoporosis contributed to the increase of mechhfixation of the implans when
taken orally. SrRan acts on both, desorption amchdétion of the bon(64) However,
since 2013 thaise of SrRan is restricted duea high risk of myocardial infarction

The therapeutic effects of strontium usin bone disease healing, as well
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contribution to implant fixation have been cleagyoven. Because of the above
mentioned properties. Strontium has been incotpdranto surface- engineered
biomaterials such as bioactive ceramics, for appbos in bone tissue engineering,

with encouraging results.(65)

There are few possibilities to dope the titaniunfaste with strontium; by ion exchange
with Na ions from Na titanate, by co sputteringSfand Ti and by complexing into
titanium surface. For strontium to promote oss@&grdtion it is necessary that the ions
are liberated into the biological fluid and thertaken by the cells. Therefore, strontium
has to be incorporated in titanium in a way thalbdes progressive releasedrelease in

the biological media and cell uptake.
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Objectivesand aims of thethesis

This PhD thesis is focused on the engineering tahitim surfaces through several
approaches with the main goal to develop a higihhgdmpatible and stable material
surface with potential to overcome body implantecépns. More specifically, the

objectives and aims of this thesis are:
Goal 1

* To coat the titanium implant surface with Nb-domadbon films to improve the
bioactivity of carbon film. Carbon is an elementttwa perspective in tissue
engineering due to its biocompatibility and good chamical properties.
Incorporation of Nb in carbon is meant to alterduitivity but also topography
of carbon film. We hypothesized that Nb-C has invp bioactivity in
comparition to bare carbon films and this effectll vide investigated by
evaluation of two samples with pre osteoblast logd. Bare titania surface will

be used as a control due to its well known bio#@gtiv

* The aim of this study is to overcome inert naturearbon by doping it with
bioactive niobium. Final goal is to explore potahtof carbon coatings as

additional enhancing component of titanium implants
Goal 2

* To develop a stable biomimetic coating using a nathiopolymers. Collagen

and alginate will be used to assemble a compactcandlently crosslinked
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biofilm. Osteoblasts cell activity will be evalealt on two kinds of films, one
that is terminated with alginate and other withlagén in order to choose the

superior version of this biopolymer coating.

The collagen/alginate multilayer will be assembtedthe titania surface with
the aim of forming a fibrilar structure as the anasting in natural bone ECM.
This structure should provide mechanical propertiegpography and the
appropriate bio-morphology for cells adherencedileg to improved tissue

osseointegration.

Goal 3

To endow titania surface with strontium using padyrbrushes from polyacrylic
acid (PAA). Brushes will be grown at two densitgenerating a polymer brush
monolayer on the surface with multiple carboxylicogps that have the
possibility to entrap divalent strontium ions. Ceipaof the surfaces to release
strontium will be first evaluated. Biocompatibilitgnd bioactivity of these

surfaces will be assessed with preosteoblast aetlast cells.

The aim is to entrap strontium into surface andbnds release into biological
solution to be uptaken by the osteoblast cellss &pproach should introduce an
interface between cells and titanium that improd#f$erentiated osteoblast

activity in the mineralised tissue.
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Goal 4

To modify the surface of titanium alloy by applyirdpemical etching with
NaOH. The optimization of the etching parameteks; gmperature and NaOH
concentration will determine the nano and micrcotgrpphical features that are
most closely related to those of natural ECM. Postification with strontium
solution may influence the removal of toxic residuafter the etching and

benefit in fabrication of safe and biocompatiblelant surface.

The aim of this work is to confer the capacity lné hano and micro roughened
titanium to promote osteoblast activity in compamisto smooth titanium
implant surfaces. These altered substrates hawrgeid specific surface will
offer high ability for exchange with strontium rétsug in perspective implant

surfaces with antiresorptive activity.

This thesis is organized into five chapters:

Chapter 1: In this chapter Materials and methods used for conducting this

thesis will be detailed.

Chapter 2: Thischapter dealswith the incorporation of Niobium in carbon

films. Niobium (Nb) is incorporated into pure carbon filoy non-reactive
magnetron sputtering to provide the bioactivity tiee carbon film and
consequently upgrade its mechanical propertiescangsion resistance. It will

be presented that the introduction of Nb can adfme the nanotopography of
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the carbon films inducing topographic alteratiohswill be shown that Nb-C
films show better mechanical properties in termsnahohardness, Young’'s
modulus and superelasticity. At the end of thigotbait will be discussed how a
maximised enhancement of the osseointegration igiredd through the
synergistic effects of surface topography and sertznemistry, demonstrated by

in vitro trial using pre osteoblasts cell line.

Chapter 3. The so called biological approach to the osseointegration
enhancement will be presented in this chapter, based on the assembly of the
collagen/alginate films on the titania surfacewill be presented the strategy to
obtain the physiologically stable bio- inorganiteiriace that mimics the ECM
in three dimensions; topography, mechanics and mughology. This
architecture is achieved using layer by layer asdenctombined with
carbodiimide chemistry on the aminosilanised taar@tability and morphology
characterization of these biofilm coated titaniafates revealed highly stable
coatings with mechanical properties comparable h® mhaturally occurring
collagen in the bone matrix. The vitro experiments will be discussed where
will be shown how this approach results in a sugebioactivity compared to
bioactivity of bare titania surfaces. Further wile discussed how alginate
terminated biofilms additionally enhance celluladhasion due to its
polysaccharide nature and thus result in high piatleof such a hybrid materials

to overcome the bodily implant rejections.

Chapter 4. Strontium release from titania in biological fluids and influence

on osteablast activity will be presented in this chapter. Polymer brushes of
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polyacrilic acid (PAA) with monomers bearing cargbx acid groups are
grown from the titania surface. Two different deiesi of polyacrylic acid
(PAA) are prepared by means of radical polymermatn the aminosilanised
titania. Polymerization chemistry and strontiumarpgoration is followed by
XPS andcorrelated to amount (%) Sr on the titania. Oststbicells are
investigated in means of viability, adhesion andemalization on these surfaces.
It will be shown high activity of matrix maturaticand mineralization markers,
osteocalcin and alkaline phosphatase comparedr@tlianium. In conclusion
of the chapter, a superior bioactivity of subssatgth denser brushes will be

discussed.

Chapter 5: This chapter will focus on surface etching to tune the surface
topography of titanium alloys. It will be presented how surface etching with
sodium hydroxide by varying pH, temperature ancdetioh process presents an
elegant way to alter titanium topography and desstpape and extent of
topographical cues. Morphology will be charactetize detail by means of
scanning electron microscope (SEM). Surface cheynatl be further changed
by incorporation of strontium and the total amoohtincorporated strontium
will be determined by using energy-dispersive X-spgectroscopy (EDX) and
X-ray photoelectron spectroscopy (XPS) to evaluh& nanostuctured surface
potential for divalent ion incorporation. It willebdiscussed on the impact of
concentrations and how time of alkali treatmenultsswith more rough and

irregular features. Additionally it will be showrolWw the surface morphology
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influences the final amount of strontium incorperdhtFinally, bioactivity of the
smooth and nanonostructured surfaces will be ptederegarding viability and

adhesion of pre osteoblast cells.

Chapter 6: A summary and conclusions of the PhD thesis and potential
applications of the thesis results will be discdsseregards of its contribution

to fields of material science and tissue engingerin
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Chapter 1

M aterials and methods

1.1. Materials

Titanium alloys discs, diameter 25 mm are purchdsad Baoji Junhang Metal
Material Co., Ltd, (Baoji-Titanium City, China).

Collagen from bovine Achilles tendon Type |, Alginacid sodium salt, (3-
Aminopropyl) triethoxysilane (APTES), N-3-Dimethylenopropyl)-N"-
ethylcarbodiimide hydrochloride (EDC), N-Hydroxysiramide (NHS), toluene,
phosphate buffered saline in tablets (PBS), Sodlodecadocyl sulphate (SDS),
Triton-X100 and Strontium chloride hexahydrate (Sx6H,O) were all
purchased from Sigma Aldrich (Madrid, Spain).

Hydrochloric acid and hydrogen peroxide were oladiriromm Acros organic
(Madrid, Spain).

FITC labelled collagen and Rhodamine B labelednalig were purchased from
Creative PEGWorks, (Chapel Hill, USA).

The Actin Cytosceleton and Focal adhesion stairkitg FAK100 containing
TRITC-conjugated phalloidin, anti-Vinculin and 4gé&midino-2-phenylindole
(DAPI) was purchased from Merck Milipore (Madridyesn)

Acrylic acid anhydrous (99%) with M-72.06, The charge transfer agent (CTA)

for the RAFT polymerization was the Bis(carboxynydtinithiocarbonate,
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My=226.29 (98%), initiator used 4,4-Azobis(4-cyaneval acid) (CVA),
My=280.28 £98%) andN,N-Dimethylformamide (DMF), (anhydrous, 99.8%)

were all purchased from Sigma Aldrich (Madrid, $pai

All the buffers and solutions were filtered throutte 0.2 um filters (Fisher,
Madrid, Spain) and degassed in bath sonicator poause. If stored, polymer
solutions were kept at 4 °C in argon atmosphere. Falcon polystyrene tissue

culture plates were purchased from Fisher Scien(Miadrid, Spain).

Nanopure water used in preparation of all the wihg and buffers and was
produced with a Diamond UV water purification syst@Branstead International,

IA, lowa, USA).
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1.2. Methods

The main techniques and methods used to consinscthiesis are presented below while

more specific methods are presented in the expatahapproach of each chapter.

1.2.1. Magnetron Sputtering

Magnetron sputtering belongs to category of plastoating processes. Scheme of
magnetron sputtering is shown kigure 1.1 Sputtering is conducted in the ultra high
vacuum chamber under inert gas, such as argorhidnptocess, sputtering material is
emitted from the target due to bombardment of argors to the target of desired

material. During the process, a high voltage isliegpcreating a glow discharge that
accelerates the ions from the target to the sutfaates plasma coated. Magnetic fields in
this process are keeping plasma in front of thgetathat additionally intensifies

bombardment of ions and creates highly dense plasma

Metallic target materials are sputtered from thegyetapplying direct current (d.c.),(1)

while non conductive materials are sputtered usaagp frequency (r.f) powe(2)

Reactive magnetron sputtering is a method whendditianal gas is used for coatings.
Example is titanium dioxide (Ti§) that is sputtered from pure titanium (Ti) targeder

mixture of argon (Ar) and oxygen gDgasses.
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Figure 1.1. Schematic representation of magnetron sputtering in UHV chamber unde
argon atmospherd.arget material is bombarded with argon ions, atinms target are

ejected and due to applied voltage are acceletatted surface that is coated with fi

Solid substrates used to construct this thesis paepaed by magnetron reacti
sputtering in an ATC 1800 UHV sputtering syst(AJA International Inc, MA). Thi
sputtering system is equipped with DC and RF gltmagnetron sources for sputter
conducting and insulating materials. The substnatder carbe heated up to 800°C a
the ion energy in plasma can be controlled by me&rssRF bias source to obtain hi
quality thin films, with high uniformity, dense aribmogeneoustructuresfor custom
manufacturing and advanced applications. The systasmhree magnetron spultteril

sources which combined with reactive sputteringvedl the deposition of multiple th
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film layers (multilayers) and nanocomposite stroesu Films can be sputtered over

substrates up to 90 mm in diameter and from 1 nset@ral microns thick.

Figure 1.2. Plasma from UHV chamber of ATC 1800 UHV sputtering system (AJA
International Inc, MA )induced in three magnetrajscting ions from titanium (blue
plasma), gold (orange plasma) and silicon (pinlsila) targets under 24 sccm of argon

flow.

All the metal and oxide coatings used as substtatesnstruct this thesis are prepared by
magnetron sputtering. Specific sputtering pararsdtareach of surfaces are presented in
the experimental part of the each chapter. Thimdilconsisted of titania (TR
titanium/titania (Ti/TiQ), amorphous carbono{C) and niobium-carbon (Nb-C) are

coated on underlying substrates of glass, siltegg| ®r gold (Au) quartz crystals.

Before the insertion of substrates in the magnetgdass and silica substrates were
cleaned 10 min in a mixture of,8:NH;OH:H,0, (1,5:1:1) volume ratio, followed by a
rinse with nanopure water, and another 10 min miéure of HO:HCI:H,O, (1,5:1:1
volume ratio) at ~50 °C, Au QCM crystals were clehne®n a mixture of
H,0O:NH;OH:H,0,(1,5:1:1 volume ratioClean substrates were rinsed in nanopure water

and dried under nitrogen. After the insertion ithe load-lock transfer chamber with a
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pressure of ~1 x I8 Pa, the substrates were sputter-cleaned with atiwegias of 180

V (25 W) under certain argon pressure and timeoésdnin the experimental part of each
chapter. Film thicknesses were calculated baseth@rsputtering rate measured with a
built-in Quartz Crystal Microbalance (QCM) sensorthe magnetron and verified by

optical ellipsometry.
1.2.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), called alS®CA, is a surface anlyisis
technique. It is used to measure the elemental ositipn, empirical formula, chemical
state and electronic state of the elements withmagerial. (3) XPS is preformed in ultra
high vaccum and spectra are obtained by irradiatiaglid surface with a beam of X-rays.
The basic principle of XPS lays in photoelectriteef described by Einstein.(4) In XPS
experiment, kinetic energy is measured from electrithat are emitted from the surface
as schematically shown in tlvegure 1.3. A soft X-ray irradiation is used to excite the
core electrons. A bound electron adsorbs the phammverting some of its energy into
kinetic energy (KE). The electron leaves the atard aome of its energy is used to
overcome the Coulomb attraction of the nucleus,ucedy its KE by its initial
statebinding energy (BE). At the same time the rootbitals readjust, lowering the
energy of the final state that is being created gmthg this additional energy to the
outgoing electron. XPS is very surface sensitidhneue as atoms emit photons from
few top atomic layers. A photoelectron spectrumresorded by counting ejected
electrons over a range of electron kinetic enerdgiesaks appear in the spectrum from

atoms emitting electrons of a particular charastierenergy.
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Figure 1.3. Schematic representation of XPS; a core electron is excited with-ray
source, photoelectron is ejected from atom for @adti binding energy, kinetic ener:

and work function of spectromet

Surface analysis by XPS was performed in a SPEGCSESAR 100 ystem spectromet
in an ultra high vacuum (UHV) chaml. The X+ay sources employed for this analy
were annon monochromatiMg Ka (1253.6 eV) and 250 W or Al Koperated at 1.2
kV and 300W,calibrated using the s, line of Ag with a full width at hlIf maximum

(FWHM) of 1.1 eV.

The sourcaused for each experimewill be referedto in each chapter where XPS v

used to determine surface chemi. The takeoff angle was fixed at 90° and the anal
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was conducted at a pressure of 21Ba. Surfaces were brought into the XPS chamber
within 5 min after cleaning/preparation. The sedelatesolution for the spectra was 30 eV
of Pass Energy and 0.5 eV/step for the generakgwspectra and 15 eV of Pass Energy

and 0.15 eV/step for the detailed spectra of tierent elements.

Spectra were analyzed with the CasaxXPS 2.3.15ded8rare. The analysis consisted of
satellite removal, Shirley background subtractioalibration of the binding energies
related to the C 1s C-C peak at 285 eV, and asymumetak fitting with Gaussian-
Lorentizan line shapes where the FWHM of all thaksewere constrained while the peak

positions and areas were set free.
1.2.3. Atomic for ce microscopy (AFM)

Atomic force microscope (AFM) is a high resolussranning probe microscope (SPM)
used to measure local properties using a probe ARM setup for the imaging consists
of a cantilever with a sharp tip (probe) at its erse¢d to scan the specimen surface. The
cantilever is typically silicon or silicon nitrideith a tip radius of curvature on the order
of nanometers. When the tip is brought into proggmiof a sample
surface, forces between the tip and the sample teaa deflection of the cantilever
according to Hooke's laf®) In most cases a feedback mechanism is englmyadjust
the tip-to-sample distance to maintain a constartef between the tip and the sample. In
the AFM setup that is schematically showrfigure 1.4, the tip or sample is mounted on

a three piezo crystals, with each responsibledansing in the x, y and z directions.(5)

Page | 45



Materials and methods Chapter

01100100 01100001

Figure 1.4. Principle of the AFM. The vertical deflection of the cantilever due tocks
acting on the tip is detected by a laser. The |l&seeflected by the cantilever ontc
photodetector. The movement of the laser spot erpliotodetector gives a measuren

of the movement of therobe.

The imaging modes are divided into staor contactmodes and a variety of dynan
(non-contact or "tapping”) modes where the cantilevarnbsated or oscillated at a giv

frequency.

In contact mode, the tip is "dragged" across thieasa of the sampldWVhile the tip scan
along the surface, the sample topography indusestecal deflection of the cantilever.
feedback loop maintains this deflection at a présatl force and usethe feedback
response to generate a topographic in Close to the surface of the sample, attrac

forces can be quite strong, causing the tip top-in" to the surface. Thus, contact mc
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AFM is almost always done at a depth where theadMirce s repulsive, that is, in firr

"contact” with the solid surface below any adsorlagers.

ontact mode &:8 intermittent contact

Figure 1.5. Imaging modes of AFM. A contact mode where the tip is “dragged” o
the surface an8 Intermittent contact or “tapping” mode whe cantilever osciates and

the tip makes repulsive contact with the sur. Image source: JPK instruments, U

In tapping mode, AFM maps topography by lightlygeng the surface with an oscillatii
probe tip. he cantilever is driven to oscillate up and downoatnearits resonance
frequency by a small piezoelectric element mountethe AFM tip holder similar t
non-contact mode. The interaction of forces acting lmn dantilever when the tip com
close to the surfac®an der Waals forc,, dipole-dipole interactionglectrostatic force,
etc. cause the amplitude of this oscillation tordase as the tip gets closer to the san
An electronic servo uses tpiezoelectric actuatdo control the height of the cantilev
above the sample. The servo adjusts thght to maintain a set cantilever oscillat
amplitude as the cantilever is scanned over thepkan® tapping AFNimage is
therefore produced by imaging the force of thermtdent contacts of the tip with tt

sample surface.(6)
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Structural details of all the solid surfaces insthiesis and collagen- alginate films in
chapter 4 were investigated using a NanowizardAMA(JPK, Berlin, Germany) and a
Nanoscope V Multimode AFM (Santa Barbara, CA). Tgnaphy of the solid substrates
was determined by contact mode in air using TESR\V@xide-sharpened silicon nitride
tips DNP S10 cantilevers (Bruker, Berlin, Germaag)it will be detailed in experimental
section of chapters where AFM was used to chaliaetéopography. Topography of
softer samples, such as biopolymer films was obthin intermittent contact preformed
in liquid environment, using buffers, with a DNP&kantilevers (Bruker, Berlin,

Germany) with a nominal spring constant 0.350 NAd eesonant frequency at ~13 kHz

for DNP-S10A cantilevers.

In order to measure the height of the films, ndahofyraphy was performed on a
Nanowizard Il AFM with TESP-V2 cantilever (Brukdéserlin, Germany) with a nominal
spring constant of 40 N/m and the resonant frequevas ~130 kHz. Lithography was
achieved by defining an area ofif1 x 2um that was rasterized in contact mode at a 160
um/s and subsequently imaged. This was repeatedaséivees, until a smooth surface of
the substrate could be observed and no incremeheiheight of the film edges could be
seen. After performing nanolithography, tip direatiwas rotated for 90° to acquire

images and measure height profiles.

1.2.4. Atomic for ce spectroscopy (AFS)

In force spectroscopy experiment preformed on AEM, tip is moved directly towards
the sample until the contact and then retractedha@gance the cantilever is in contact

with the surface, it can be pushed into it with sofarce. This nanoindentation of
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sample with an AFM probe is used to extract mea@nnformation in the means of

Young’s modulus.

—— Approach half-cycle
5+ Retract half cycle
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Figure 1.6. Typical force-distance curve. Colloidal probe approaches to surface (red
curve) until the contact point (a green dot) whéne cantilever starts to deflect.
Approach half-cycle is followed by indentation dfet sample ford value. After
indentation, probe is retracted to its starting ifpms (blue curve), with minimal

hysteresis in particular case.

Soft material elasticity is commonly investigatesing a colloidal probe since they avoid
the sample puncturing and probe contamination, Blaee they increase the resolution

detecting Young's modulus as low as few Pa.(7)

The data from an experiment are displayed as @&{atistance curves that are a plot of
tip-sample interaction forces vs. tip-sample diséa(8) In order to obtain such a plot, the

tip is ramped along the vertical axis (Z axis) dhd cantilever deflection is acquired.
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The Young’s modulus is than extracted from forgstatice curves by fitting them to the

appropriate model. A typical force-distance cuiwshown irFigure 1.6.

Collagen- alginate film elasticity presented in ttigapter 3 was determined from the
nanoindentation experiments preformed on a NanoWiza AFM (JPK, Berlin,
Germany) acquiring force-distance (f-d) curvesiquid medium. Measurements were
performed with a 2um borosilicate colloidal probe attached to the ibawveer (Novascan
Technologies, USA). Cantilever spring constant eatrated through the thermal noise
method in the medium where measurements were pmetbr(Na acetate and PBS
buffers). The cantilever spring constant was deteethto be 0.065 N/m. 200 f-d curves
were acquired with setpoint forces of 0.5, 0.1 @b nN over a sample area of @A x

10 um. For each film, a total of five different sampgleeas were probed and the resulting
data screened and processed using the JPKSPM BetasBing software. The Young’s
elastic modulus (E) of each film was obtained Wying the force data in the entire
compressive part (curve) of the indentation cydettie Hertz model (Equation 1),
assuming a Poisson ration of 0.40. Further steéilsanalysis of resulting E values was

performed with OriginPro 2015 software.

1.2.5. Quartz crystal microbalance with dissipation monitoring (QCM-D)

Quartz Crystal Microbalance with Dissipation mornitg (QCM-D) is a real-time,
nanoscale technique for thin film formation, int#r@ans and reactions. A QCM sensor
consists of a thin quartz disc between a pair e€tebdes. The sensor can be excited to
oscillate at its resonance frequency by the apbicaof an alternating voltage. The

resonance frequency depends on the total oscdlatimss of the sensor and sensor
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surface adhering layers, including coupled watdre frequency decreases when a thin
film is attached to the sensor. If the film is tland rigid the decrease in frequency is

proportional to the mass of the film.(9)

QCM-D is used in chapter 4 of this thesis forsitu monitoring of film assembly. The
assembly of collagen-alginate films was monitorathvan E4 QCM-D from Q-Sense,
Goteborg, Sweden. QSX 301 Au quartz crystals (@eewere coated with Ti/TiO2 (50
nm), and then functionalised with APTES prior teembly in the QCM-D chamber. The
LbL assembly was performed by passing 0.5 mg/migdettrolyte solution in 0.1 M Na
acetate buffer (pH 4) with a peristaltic pump thglouhe chamber. LbL deposition was
monitored by the decrease in the resonance fregquehthe quartz crystal. Once the
frequency values stabilized, the polymer soluti@asweplaced by Na acetate buffer until
a plateau in the frequency response was recordad. pfocedure was repeated for the
deposition of a desired number of polyelectrolgyels, alternating collagen and alginate.
After deposition, the film was shortly rinsed wiBS buffer to exchange pH and further

crosslinked by passing EDC/NHS (6.5/1 mg/mL) in RRfsigh the chamber.

1.2.7. Scanning electron microscopy (SEM) and Energy dispersive X-ray

spectroscopy (EDX)

A scanning electron microscope (SEM) is an electnoioroscope used for surface
imaging with a focused beam of electrons. In thé'SEhaging, a beam of incident
electrons is generated by a thermal emissidre electrons interact with atoms in the
sample, producing signals that can be detected camdain information about the

surface topography and composition. The electrorambeis scanned in araster
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scan pattern, and the beam's position is combintddtiae detected signal to produce an
image. Samples in SEM are commonly observed in. Alige most common SEM mode

is detection of secondary electrons emitted by atextited by the electron beam.(10)

Energy Dispersive X-Ray Spectroscopy (EDX) is dasg chemical analysis technique
used in combination with SEM. The EDX techniqueedtt X-rays emitted from the
sample during bombardment by an electron beam taracterize the elemental
composition of the sample. Similar as in XPS, thergy is characteristic of the element
from which it was emitted. The EDX detector measubhe relative abundance of emitted

X-rays versus their energy.

Scanning electron microscopy (SEM) images present#us thesis were collected with
SEM JEOL JSM-6490LV microscope. Images were obthinesecond electron imaging
(SEI) detection mode in a point by point scannirgdmand with a penetration depth less
than 10 nm. Chemical composition was determinedgu€X XFORD INCAEDX system

coupled to the SEM microscope.

1.2.7. Confocal laser scanning microscopy (CSLM)

Confocal laser scanning microscopy (CLSM) is angim@ technique for obtaining high-
resolution optical images with depth selectivitheT key feature of confocal
microscope is ability to acquire in-focus imagesnir selected depths. Images are
acquired point-by-point and reconstructed with anpater, allowing three-dimensional
reconstructions of topologically complex objectheTquality of the image is greatly
enhanced over simple microscopy because image matwwn from a confocal

microscope is constructed as one depth level ahe tin effect, the CLSM achieves a
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controlled and highly limite depth of focus(11)Schematiaepreseantation of Confoc

microscope and image construction is showFigure 1.7.
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Figure 1.7. Principle of confocal microscopy. A laser beam passes through a li
source aperturand then is focused by objective lensnto a small focal volumwithin
the specimen. Laser ligland fluorescent light from the illuminated spot pastesk
through the objective lens. beam splitter separates some of the ligtd the detectiol
apparatus andelectively passes the fluorescent wavelengthsewidcking the origine
excitation wavelength. After passin¢pinhole the light intensity is detected by
photodetection transforming the light signal inan image. Image source: Zei

Germany.

Fluoresecence images of stained-osteoblast cells and polyelectrolte multilay
presented in this thesis were acquired on a Ze&¥ B10 confocal microscope (Ci

Zeiss, Gottingen, Gremany).
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1.2.9. Cdll culturing

A preosteoblast MC3T3-E1 subclone 4 was purchageATCC (Manassas, Virginia,
USA). This cell line is a good model for studying vitro osteoblast differentiation,
particularly ECM signaling. They have behavior $anto primary calvarial osteoblasts.
They exhibit high levels of osteoblast differenbat after growth in ascorbic acid and
inorganic phosphate. They form a well mineralizattaeellular matrix (ECM) after 10
days of culturing(12). Vials with the cells in the full medium coimiag DMSO were
stored in liquid nitrogen and thawed when needdbth& operations were carried under
strict aseptic conditions. Vials were quickly thalne 37 °C water bath, transferred to the
centrifuge tube containing full culturing mediundarentrifuged at 150 x g for 5 minutes.
The cell pellet was resuspended in the full medamd dispensed in a culturing flask.
Cells were cultured at 37 °C in an atmosphere of(8% and the medium was refreshed
every three days. The culturing medium waslEM (Life technologies, Madrid, Spain)
supplemented with 10% fetal bovine serum and 1%cplem'streptomycin (both from
Sigma Aldrich, Madrid, Spain), referred as a fullitaring medium. Upon the cells
reached 80% confluence, they were trypsinized asdigpended in fresh medium to
arrive at a cell suspension with a desired cellsdgrfor seeding on the samples and
further biological evaluation. Cells were differetéd in osteogenic medium that is full
medium additionally supplemented with 50 a pg/mLastorbic acid and 2 mM\-

betaglycerophosphate.
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1.2.10. Actin cytoskeleton and focal adhesion staining

The actin cytoskeleton is composed of actin polyard various associated proteins. It
mediates a diversity of essential biological funics in eukaryotic cells. The organization
of the actin cytoskeleton is tightly regulated bd#mporally and spatially. Actin
polymers are superorganized into a filamentous oedthat is mediated by actin side-
binding or cross-linking proteins. A disruption nbrmal regulation may lead to cell
transformations that have been shown to contais FEsctin and exhibit atypical

coordination of F-actin levels to the cell cy¢ls).

Focal adhesion and adherens junctions are membsaoeiated complexes that serve as
nucleation sites for actin filaments and as crodsels between the cell exterior, plasma
membrane and actin cytoskeleton. The function oélf@dhesions is structural, linking
the ECM on the outside to the actin cytoskeletotheninside. Focal adhesions consist of
integrin-type receptors that are attached to theegllular matrix and are intracellularly
associated with protein complexes containing vimc(universal focal adhesion marker),

talin, a-actinin, paxillin, tensin, zyxin and foadhesion kinase (FAK).

After the cells reached 80% confluence, they weypsinized and resuspended in fresh
medium to arrive at a cell suspension with a firel density of 2.5-3 x10 1 mL of cell
suspension was added into each well of 12 well cglure plateCell adhesion was
evaluated after 2 to 24 hours after cells were ege@shto samples. Cells were then fixed
in a 4% paraformaldehyde solution. F-actin, nual&l focal adhesion of the cells were
stained with actin cytoskeleton and focal adhestaming kit FAK100 (Merck Millipore,

Madrid, Spain). Cells cultured on the surfaces virese permeabilized with Triton-X100
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(Sigma) for 4 min at room temperature. Then, tHks @gere incubated in diluted primary
antibody (anti-vinculin) solution for 1 hour at mmaemperature, followed by three times
washings with PBS for 5-10 min each, and then hyolr further incubation with a
secondary antibody (FITC-conjugated) solution arRITC-conjugated Phalloidin at
room temperature. After three washing steps witls P&lls were incubated with DAPI

for 3 min at room temperature, followed again byeéhwashing steps with PBS.
1.2.11. Alkaline phosphatase acivity

Alkaline phosphatase is an important component amnd htissue formation, highly
expressed in mineralized tissue cells. The ALP andhtissue formation serves as a
marker for osteogenic activity has and it occurth@s mineralization process occurs at an
early step. Proliferating Osteoblasts show alkajpm®sphatase (ALP) activity in the
stage of extracellular matrix maturation, beingagjse enhanced during in vitro bone
formation. ALP activity is therefore a feasible harfor differentiating and mineralizing

oseoblastic formatio(il4).

For alkaline phosphatase (ALP) staining, the oglse seeded with a density of 2 ¥*10
cells/mL on samples in osteogenic medium. Afteturinig for 12, cells were fixed 4%
paraformaldehyde solution, and then stained withAa®® staining kit (1-Step TM
NBT/BCIP, Thermo) for 1 h. ALP stained samples amaged on Leica bright field
microscope and ALP area is determined in MacBiophics ImageJ and further

statistical analysis concerning ANOVA analysis asd in OriginPro 2016 software.
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1.2.12. Cdll proliferation

After reaching the 80% confluence, cells were tnyged and resuspended in fresh
medium to a final cell density of 2.5-3¥1@ mL of cell suspension was added into each
well of 24 well cell culture plate. A cell prolifation colorimetric assay was conducted
with the Cell Counting Kit-8 (CCK-8) (Sigma AldriciMadrid, Spaincontaining WST-
8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-2;4-disulfophenyl)2H-tetrazolium,
monosodium salt], an nontoxic dye used for contisuaell culturing. Colorimetric
analysis was performed at a certain time periodsetifculturing, in days scale, as noted
in each of chapter. For this assay, the cells redtwn the samples were refreshed with
12.5 % v/v of CCK-8 containing medium. After 2 hewf incubation at 37 °C, aliquot of
50 uL was placed into 96 well cell plate. Optical déysof reaction solution was

acquired using a plate reader (GENios Pro, Teaguipped with a 450 nm filter.
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Chapter 2

Nb-C nanocomposite coatings for enhanced hard tissu

implants

2.1. Motivation

One of the well accepted methodology to improvestinéace properties of the implants
and enhance their overall performance is to chating® surface chemistry and
modulate their surface topography at micro and seale. The surface properties
caused enhancement is result of the significanseidéce chemistry and topography on
cell behavior and tissue formation.(1) Beside titam materials, other metals and
metall-like coatings are exhibiting interesting pedies for use in tissue engineering.
Carbon films especially, amorphous carborC) or diamond-like carbon (DLC) are
chemically inert in the body, and have been wideised for improving the
hemocompatibility and biocompatibility of implantaterials in the biomedical field.(2)
As well, DLC films show high hardness and low caéit of friction that is desirable
characteristic in tailoring new implant biomatesié?, 3) Although their
biocompatibility has been well established, thekasfare not bioactive, in regards of
their ability to induce new bone tissue formatidihis drawback limits use of carbon

materials in design of orthopaedic and dental imptaaterials.
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On the other hand, Niobium (Nb) has received gati@ntion in development of the
new implant alloys. Addition of Nb in the alloysariges the chemistry of materials and
such alloys, for example Ti-Nb and Zr-Nb, have eweal corrosion resitance and
biocompatibility of material.(4-6) Additionally the is evidence that changes in
titanium surface chemistry caused by the incorpamabf Nb enhanced the osteoblast
differentiation of titanium material§$7-9) Titanium alloys doped with Nb enhanced the
alkaline phosphatas¢€ALP) activity and promoted more rapid maturation tbie
osteoblasts, suggesting the potential of Nb in ¢my osteogenic functions of
osteoblast.(9) In addition, it is found that imuation of NbOs into plasma sprayed
TiO, coatings induced a significant change in the ngagraphy of the Ti@coating
besides changes in surface chemistry.(10) Theregfasealso expected that the addition

of Nb in the a-C film can also induce topograpHiteration.

In the work presented in this chapter we have pa@ted Nb into a-C films with the
goal to enhance the bioactivity of the a-C film teohorthopedic implants. This work
has an aim to explore the bioactivity of these Nbe@tings in order to conclude on its

perspective in design of improved orthopaedic agmtal implants.
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2.2. Experimental approach

2.2.1. Sample preparationMagnetron sputtering of the Nb-C and TiG; films

Thin films used in this study morphous carbon (a-C), Nb-C and Fi®ere deposite:
with nonteactive and reactive magnetron sputtering onasili€100), glass and Al
316LVM steel substrates using an /ATC 1800 system. The deposition of the fil
was done with three separate 2 inch elemental targeth a purity of 99.999% fc
carbon (Demacditolland), 99.95% for Nb (AJA Internatior-USA) and 99.995% fc

Ti (Kurt J. Lesker-USA)at a pressure of 0. Pa of pure Ar.

The a€ film was deposited by applying a d.c. power o 38 to the carbon target. Tl
Nb-C film was deposited by applying simultaneously.a gower of 380 W and r.
power of 100 W to the C and Nb targets, respegtivial order to improvihe adhesiol

of the a-C and NI& films to the substrates, a pure Nb layer of ~30wems deposite

onto the substrates at\db target r.f. power of 230 V

Figure 2.1. HRTEM Image of Nb-C film, revealing nanocomposii structure

consisting of NbC nanocryst.
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The Nb-C films coated by using these sputteringupaters exhibit a hanocomposite
structure where the Nb-C nanosized crystals areedddxd in an amorphous carbon

matrix.(11) Such a nanocomposite is showRigure 2.1.

2.2.2. Material characterization and cell activity

Surface chemistry of coatings is investigated bya}-photoelectron spectroscopy
(XPS). Topography of thin films is revealed usinganoscope V Multimode Atomic

force microscopy (AFM).

Nanohardness, Young's modulus and elastic recavetlge films were measured by
nanoindentation (Hysitron T1 950 Tribolndenter)ngsa Berkovich diamond indenter at
different loads. The elastic recovery of the samplas determined as the percentage of

the residual imprint compared to the total disphaest of the load-displacement curves.

For evaluation of material biocompatibility and &wbivity an osteoblast precursor cell
line, MC3T3-E1 was used. Visualization of cell moofogy is assessed after culturing

up to 24 hours by AFM and scenning electron miapsq SEM).

Florescence images of focal adhesion staining &tand 24 hour are collected on

confocal scanning laser microscope (CSLM).

Cell viability on thin films is evaluated by CCKy&oliferation test up to 7 days. The
osteogenic differentiation is studied by alkalineogphatase (ALP) activity of the
preosteoblast cells by staining with an ALP stainkit (1-Step TM NBT/BCIP,

Thermo).
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2.3. Results and discussic

2.3.1. Chemical and structuralcharacterization of coatings

The chemical composition of the samples was stubdiePSand relative percentag
of elemental contribution is calculatebased on the relative areas of the diffe
photoelectron peaks. The XPS survey spectra othree filmsare shown irFigure
2.2.and the chemical compositic expressed as atomic percentages (atu)isted in
Table 2.1 The a-C film(in black)is composed of almost 100 % carbon, w the film
incorporated with Nb flmNb-C (in blue)is composed of around 39 % carbon anc

% niobium beside the oxygen found in surface chemical contion.
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Figure 2.2. XPS survey spectra of N-C, a-C and TiO, films, main photoelectro
signals are noted for each fias well O 1s and O KLL photoelectron lines of oxy:
that is found in Nb€ and TiG films.
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The TiG, film shows a composition of around 29 % titaniund &3 % oxygen. Ti 2p
photoelectron line can be fitted to two or threadakon states, with around 95 %

assigned to Ti IV. A Ti/O ratio is around 2, cldsethe stoichiometric ratio of TiO

Table 2.1. Chemical compositions obtained from XPS analysisRMS roughness
obtained from AFM measurement and mechanical pti@ger measured by

nanoindentation.

TiO, = 28.9 7.7 63.4 1.55 7-11 80-120

* Values obtained from the work of Jung et al.

2.3.2. Surface topography and mechanics of thin fils

Figure 2.2 shows the three dimensional AFM imag@sgures 2.3. A, Band C)
presenting the surface topography of the film sasipAll samples exhibit nanoscale
topographic features with RMS roughness below h&§ as shown irffable 2.1
Among these samples, the a-C film has smoothe$acguresulting in lowest RMS
(Figure 2.3.andTable 1.1), the TiG film display the highest roughness, while the Nb-
C film shows an intermediate RMS roughness profifethe Figures 2.3. D-Fare

shown typical AFM top views of the films. Compartedother samples, the a-C film has
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the largest grains with a size of arouncnm in average. The NB-film shows smalle

grains with a size of around nm, close to the grains of Ti@Ims.

Figure 2.3 AFM images of (A, D) NI-C, (B, E) a-C and (C, F) TiQ samples. The
images in on the left (A, B and C) are tt-dimensional AFM images and on the ri

(D, E and F) are the representative AFM top vie\agee

In summary, the introduction of Nb into th-C films not only changethe surface
chemistry, but also significantly alters the suefaopography at nanoscale by tailor

the gain size and surface roughness as can be sigure 2.3.
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Figure 2.4.Load-displacement nanoindentation curves of the N-C and &-C films.
Thecurves are used to calculate hardensess and Y oonogislus.

Figure 2.4. shows the loadlisplacement nanoindentation curves for t-C and the
Nb-C films. The hardness and Young's modulus caladilbgsed on these curves us
the method proposed by Oliver and PK(12) are listed inTable 2.1. The hardnes
values for the & films are around 12 GPa. It is noted that the-C films have

hardness as high as 22.5 GPa, significantly higier the nanohardness of the repo
values for TiQ films, between 7 and 11 G,(13) and Ti-6Al4V alloys, around -5

GPa.(14)

FromTable 2.1, we can see that I-C film also has the highest elastic modulus (1!
GPa), much higher than those reported values 03 thin films (13) and somewhat
higher than Ti alloys(14, 15 From the load-displacement casy it can be seen tr

the elastic recovery of N@- film and «C film after deformation i85% and 81%
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respectively, suggesting that the Nb-C film exlsibé slightly better super-elastic
recovery behavior than the a-C film. Super elagtmperties are of special interest in
medical applications due to the large strains afdrchations at which implants, stents

or bone staples are subjected.(16)

These results indicate that introduction of Nb itite a-C films can maintain and even
slightly improve the super-elastic property of € film, and meanwhile improve the

nano-hardness and the Young’'s modulus.

2.3.3. Biocompatibility and bioactivity of thin films

The initial adhesion of cells on biomaterials ikey regulator of cell proliferation,
migration and differentiation, which determines flage of the biomaterial. We used
MC3T3-E1 cells, an osteoblast precursor cell lioegvaluate the cell adhesion on the

film samples.

Figure 2.5.shows the AFM images of the cells after culturiog3 and 24h on the Nb-
C, a-C and Ti@films. From the images, we can clearly see thlenoembrane and also
the cell nuclei showing a bright color due to thagher height. After culturing of 3h,
the cells cultured on all the films already palyidlatten, showing a satellite-shaped
morphology with cellular protrusions (lamellipodaad filopodia) extending from cell

bodies to explore the underneath substrates.
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Figure 2.5. AFM Images of the cells cultured on the N-C (A,D.G) , &-C (B,E,H)
and TiO; (C,F,l) films for 3hours (~C) and 24hours (B- H). Images Gule the highe

magnification views oD,E and |, respectively.

At 24h, cells on all the films become fuflattened and their morphologies change fi

satelliteshapes to polygonal shapes with different degreelardgation, which are

characteristic morphology of osteoblasts. Fromhilgeer magnification images, we ¢

clearly see the filopodia of the osblastsin Figure 2.5. G-I.
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Figure 2.6. SEM images of preosteoblast cell line seeded Nb-C, a-C and TiO;
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Figure 2.7. Confocal laser scanning microscope images of thellsecultured on the
Nb-C, a-C, and TiG; films for 24h: the nucleus (blue), Betin (red), and vinculi
(green).

In the image oWinculin staining, more green spots can be founthatborder of th
cells cultured on the NB- film, compared to the cells cultured on the otfikens. In
addition, we can also see some -nucleus regions showing a bright green color in
cells cultured on the NB-films. These results indicate enhanced focal sidheof cells
on the NbE film sample. For the cells cultured on tI-C films, we can also see sol
green spots, however, much less can be found ircehe cultured on the Ti films.
Fromimages of the cell nuclei, we can see that sonteeohuclei show a round sha

and some of them exhibit an elongated shape. Ibedound that a significantly larg
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percentage of cell nuclei have an elongated shapweicells cultured on the Nb-C and
a-C films, compared to those cultured on the Milns, indicating that the Nb-C film

exerts more profound influence on the behaviorhef dsteoblasts. In summary, AFM
and confocal microscope images revealed that dsitgtsbcan adhere well on all the
film samples. However, it is noted that the Nb-Ith§ are superior to the a-C and 31O
films in terms of the enhancement of cell adhessmbodied in the reorganized
cytoskeleton, formation of stress actin fibers abohgation of the nuclei. Similar

effects of Nb on the morphology of bone-relatedscefere also found in other studies.
Olivares Navarrete et dll7) investigated the biocompatibility of Nb filnpsepared by

magnetron sputtering on the stainless steel substrand they found that human
alveolar bone-derived cells cultured on the Nb $ilassumed elongated fibroblastic
appearance, while those cultured on the stainléesl £xhibited round shapes,

indicating the influence of Nb on the behavior ohb-related cells.

Cells sense chemical and topographical cues i twgrounding microenvironment.
These cues can be converted into intracellularatsgand transduced to the nucleus in
order to respond and adapt its functio(l8) (19) Therefore, the cytoskeleton and
nuclei morphology can be modulated by simply chagghe surface chemistry and
topography of the underlying substrates. In thislgt the addition of Nb to the a-C film
not only changed the surface chemistry but alssredtthe nanotopography of the film,
which can be the reasons for the better interaatiothe nanocomposite Nb-C films

with osteoblasts.
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Figure 2.8.Proliferation of pre-osteoblast cells cultured ontie Nb-C, a-C and TiQ
films for 3 and 7 days.

The proliferation of the cells cultured on the Nb-&C and TiQ films was also
evaluated and the result is displayedFigure 2.8. The cell culture plates were also
used as a control in this assay. It can be se¢mtlth time points (3 days and 7 days)
cells cultured on the films have a higher prolitena rate than those cultured on the cell
culture plates (P<0.05). The average proliferataias of the cells cultured on the Nb-C
and a-C films are higher without significant difece, compared to the cells cultured
on the TiQ films. This result indicates that all the film sples can promote the cell
proliferation. The proliferation rates of cells wrkd on the a-C and Nb-C films are at

least comparable to that of cells cultured on tt@, Tilms.
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In this study, we also evaluate ALP activity of tbsteoblasts cultured on the fi
samples. ALP activity is one of the gene markergha early stage of the osteoge
differentiation.Figure 2.9.shows the ALP activity cthe cells cultured on the I-C, a-
C and TiQ films. More cells cultured on the I-C films after staining exhibit a dark
blue color, compared to those cultured on the otherfilms, especially on the T,
film. These results indicate that the cells ured on the NI& film have enhanced AL
activity compared to those on th-C film and the TiQ film, implying the positive
effects of Nb on the osteoblast differentiationlighi The enhancement on the Al
activity by the Nb has been reported by othShapira et alreported that osteoblas
cultured on Ti-6Al7Nb showed enhanced ALP activity, higher expressemels of
osteocalcin and transforming growth factor, comgdcethose cultured on the curren

used Ti-6Al-4V.(9)

Figure 2.9 ALP staining of cells cultured on the NIC (A), a-C (B) and TiO, (C)
films for 14 days.

The surface properties of orthopedic implants &icritical importance for their succe
after implantation. Among them, surface chemistnd ananotopograpy have be
proved to be especially significant in enhancing fiunctions of osteobla: and

promoting bone tissue regenera. (20-22) Therefore, chemical and tographical
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modification of the implant surface becomes a d@minapproach for improving the
biological performance of the implants.(23) In suany we, in this study, successfully
“bioactivate” the bioinert carbon films by the inporation of Nb. As indicated by the
results, the addition of Nb not only changes thdase chemistry of the a-C films, but
also led to the refinement of the nanotopographtheffilm (Figure 2.3), which are
supposed to jointly contribute to the enhancementhe cell adhesion and the increase
in the ALP activity. It is known that there is anthriO, layer caused by the natural
oxidation on the outmost layer of the Ti basedyalloplants, which can enhance the
corrosion resistance and biocompatibility of thepliamts.(24) Therefore, we choose
TiO, films as a control group in this study for compan. Besides the better biological
performance, our developed Nb-C films also posbefier nano-mechanical properties
and comparable corrosion resistance compared tdithe films. This indicates the

potential of the Nb-C nanocomposite films for oghdic applications.
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2.3.4. Conclusions and perspectives

In this study, we incorporated Nb into the a-C &lakeposited on the Ti alloy implants
using non-reactive magnetron sputtering to endoplants with the ability to activate
the functions of bone-related cells. The a-C filsit®w a lower nanoroughness and
larger grains, which are increased and decreasspectively, after addition of Nb. The
newly formed Nb-C films show better mechanical mmies in terms of nanohardness,
Young’s modulus and especially super-elasticityi{\around 85% elastic recovery). In
vitro cell experiments using preosteoblasts (MCEL}-revealed that the Nb-C films
enhance the cellular adhesion and increase theessipn of ALP activity of the cells
cultured on their surfaces. Moreover, it is alson that the addition of Nb can
significantly retard the corrosion of the undertyimetal substrate. This study provides
a strategy to bioactivate bioinert/biocompatibliens for orthopedic applications and
points out the potential significance of Nb in #gr@hancement on the bioactivity of the

orthopedic implants.

Further work in this area might consider Nb bioaetdoping of bioinert ceramics.
Beside carbon, there are other inorganic matengdkibiting high strength and
biocompatibility, such as alumina or zirconia cei@nmrhese materials showed a
perspective as an implant surfaces, however tdo Yoging’s modulus and biointertness
limits their use for implant purposes. Coatingitertium with these ceramics may result
in optimal elastic modulus while Nb doping can ibzate the ceramics and

additionally influence the surface roughness.
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Chapter 3

Biopolymer coatings for improved titanium implant

surfaces

3.1. Motivation

In the natural bone environment, functionality alifflerentiation of osteoblast cells is a
response of the mechanical and bio- morphologicapgrties of the extracellular
matrix, a substrate they are adhering onto. Thezefdhe efforts to achieve
advantageous bioactive implant surfaces are duettiethe architectures that closely

mimic the environment of the natural bone.

The relatively hard hydroxyapatite bone core iseted by an extracellular matrix
(ECM). This matrix has a hybrid hierarchical mesfucure built of protein fibers, e.g.
collagen and elastin, providing a scaffold suppakiundant with topographical
information for the cells. The bone’s ECM consiefsa large nhumber of micro and
nanotopographical features, where the collagen entds forming collagen fibrils with
diameters between 260 nm and 410 nm extendingfa of microns in length.(1) The
size of the apatite crystals embedded in the cefiaigorils is at the nanoscale level,
measuring around 30- 50 nm in length and 20- 25mmidth.(2) In addition, a large
number of nano and submicron pores are featurdédteibone ECM structures providing
topographical cues to the cells. Beside the chdrammé topographical cues, mechanical
response of the matrix in means of its stiffness @asticity has a significant influence
for cell activity and function.(3) As cells adhdmesubstrate, they closely interact with
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the ECM by mechanotransduction converting mechanstinuli to biochemical
signals. (4) The local stiffness of ECM that guities cells is significantly lower than of
underlying hard bone, in the range of few kPa. @p,Therefore, higher Young’s
modulus of biomaterials will determine its long ganmplementation and while low E
values at its surface will influence activity oktleells adhering to the material previous

to osseointegration.

Therefore, the surface of the implanted materidhwts morphological and chemical
features will provide the support for cell adhes@mmd subsequent tissue formation
leading to the fixation of the implant in the boae it will result in immunogenic
response causing the rejection of the implant afetiions of surrounding tissue.(7-9)
Cell adhesion, migration and differentiation can ib8uenced by modulating the
nanoscale substrate topography, i.e. introducingonand micro features into the

metallic or alloy substrate.(10)

Alternatively, the so- called biological approactem be applied, such as substrate
coating with natural polymers. A biological coatingtroduces a biochemical
environment closer to the natural one. Some examgfidiological coatings are found
in literature and it has been shown, for examgiat & modified hyaluronan coating
provides titania surfaces with enhanced releaggafith factors for activation of bone
regeneration.(11) Also, chitosan covalently boundtitanium alloy promotes cell

proliferation and collagen fibre deposition. (12)

Collagen and alginate are natural polymers anéjpeoved by the U.S. Food and Drug

Administration (FDA) for human use in many typesnaédical applications. In the last

Page | 81



Biopolymers coatings for improved titanium implauoifaces Chaptei3

three decades, they are applied for wound dressargBcial skin and tissue matrices

due to their low inflammatory response and gooddmopatibility. (13)

The two biopolymers are exceptional building blodks the design of biological

inspired artificial ECM. Collagen, a main structupaotein of the connective tissue, in
the form of elongated fibers found in a bone ECkbvples structural and mechanical
support to the bone.(14) Alginate is a natural patgharide known for its excellent
biocompability and for having a degradation rateiclvhdepends on its molecular
weight, and when incorporated in tissue scaffoldditeonally can be tuned by the
selection of fabrication methodology.(15-17) Thentanation of these two polymers in
a polyelectrolyte multilayer has already shown hggability and biocompatibility to

endothelial cells after crosslinking with genipwhich also lead to the improved cell

proliferation.(18)

Titania is a relatively passive surface in regamspolymer adsorption if it is not
functionalized with OH- groups by plasma or expestar UV. This activation enables
electrostatic driven deposition of positively chedgpolymer. Alternatively, silane
bonding to titania, which provide charged functiorgroups, can be used for
electrostatic or covalent bonding of polymers. Alypger coating with collagen-
hyaluronan was achieved via the so called “covblanbdified” layer by layer (LbL)

technique.(19) The LbL technique is a simple angightforward technique for surface
functionalisation based on the alternating assenabl\polyelectrolytes of opposite
charge. The driven force for polyelectrolyte asslgmsb the electrostatic interaction

between polycations and polyanions favoured byoeitr considerations. The LbL
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assembly results in a polyelectrolyte multilayethagontrolled nanoscale thickness and

composition on the vertical direction.

In this study we present an approach to assembliggem-alginate multilayer films on
titanium substrates forming a physiologically seéalbio- inorganic hybrid interface.
This interface matches topographical, mechanicdllaological properties of the ECM.
For this, we apply LbL assembly combined with bigpter cross-linking using
carbodiimide chemistry onto amino- functionalisegria. The multilayer coatings
display high stability in biological fluids and aobctivity superior to the bare titania

surfaces, making them highly attractive for bossue engineering.
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3.2. Experimental approach

3.2.1. Sample preparation

A semi-transparent, 25 nm thick TiQayer was coated by direct current (d.c.)
magnetron reactive sputtering onto glass covergtipskness 0.13-0.16 mmand a 50
nm Ti/TiO, layer was deposited onto QSX 301 Au quartz crgstal2 in. diameter Ti
target at a distance from substrate of 30 mm wpihlied a d.c. power of 228 W at 0.4
Pa was used. The sputtering was performed at a temperature at a substrate rotation
of 80 rpm. TiQ was deposited in the argon/oxygen atmosphere giukby combining
10 sccm of argon flow with 20 sccm of oxygen floav 120 min and Au quartz crystals
were sputtered for 150 sec in Ar atmosphere of @insflow. Surface chemical
composition of the films was analyzed by X-ray m®dectron spectroscopy (XPS) after

UV-ozone cleaning.

Prior polymer deposition, surfaces were aminossii to enable covalent bond
between TiQ and first layer deposited, alginate. After titamias cleaned for 30 min in
2% SDS, and UV-ozone for 30 min, surfaces were ithately inserted into a 1%
solution of (3-Aminopropyl) triethoxysilane (APTE®) toluene. Aminosilanisation
was carried out overnight at 115°C, the temperatirdoiling toluene. In order to
remove excess of APTES, surfaces were cleaned tinnes in fresh toluene followed
by washing three times in nanopure water with sioo and each cleaning cycle

lasting 30 min.

Further, polymer films were assembled onto amiaossked titania surfaces by

alternating dipping into polymer solutions with Ombg/mL polymer concentration
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starting with alginate dissolved in PBS followedwtollagen and alginate in Na ace
buffer at pH 4 up to desired number of layers. B crosslinking, samples we
shortly rinsed in PBS buffer at a pH 7.4 and imradrsito EDC/NHS dissolved in PE
buffer at a 6.5:1 mass ratio. After the crosslinkmegction, the samples were rins

with PBS to remove excess of crosslinl

Aminoilanisation and polymer deposition were prefed as shown in scheme

Figure 3.1.

lll\m_ul

Figure 3.1. Schematic representatio of the alginate collagen film assemb in A
and film crosslinking inB to produce an “ECMike” structure. In a) Ti(; is first
functionalizedwith APTES and alginate is deposited as first laggPBS. Assembly ¢
collage/alginate following layers is performed ioidic medium up to desired lay
number and film is finally crosslinked according $oheme inB: amino groups o

glycine are covalgly linked tocarboxylgroups of alginate forming amide bor
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3.2.2. Material characterization

Aminoslianisation of titaia surfaces was confirmedth X-Ray photoelectron
spectroscopy (XPS) using M@ lsource. Survey spectra were obtained with pasggne
of 30 eV and detailed spectra were acquired fos30L1s, Ti 2p and N 1s regions with
pass energy of 15 eV. Calibration of the bindingrgres was related to the C 1s CC
peak at 285 eV. The in situ assembly of collaggmale biofilms was monitored with
an E4 QCM on Au quartz crystals were coated wiffii, (50 nm) functionalised with
APTES. LbL deposition was monitored by the decreashe resonance frequency of
the quartz crystal. The film assembly and crossligkin QCM-D chamber was as

described for titania coated glass.

Topographical images of bare titania, Fi€oated with collagen-alginate before and
after crosslinking were obtained by atomic forcecnmscope (AFM) using a
Nanowizard Il AFM and a Nanoscope V Multimode AFWVapping mode imaging in
liquid (PBS or Na acetate buffers) was using a DBMPA cantilevers (Bruker, Berlin,
Germany) with a nominal spring constant 0.350 N/md aesonant frequency at ~13
kHz. In order to measure the height of the filmsnalithography was performed on a
Nanowizard Il AFM with TESP-V2 cantilever with a mal spring constant of 40
N/m and the resonant frequency ~130 kHz. Lithogyaphs achieved by defining an
area of 8um x 2um that was rasterized in contact mode ati6lls and subsequently
imaged. This was repeated several times, until @oimsurface of the substrate could
be observed and no increment in the height of tine édges could be seen. After
performing nanolithography, tip direction was rethtfor 90° to acquire images and
measure height profiles.
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Film elasticity was determined from the nanoindBotaexperiments preformed on a
NanoWizard Il AFM (JPK, Berlin, Germany) acquirifgrce-distance (f-d) curves in
liquid medium. Measurements were performed withygn2borosilicate colloidal probe
attached to the cantilever (Novascan Technolodi&$)\). Cantilever spring constant
was calibrated through the thermal noise methothénmedium where measurements
were preformed (Na acetate and PBS buffers). Thile@er spring constant was
determined to be 0.065 N/m. 200 f-d curves wereliaed with setpoint forces of 0.5,
0.1 and 0.05 nN over a sample area ofuf®x 10um. For each film, a total of five
different sample areas were probed and the regultita screened and processed using
the JPKSPM Data Processing software. The Youngistielmodulus (E) of each film
was obtained by fitting the force data in the entwompressive part (curve) of the
indentation cycle to the Hertz model (Equationd9gsuming a Poisson ration of 0.40.
Further statistical analysis of resulting E valwess performed with OriginPro 2015

software.

3.2.3. Cell biocompatibility and bioactivity

Fluoresecence imaging of labelled polymers andsceihs performed on confocal
microscope. Osteoblast precursor, MC3T3-E1 cellsewased to evaluate the
biocompatibility and bioactivity of the producednis. Cells were seeded on the
samples at a density of 3x104 for proliferation adthesion experiments. 1 mL cell
suspension was added into each well of 12 well @dliure plates. The samples had
been placed in the plate wells and sterilized by it&diation for 60 minutes prior to

cell addition. After culturing for 24 hours, cellgere fixed in a 4% paraformaldehyde
solution. F-actin, nuclei and focal adhesion of ttwls were stained with actin
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cytoskeleton and focal adhesion staining kit FAKG¥)I proliferation colorimetric
assay was conducted with the Cell Counting Kit-&KE8), a nontoxic dye used for
continuous cell culturing. Colorimetric analysissyaerformed after 3, 7 and 11 days of

cell culturing using a plate reader (GENios Prazarg equipped with a 450 nm filter.

For alkaline phosphatase (ALP) staining, cells ws¥eded with a density of 2 x 104
cells/mL. Cells were differentiated in osteogenicedimm that is additionally

supplemented with a 50 pg/mL of ascorbic acid ant\V2p- betaglycerophosphate.

After culturing for 12 days in osteogenic mediungllc were fixed with a 4%
paraformaldehyde solution, and then, stained withA4P staining kit (1-Step TM
NBT/BCIP, Thermo) for 1 h. ALP area is determinethvthe MacBiophotonics ImageJ
program and further statistical analysis concernf§OVA analysis is done in

OriginPro 2016 software.
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3.3. Results and discussion

3.3.1. Biopolymer film fabrication

Multilayer biopolymer films of alginate and collagevere prepared on titania substrates
by means of layer by layer (LbL) — electrostatiqpak&tion in acid medium where
collagen has a positive charge and alginate mamtaegative charge. After multilayer
assembly, the film was quickly rinsed with PBS taclenge the acidic medium for
physiological conditions and films were finally sslinked via carbodiimide chemistry.
A schematic representation of the procedure foltbfge film fabrication is shown in
Figure 3.1. A. In order to enable stable bonding between the, BE@face and the
biopolymer film, surfaces were aminosilanized prior film deposition with APTES
providing the surface with Nfgroups, which are easily bound to the COOH graips
alginate using carbodiimide chemistry. Successfahgzation of titania was confirmed
by X-ray photoelectron spectroscopy (XPS) as rexkal Figure 3.2.In this figure we
show a survey surface chemistry spectra of bare {iiblack) and TiQ@ functionalised
with APTES (in red). The inset in thegure 3.2.shows the appearance of a peak at 401
eV, assigned to NHgroup in nitrogen 1s region for the APTES funcéilired TiG.

(20)
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Figure 3.2. XPS survey of APTES on Ti; Appearance of the NH2 peak in the N

region after APTESictionalizatior (in red).

The assembly of the biofilm performed without sifation of TiC, surface was nc
stabile in cell culture medium and detached fromdbbstrate (data not shown). Tis
understandable considering the relatively smoddimita surface used here, which res
in a low surface charge density and therefore, do¢provide enough C groups for

strong electrostatic bonding of the polym¢(21, 22)

The average zeta potential (zP) of alginate is nmegative in PBS-30.0 +-1.5 mV)
than in acetic buffer at a pH -7.8+/4.4 mV). This trend for the zP of alginate w
increasing in pH is in agreement with a study offféac-da-Cunha eal. where author
investigated influence of pH on zP of polysacchasdlutions(23) Therefore, the firs
alginate layer was deposited in PBS buffer follovilsdthe alternating deposition
collagen and alginate in Na acetic buffer at a pi#re collagen is dissolved and hz
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positive charge. A limitation for the deposition physiological conditions arises
partially from collagen structure; at the isoelgctpoint, around physiological 7.4,
amino acids across collagen molecule have a negeltdose to zero. This results in the
aggregation of collagen molecules leading to imibilgy to be dissolved under these
conditions. In acidic pH, on the other hand, thdlagen molecules are positively
charged and collagen can dissolve in the mediuraréfare, the whole assembly was
first performed in acid conditions. To achieve anpact structure and physiologically
stable films on titania, we performed the crosstigkof the carboxylic groups of
alginate and the amino groups of proline, accessdrhino acid of the collagen
molecules via cabodiimide chemistry using EDC/NKSaown in scheme in scheme in
Figure 3.1. B Crosslinking resulted in the formation of an aenmbnd between the two
polymers. Prior to crosslinking, films were shortlgsed with PBS to raise the pH as
the NHS ester- activated cross- linker reacts ilmary amines in physiological to
slightly alkaline conditions. The crosslinking atiet changes to physiological pH will
result in a fibrillar network structure arising fnocollagen fibers. Changing the pH from
acid to physiological causes the precipitationhef ¢ollagen proteins that will then form
fibres as the collagen molecule nucleation is pttuged and growth into fibers occurs

around pH 7 at concentration of a 0.5 mg/mL used$sembly of these films. (24)

The in situ assembly of the film on an aminosiladizitania surface was followed by
means of the quartz crystal microbalance with degn monitoring (QCM-D)
technique as shown iRigure 3.3 The film assembly was followed at 3rd overtone,

referred in Figure as “n=3". In QCM-D experimenit tfrequency AF) of the crystal
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decreases proportionally to the mass depos(25) In the experiment shown in tl

figure, we used a titania covered quartz crystatse
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Figure 3.3. In situ Biofilm assembly: Alginate-collagen assembly followed b
QCM-D, greencircles represent frequency increase after algidapmsition and upc
change to PBS and crosslinking at the end, blacleciepresents change in freque!

upon deposition of collagen.

Prior to the QCMP measurements, crystals were silanized outsic the device.
Silanization was not performed in the Q-D chamber because the toluene sol
used in the process is not compatible with the (-D device. In the QCI-D chamber
we deposited a film of up to 9 layers observingegrdase in frequency after h
collagen deposition ranging between 220 to 310 $inated in black circle iFigure
3.3, but also a relatively high frequency increase df20 Hz after every deposition
alginate, as indicated in the figure by a greealeion the left. Frequendlso largely

increases, for ~400 Hz upon pH change to 7.4 foltblae crosslinking with EDC/NH:
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in PBS as shown in green circle on the right in ¢naph. Similarly, increase

frequency upon alginate deposition was also obdervéhe study of Chaubarx et al.
where they followed collag-alginate assembly on SjQ@rystals. (18)The frequenc
increase observed by QCDI-can be indicative of polymer removal but it casogbe
related to the removal of water in the film and s in vscoelastic properties of tl
film associated with the water liberation. A des®an the water content in the fil
which would result in a decrease in frequency, iegph densification of the layers a
a more rigid and stable structure. Despiteincreasan frequency for alginate, the fill

assembles as the total frequency continues to aeereith increasing number of laye
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Figure 3.4. Fluorescence emission spectra for films includg Rhodamine E-
labeled alginatein A. Fluorescence emission is recorded at evespy sf alginate laye
deposition. In B linear increase in Increase in Rmine B when plotted maxima frc
spectra in A, at ~585 nm.

In order to gain more information on the alginagseanbly, we assemb/ Rhodamine E
labeled alginate and measured the fluorescent mmisgpectra after each algine

deposition. InFigure 3.4. A we show the fluorescence spectra of the coll-alginate
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film assembled on Ti@surface for four depositions of alginate. Flucence intensit
clearly increases with increasing numbelabeledliayers. Moreover, the increase of-
Rhodamine B fluorescence is linear as showFigure 3.4. BThe fluorescence da

here serve as evidence that alginate depositshtdegosition :ep.
3.32. Morphological and mechanical characterization bthe biofilms

Further, AFM imaging reveals a fibrillar structuagsing from collagerfibers after the
crosslinking as seen from the topography imagFigure 3.5. A Bare titania surfac
on the other hand is relatively flatcomparisorto biopolymer coated film, as shown

Figure 3.5. B

Y =10 um

Figure 3.5. AFM images cf bare and biopolymer multilayer coated TiO,. Bare
titania is shown in Apresentedn B is 9 layer collagemlginate film deposited on tc

of a silanized Ti@surface.

The height of the film (shown iFigure 3.6. A) was 30 nm for 9 layer film assemb

To measure the height, we removed an area of therévealing the substrate,
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explained m the methods section and determined a z profildheffilm from the ste|

separating substrate and film deposited on subs

Yu4pum
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i

i =z 3 a4 & & 7 & 9 _m

Figure 3.6.Dimensions of film and fibrilar structure by AFM imaging. A height of
the 9 layer film is calculated to be on averagenB0and B phase image of the se
film at a higher magnificati, showing an example of fiber (in orangtending to -

1.8 um in length connecting to other fib

The diameters of fibersmged from ~20 to ~120 nm with most of them havingraiter
of ~50 nm (49.0 +27 nm) as calculated for average value. The leaftbngfibers is
in micrometer range, from couple of hundinanometerdgo ~3 um and the distanc
between two parallel fibergary from ~100 nm to ~600 nm. The length can be
clearly on a phase AFMmage as shown inFigure 3.6. B. The fibrillar network
presented in this workeassemble¢ the topology of the natural ECM, which is repor

to be formed by fibersvith roughly 5( nm in diameter and with lengths of seve
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micrometers.(26)The coating based on our strategy gives more cobilggtto the

implant material as we will show later in the masrys.

Prior to access the biocompatibility and bioacyiviests, structural changes upon
switch and crosslinking were investigated with ARK Figure 3.7.we show a 4 laye

film assembled in acid before pH changes and arissg.
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Figure 3.7. AFM topography and height profile. 10 x 10 um performedby JPK.
Topography of 4 layer films prepared as A LbL, inidamedium and B afte
crosslinking imaged in PBS. Bottom panels are hemgbfiles measured at a crc

section indicated in a figurtA and B.

This assembly has some network like structure lwihg imaging we could notice
“wobbly” structure where the features of the filme arifting with tip during scannin
even by use of very soft tip, implying film of libeid stability. However, the hei¢ of
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this film before crosslinking is three times largiean after the crosslinking. A thickness
of approx. 15 nm was measured for the LbL assemfiledand of ~ 5 nm for the

crosslinked one, as shown Figure 3.7. After crosslinking, we observed a more
pronounced fibrillar structureF{gure 3.7. B and no drifts of film features during
imaging. We can conclude that crosslinking induaesore stable and compact film,

developing the fibrillar structure.

Film mechanics was further investigated by nanaitateon and by measuring the
Young's elastic modulus that can allow us to cateslelastic properties to changes in
the structural and morphological properties of filelxs. The Young's modulus
(modulus of elasticity, E) was determined usingnato force spectroscopy (AFS)
measuring the force applied by the tip of a caméiteas a function of its indentation into
the sample resulting in force distance (F-d) curegperiments were conducted with a
colloidal probe and the resulting F-d curves wéted with the Hertz modeEquation
3.1) that best describes our system, considering dbesive elastic contact between a

stiff sphere and an elastic surface.

N | w

4 E
F==2——_JR(J,-0)
3 (1-v?) ° Equation (3.1.)

Equation 3.1. Hertz model describing the indentatin of a relatively flat surface
with a rigid sphere where E= Elastic modulus (Young’'s modulus, E),Bdius of the
sphere, v= Poisson’s ratio abd indentation depth.

We consider that our evaluation of the elastic nhaglus a rational approximation

concerning numerous assumptions and variablesdintex in the experimental setup
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and analysis. These variables are for exampleigeeand shape of the probe, load

force and further analytical variables such asng contact point and baseline

Poisson ratio used to fit the curves to the maddelvever, under the same experimel

parameters and equal approach to curve fittingqworsamples, we can compare thel

values and estimate their relative elastic prties. In order to decrease the variabi

coming from uneven topography and to improve guaidit the results, force curve

were collected on rather large statistical popafatof at least 500 curves acrc

different sample areas. Representati-d cure for experiments conducted on th

films are shown irFigure 3.8.
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Figure 3.8. AFS typical fd curve, raw data fit. Bright red is the approach curve &

dark red is the retract curve in the cy

Figure 3.9. shows E values for two sets of films;layer films where alginate

deposited as a last laydfigure 3.9 A) and 6 layers with collagen as a last laye

Figure 3.9 B Mean E values between these 2 sets are quitéasirasulting in an I
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value of ~ 35 kPa for LbL deposited films and ~ B for crosslinked with a highe

error for nonerosslinked (LbL) films
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Figure 3.9.Young’s modulus (E) of biofilmsbefore and after crosslinking Mean E
for A films consisted of 5 layers and for B 6 lay#ms, measured with a loading for
0.5 nN. Error bars are representing standard efrthe mean value. In A the E valt
correspond 5 layer films with alginate as a lagetaand in B to 6 lyer flms where
collagen is deposited as a last layer. Distributbryoung’s modulus for C films wit
alginate deposited as a last layer and D collaggrosited as a last layer. Distributi

curves are Lognormal fit to the histograms of appaly oung’ modulus.

E values themselves are in a nice agreement witHitérature for collagen fibel(5)
but as well our data are agreeing welasticity of soft bone tissue of :-40 kPa.(6)

From the results shown here, we can drive two emnmhs. Crosslinked films, thout
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visualized as a more compact structure, have lapparentYoung’s modulus than the
ones assembled by LbL in acid. Since the calculatiothe elastic moduli of thin films
based on AFS is typically affected by the charasties of the substrate on top of which
the film is assembled, the so called “substratecgffour results are unexpected. As
titania has a Young’'s modulus of 200-300 GPa, omelldv expect that given the
decrease in height of the crosslinked film the appaE would be much more
significantly affected by the substrate underneadtlevertheless, even though the
thinner, crosslinked films showed lower appareas&t moduli. This can be considered
as an indication that crosslinking significantlyeatd the mechanical properties of the
multilayers. Furthermore, we observe this behawidooth 5- and 6-layer films. Since
crosslinking will lead to increased coupling betwgmlymer fibers, we can expect that
upon indentation a significant fraction of the eyyedissipation will be converted into
tensile load across the fibers (and associatedicl@sponse) rather than in dislodging
them from their resting position. We can expectitiverse tendency in the case of LBL
films, which can make them more susceptible to“thistrate effect”, leading to an
increase in the apparent elastic modulus. Theedser in the apparent E for the
crosslinked film can be explained by a tighter natbal coupling between individual

fibers.

Another conclusion that we can draw is that the fis highly homogeneous. This is
manifested in the standard deviation of the meaml&e (distribution curves iRigure
3.9 C and D. Wider distribution of E values in the caselod LbL films indicates less

homogeneous coating due to variability in the indeBon curves across the sample
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while crosslinked films seems to be more homogesemegarding their elastic

properties.

3.3.3. Biocompatibility and bioactivity of the bioplymer films

Once the stable films on titania were prepared dradacterized, their biocompatibility
was evaluated by investigating the influence of films on cell adhesion and
proliferation in the experimental section. Additedly, we have studied the impact of
the coatings on cells measuring the cellular agbitt deposit mineralized tissue.
Biological evaluation reveals important information how the osteoblast cells interact
with the biopolymers. First, we used CLSM to viszmalthe structure of the films
assembled by Rhodamine B labelled alginate and Fdb€lled collagen films. As seen
in Figure 3.10. A collagen shows a pronounced fibrillar structubjle alginate is

homogeneously distributed over the film.

In theFigure 3.10. Cwe merged the Rhodamine B channel with the trassion light

channel used to visualize pre-osteoblast cellspeteed that the areas of high intensity
of rhodamine labelled alginate overlays in spadh wie cell nuclei. This is, however,
not the case with collagen for which we did noteslee the cells following the path of

the collagen fibers.
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Figure 3.1Q 3D structure of films by CLSM. A 4 layer film prepared with collag-

FITC and norlabeled alginate, collagen is deposited as lagrlandB 5 layer film

prepared from notebeled collagen and algin-labeled with Rhodamine B, wi

alginate being the last deposited layer -osteoblascells are incubated for 24 hours

top of the films and shown in transmission light.YTthannel, while merged TL wit

fluorescent channel is shown in last panel. 40agmification images have a size

225 x 225 micrometers. 16 is shown Confocal image of Posteoblast cells expos

to Alginate-RhodamineB. Fluorescence is clearly concentratednal cell nuclei. Fo

this experiment, solution of A-Rhodamine B in PBS was mixed with cells and lef

incubate 24 hours in tissue culturing w
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Results of the proliferation tests are showrFigure 3.11. Cells proliferate over th
whole incubation period on all the samples. Ther@ao significant difference in tf
proliferation rate of the cells cultured on bataria, with the film with coagen as the
last layer and films with alginate as the last fayadicating that the biocompatibility «
the assembled films is comparable to the bareiaitim. From this result, we ce
conclude that the coatedrfis promote proliferation costeoblast cells as well as tita

do, which is known for its biocompatibilit

4LCollLast
1 SLAIgLast
TiQ2

Optical density

3 days 7 days 11 days

Incubation time

Figure 3.11 Proliferation of pre-osteblast cellsultured on a 4 layer collag-alginate
film with collagen deposited as a last layer (pirk)ayer film with alginate cposited

as a last layer (purple) and bare , serving as a control (gray).

The biopolymer coating is expected to have howeerimpact on cell function

especially on cellular adhesion. The initial adbesof cells on biomaterials is a k
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regulator ofcell proliferation, migration and differentiatiowhich lately determines e

fate of the biomaterial.

Figure 3.12 CLSM images of focal adhesion and nucleus stairgrafter 24 hours. In
first row is showntitanium control sample, second row representsagerl film with
collagen last layer and shown in last row is stagnof 5 layer film with alginate la:
layer. Green channel is vinculin staining, red rachilue nucleus and last panel are

channels mged into one. 40x magnificatio

Presented ifrigure 3.12osteoblast cells were cultured on titania coatad wollager-
alginate 6 layers film with collagen as the topelayand collage- alginate 5 layer filn
with alginate as the top layer to evae the individual effects of collagen and algin

on the adhesion of osteoblasts. Cells were cultorebare titania as a control sam
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shown in first row ofFigure 3.12.Cells staining of Vinculin (green), F-actin (reah)d
nucleus (blue) are shown in the first, second amd panels, respectively, and merged

channels are shown in the last panel.

On average, cells cultured on bare titania are lsmahd less numerous than those
cultured on alginate- terminated films. They albow a diffuse cytoskeleton with less
stress fibres in their cytoplasm as observed iniieges of F-actin staining. In the
images showing vinculin staining, more green spats be seen at the border of the
cells cultured on the film with alginate as a l@ster compared to the cells cultured on
film with collagen as a last layer. We can alsaidglish more peri-nucleus regions
displaying a bright green color in the cells cudtlion the film finishing with alginate.
From the images of F-actin, in red channel, we egpte that cells cultured on the
films with last layer alginate are somewhat largersize and show a rearranged
cytoskeleton with distinctive stress fibres inside cytoplasm. On average, cell number
on biofilm coated films is higher than on bareritga as shown ifrigure 3.13 where
there is 50% cells more on multilayer terminatethvalginate in comparison to cell

number on titania.
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adber as it is known to have
However, it is necessary to bear

Figure 3.13. Average osteoblast cell number after42hours of incubation in
osteogenic mediumAverage number is calculated from three sampléscail counts

in mind that the properties of layer by layer filar® a combination of those of both the
cationic and anionic polymers. In the particulasecaf using fibers like collagen and a
lineal polymer like alginate the assembly of thgirsdte at each layer deposition is
restricted to the collagen fibers, which do notrfcan homogeneous structure. Because
of geometrical consideration each deposition oflagain will result in a different
arrangement of fibers and each layer of alginatedeposit on the surface of the fibers.
In these conditions there will only be one layealgfinate on top of each collagen layer

are expressed as cell per area of 318x3t8
One would expect that alginate decreases cell
antifouling properties and limited interaction wills.
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and consequently the alginate will not form a desaing on the collagen fibers. If the
alginate is not covering the fibers homogeneoustyocan expect that the antifouling
action be limited. Most likely cells will sense thellagen as well, which will probably

contribute to cell adherence. The improved celleaehce with alginate as top layer
over the adherence with collagen as top layer meselated to the alginate uptake by

the cells.

Finally, we have evaluated the alkaline phosphat&k®) activity of the differentiating

osteoblast cells on the crosslinked films and i@an

SL Alg last 3 W= 6L Coll last

B
=
L

@
=
L

ALP surface area 8]

5L Alg last 6L Coll last Tio2

Figure 3.14. ALP activity of osteoblast cells aftel2 days of mineralization.Images
of ALP staining for osteoblast 12 days cultured An5 layer alginate terminated

coating, B 6 layers coated titania terminated with collagen an C TiO, control
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sample. InD is shown ALP staining of osteoblasts, expressedla? stained surface

area.

ALP activity is used as a gene marker in the estdge of the osteogenic differentiation
and their ability to deposit mineralized tissueti€g images of ALP stained osteoblast
after culturing in osteogenic medium for 12 dayes stniown inFigure 3.14 A, BandC

for alginate terminated film, collagen terminatetinfand bare titania as a control
sample. Cells cultured on the coated titania aftaining exhibit more of darker blue-
purple color, compared to cells cultured on the,Tithese results indicate that the cells
cultured on the multilayer coated titania have eadled ALP activity implying the
positive effects of biopolymers on the osteoblagteentiation and mineralization
ability. The staining was quantified by measurihng ALP positive areaHgure 3.14
D). Area quantification shows that ALP on samplethwaiginate as top layer is 9 times
larger than on bare titania while on collagen tewated films this increase is 6 times
larger than titania. Our results show a positivieatfof the films on mineralization and
in agreement with the adhesion experiments shoettartperformance when alginate is

the top layer.

The observation that alginate results in a betédr fanctionality correlates with the
uptake of alginate, which is not observed whenagah is the top layer. Alginate, an
anionic polysaccharide, could serve as energy sofocthe cells when degraded to
monosaccharides.(27) Alginate degradation is stophiysiological conditions but since
we have assembled alginate at pH 4 the moleculdenpartially hydrolyzed when is
uptaken by the cells. (28) It may also be thatehe a specific effect of alginate in the

functionality of osteoblasts, which has not beeported before. Further biological
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studies should be conducted to understand theiomldbetween an improved

functionality in osteoblasts and alginate uptake.

These results indicate that the cells culturedhendrosslinked biofilm coated titania
have enhanced ALP activity implying the positivdeefs of biopolymers on the

osteoblast differentiation and mineralization a@ili
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3.4. Conclusions and perspectives

In this work we reported on the development of higbiocompatible coatings on
aminosilanised titania substrates via layer bydagsembly of natural polyelectrolytes,
collagen and alginate. LbL assembly was condudtémirapH followed by a reversal of
pH to more basic media and crosslinking by carbodae chemistry. This result in a
compact fibrillar structure that morphologically danchemically mimics bone’s
extracellular matrix that can be used to enhanoedmpatibility of currently used
titania implant material. Stability and morphologparacterisation of the coatings
revealed highly stable coatings with mechanicapprbes comparable to the naturally
occurring collagen in the bone matrix. We foundt ttfeese coatings enhanced the
adhesion and mineralization of osteoblast cellspamed with the bare titania surfaces
with a superior adhesion and activity onto theragg- terminated films. Ultimately, we
have presented a strategy for the assembly of bipatible and stable coatings based
on two natural molecules on top of the clinicalgtevant titania substrate mimicking
ECM structure with bioactive properties greatemtlmen bare titania and showed the

potential of the coating to overcome the bodily iamp rejections.

The application of these natural coatings showthigchapter can be further directed in
implementation of essential strontium and its de&rough these films with aim of
therapeutic effect on the bone remodeling. In raepter it will be discussed on the
enhanced bioactivity of titanium substrates wittorstium entrapped into the surface.
Additionally, our preliminary data obtained fromeetrochemical studies showed that

release of small ions trough these biofilms camuoped with number of polyelectrolyte
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layers and addition of lipid structures. As it wile shown in next two chapters, the
amount of strontium can be tuned on titania surfaitk different approaches. One is
complexation of strontium in the polymer brushesrb to titania with promising

therapeutic effect on the bone tissue depositibasTfurther work that combines titania
functionalized with polymer brushes- strontium cdexpand collagen alginate coatings
may result in superior implant interfaces with daativity; enhanced osseointegration

of implant substrates and therapeutic effect the¢l@rates bone healing.
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Chapter 4

Superior 0sseo- activity on TiO, via polymer brush-

strontium system

4.1. Motivation

Bone is an exceptional tissue possessing unlingegohcity for renewal and repair
through the dynamic process of bone remodelings Phocess maintains the surface
and the bone topographical properties, which im testablishes bone strength and
proficiency. Bone remodeling cycle involves the omal of mineralized bone by

osteoclasts followed by the formation of the boratrir through the osteoblasts that
subsequently becomes mineralized. As shown in seherRigure 4.1, there are three

consecutive phases in the remodeling cycle: resorpturing which osteoclasts digest
old bone; reversal, where mononuclear cells appedhe bone surface; and formation,

when osteoblasts deposit new bone until the reddsbae is completely replaced. (1)

The most important consequence of a disruptiorhénprocess of bone remodeling is
the bone loss and the microtopographical damagstiresin bone thinning and loss of
trabecular (spongy) bone tissue. The unbalancedepsoof bone resorption and bone

formation represents the essence of bone matessldathogenesis.
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Figure 4.1. Schematic representation of the bone remodeling cycle. Osteoclast
differentiated from presteoclast, reso the old bone tissue. Next phase is reve
where macrophages appear on the surface. Finale, formation, is liability of
osteoblasts wheréthe new bone formation starts fr organic matrix productio of
collagenfollowed by calcium and phosphates dsition forming a strong and den
mineralized tissue.

This unbalancedremodeling cycle as well influences tlailure of the implan
osseointegratioat the site of injury or implantati. In anearly stage of implantatio
the instability of theimplant nay develop before new bone formation trough ri
resorption of remanent bone. In case of revisioplamt surgeries, bonerafts are ofter
necessary taachieve instant implant stability. These bone grafte fast resorb
leaving instable prosthetic devices and invitingiadnal treatments and more surge

).
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Strontium plays a major role in new bone formatsbowing the process of old bone
breakdown and thus impacts on bone density. Thectetif strontium on the cellular
level is to increase the pool of active osteoblasts decrease the number of less active
osteoclasts (3-6). The absorption efficiency oforsium is age-dependent and in
competition with calcium due to their similar cheali nature. Almost all the absorbed
strontium (99.1%) is deposited in bone, mainly ewty formed bone(7). Several
studies have proved that strontium can stimulage ektracellular calcium- sensing
receptor, CaSR, situated in the membrane of osastsbhnd osteoclasts (8-10). In this
way, strontium influences positively osteoblastsugh calcium receptors. It has been
shown that strontium induced osteoblast proliferatdifferentiation and mineralization
by activating the CaR, thus confirmed therapeutiicacy of strontium may be partly
mediated by the CaR (11). There are also otheriljesextracellular receptors of

strontium, such as the GPRCG6A that senses extuéaretlivalent cations (12).

Therapeutic applications of strontium by meanstirgium renalate (SrRan) is for long
time in clinical use as an exclusive drug that potes bone healing in osteoporosis.(13)
Strontium ranelate increases in vitro osteobla$emrintiation, activity and survival (8)
(14). On the other hand, it decreases osteocldfdretitiation and activity, while

increasing their apoptosis (15).

This drug has also contributed to the increase ethanical fixation of the implants
when taken orally (16, 17). In the study of Maimaetnal, titanium was implanted in
rodents that orally received strontium renalatee ®hseointegration of the implants was

significantly higher compared to control animalattreceived no SrRan (18). However,
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since 2013 the use of SrRan is greatly restrictee © a high risk of myocardial

infarction and other serious risks such as bloots@nd rare skin reactions. (19)

Other drawback comes from the high concentratiostra@intium in the bone that causes
failure in the remodeling cycle and thus decreds®® mass. Studies in normal rats
demonstrated that high doses of strontium, more t®ammol/kg/day can induce

alterations in the mineralization expressed by eretesed bone mineral density and

decreased size of bone apatite(20, 21).

However, the therapeutic effects of strontium usetione disease healing, as well its
contribution to implant fixation have been cleagpyoven. Because of the above
mentioned properties, strontium has been incorpdranto surface- engineered
biomaterials such as bioactive ceramics, for appbas in bone tissue engineering,
with encouraging results.(22) The promising stadeerformed in this subject have

motivated us to apply strontium as osseointegrgiromoter of titanium implants.

In the present work we have incorporated strontanto the surface of titania trough
polyacrylic acid (PAA) polymer brushes thus limgirthe presence of Srto the

implant surface of clinical importance. This designabled us to overcome the
drawbacks of strontium oral use by fixing its aityivat the site of implantation. It
allowed as well controll concentration of strontiuiimus maintaining its positive effects

on the bone remodeling cycle and osseointegrafitimeamplant.

Polymerization of acrylic acid offers the possitfilio entrap strontium in the carboxylic
groups present in the monomers of poly(acrylic Jath@t is shown irFigure 4.2. A.

Therefore, PAA modified titania has been incubatéth strontium solution with the
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aim to complex divalent Sr betwe COO groups of PAAPolymer brushes are defin
as assemhds of macromolecules chemically tethered at ong tna substrate ¢
interface while the other side of the chain remains (23, 24).Polymer brushes ce
be grafted either “from” or “tc respectively meaning that the synthesis of the polyi
chains is done from the surface or that the chaiesynthesized first and then attac
to the surface. In our work folymer brushes on the surfaces are formt a high
grafting densities wherthe polymer chains interact with each other andtatr away
from the interface to avoid overlappinthus forming a densstructurc as shown

schematically irFigure 4.2. B.

Figure 4.2. Acrylic acid and polymer brush structure. In A the structure of acrylic
acid is showna monomer with terminal carboxylic group used gotymerization or

titania to obtain a brustermatior, shown schematically iB.

Beside their intended applicatichere to complexstrontium, polymeric coatin are
implied in health benefitswhen used for implant surface modificati Acidic
macromolecules are involved in the production diiied biomaterials such as bont

teeth.Intensive studies on the minezation process of calcium phosphates, oxal
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and carbonates were accomplished. In these pracessgomolecules with carboxylate
functional groups play a major role inducing a eation in biomineral formation (25,
26). It has been shown that titanium surfaces fanatized by self assembled
monolayers (SAMs) containing —COOH groups prefeadigtinduce hydroxyapatite
crystallization over hydroxyl, phosphate or sulfoaicid. The carboxyl end groups of
SAMs results with crystalline characteristics samito one of a human bone thus

providing a biomimetic template for enhancemertiofmineralization (27, 28).

On the other hand, polymeric brushes are knowmtale titanium with antibacterial
properties. Although antimicrobial effect is noswbject to the present study, it is worth
to note that polymer coatings are shown to haveositipe impact in reduction of

bacterial infections associated with implanted desi (29-31).

The investigated system based on the strontiunago#d into the PAA brush on the
titania surface is to have synergistic act that lwoes positive effect of PAA and
balance or improvement of the bone remodeling cgcldeved by strontium. We will
show that by controlling the grafting density aralymer length, we are able to control
amount of strontium in the polymer brush. Furthemmove will show that brush
complexing with strontium have a positive effect asseo activity of the osteoblast

cells
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4.2. Experimental approach

4.2.1. Sample preparation: Growth of PAA brushes and strontium implementation

A semi-transparent, 25 nm thick TiQayer was coated by direct current (d.c.)
magnetron reactive sputtering onto glass coverslips substrates were sputter-cleaned
with a negative bias of 180 V (25 W) in a 4 Pa Amasphere for 3 min. A 2 in.
diameter Ti target (99.995% purity, Kurt J. Leski8A) at a distance from substrate of
30 mm with applied a d.c. power of 228 W at 0.4wWRe used. The sputtering was
performed at a room temperature at a substratéaotaf 80 rpm. TiQ was deposited

in the argon/oxygen atmosphere generated by conpit) sccm of argon flow with 20

sccm of oxygen flow for 120 min.

Aminosilanization. Surfaces were cleaned 30 min in 2% SDS, rinsed ndtnopure
water, dried under nitrogen stream and treatednitJs-ozone chamber for 30 min.
Surfaces were immediately inserted into a 1% smhutof APTES in toluene.
Aminosilanisation was carried out overnight at X15the temperature of boiling
toluene. In order to remove excess of APTES, sasfaeere cleaned three times in fresh
toluene followed by washing three times in nanopuater with sonication and each

cleaning cycle lasting 30 min.

Polymerization and strontium incorporation. Polymer brushes were synthesized by
Reversible addition fragment chain transfer polyraion (RAFT) that is

schematically shown iRigure 4.3.
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Figure 4.3. Schematic representation of RAFT polymerization on the surface. CTA

attaches for the surface from one side while onother side contains polymerization
initiation site. Upon addition of initiator and mamer a polymer brush grows on the
surface. Also, free polymer is present in the sotufrom the initiation of the monomer

from the azo-initiator

The technique is basically a simple radical polyrsion with the addition of a thio-
compound, generally named CTA-chain transfer agenthe solution for controlling

the propagation and characteristics of the polyenarain.

Bis(carboxylmethyl) trithiocarbonate CTA is anchibren the aminosilanised titania
from which the polymer brushes will be grown, knoasgrafted “from” strategy. The
CTA is grafted over the surface with the free amgmoups on the titanium, by using
N,N-dicyclohexylcarbodiimide (DCC) and 4-Dimethylamopyridine (DMAP). The
reagents were used in the molar ratio of 1.00::1.088 (CTA: DCC: DMAP). Two
CTA concentrations were employed, 50 mmol and 35omnsing two CTA
concentrations will result in two grafting denssti¢hat will impact the strontium
incorporation. As the initiator 4;A\zobis(4-cyanovaleric acid) (CVA) was used due to
its hydrophilic character. For the homopolymeriaata solution of the monomer (AA),

initiator (CVA) and solvent (DMF) was purged under inert atmosphere for several
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hours at a total concentration of 5% w/v. A polyination time of 12 h and temperature
of 70°C were chosen. After polymerization, the substratese placed into a sonication
bath for a few minutes to remove unreacted species.

Very important in the synthesis of brusheshis different ratios for the [M]/[CTA] and
the [CTA]/[l], since through them the degree of ywoerization and the molecular
weight can be controlledSo for preparation of denser brushi@s])/[CTA] was
[0.0605]/[0.605] (in mmol) and [CTA]/[l] was [30.250.605] (mmol). These values for
less dense brushes were [0.220]/[2.201] and [1]02080] (mmol), respectively.

Reaction of RAFT polymerization was carried as shawscheme ifrigure 4.4.
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Figure 4.4. Reaction scheme used to prepare a polyacrylic acid brush system on the

-NH; containing titania surface trough RAFT polymeriaat

After the polymerization the surfaces were washét water to remove free polymer
and excess of products. Samples were further inedda 10 mM Strontium chloride
hexahydrate (Srgt6H,0) for 18 hours and rinsed with nanopure waterrgodurther

experimental evaluation.
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4.2.2. Surface characterization and cell bioactivity

The reactions steps of aminosilanisation, initmtiand polymerization of AA on Ti)
shown inFigure 4.4. and additionally strontium incubation, were folledvby XPS to
confirm the successful polymerization. XPS experitkewere performed with a
non-monochromatic X-ray source (Magnesiuna Kne of 1253.6 eV energy and
250 W) with the selected resolution for the surgpgctra was 30 eV of Pass Energy
and 0.5 eV/step and 15 eV of Pass Energy and O/I&iep for the high resolution

spectra of the different elements.

The quantitative determination of strontium incagied into the PAA brushes was
performed using XPS on the Ti-PAA-Sr structure befand after samples were
incubated in osteoblast fuli-MEM culturing medium for 1, 2 and 3 days. XPS
measurements were conducted this way to evaluateetbase rate of strontium from

the surfaces.

Osteoblast cells were used to evaluate biocomfigtibnd bioactivity of the samples.
The adhesion of the cells after 24 hours was etedudy confocal fluorescent
microscopy staining actin, vinculin and nucleus thé cells. A cell proliferation
colorimetric assay was conducted with the Cell GognKit-8 (CCK-8) containing
WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophernyd)(2,4-disulfophenyl 2H-
tetrazolium, monosodium salt], an nontoxic dye ugedontinuous cell culturing. Cell
medium was refreshed with 12.5% v/v CCK-8 contagrfuil medium and after 2 hours
of reaction, an aliquot of 5@um was transferred in 96 well cell culturing plate.
Colorimetric analysis of the samples was performoeger days scale of cell culturing in

osteogenic medium using a plate reader with 45Gilten
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In order to determine the mineralization abilitytbé samples, the ALP activity assay
was performed after 12 days of osteogenic cultuatigwing the cells to deposit
components of extracellular matrix. A qualitativatal on osteocalcin formed by
osteoblast during the process of mineralizationewassessed by staining the samples
with Alizarin red, a calcium specific dye. Sampbee imaged using Leica brightfield

microscope.



Superior osseo-activity on Ti®ia polymer brush- strontium system Chapteid

4.3. Results and discussion

4.3.1. Titania functionalization with acrylic acid and strontium

Brush density on the surface is controlled by thesity of CTA on the surface which
defines number of active sites for growths of paynMain components taking place in
the RAFT polymerization in present study are mononaerylic acid (AA),
trithiocarbonate (CTA) that is responsible for ¢jrafj density and initiator of
polymerization cyanovaleric acid-(CVA). The rati® AA/CTA will thus determine
molecular weight of polymer where gaining at a leighate will result in higher Mw of
the polymer and vice a versa. In the same manato, between CTA and CVA will
influence the functionality of the polymer brushesaning that high ratio will provide
more polymer brushes with the trithiocarbonatedim case over the surface), but low
ratio will provide too many initiation on the sal (more free polymer with initiation
from the CVA). By adjusting the concentration oftiator (CVA) in respect to the CTA
we are able to change the density of the polyacadid (PAA) brushes on the titanium
surface. This consequently means that we have @otaver the strontium amount
incorporated into the PAA brushes since two carboxgroups can complex one
divalent strontium atom. Thus, if there is more Pémthe surface there will be more of

strontium as well.

In order to evaluate the cell activity regarding tfferent concentration of strontium
on the surface, we have prepared PAA on titania wito densities, using 35 and 50
milimolar CTA. Fully functionalized titania surfageare further referred to as O

PAA-35-Sr and TiQ-PAA-50-Sr where first one have a lower densityhaf PAA brush
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thus lower concentration of strontium. PAA bruslaes prepared on aminosilanised
titania surfaces rather than on bare titania becaupolymerization on OHontaining
surfaces commonly is used a different kind of CTAygdnomethyl [3-
(trimethoxysilyl)propyl] trithiocarbonate), that fidoe present to enable binding of the
molecule directly to oxide surface. This CTA congarelatively toxic cyano groups in
the structure groups. So event thought the bindiag quite successful the cytotoxicity
was higher. The biocompatibility was evaluated a@ZFPAA prepared by the two
approaches, using —NHand OH functionalized titania where pre-osteoblast cells

showed rather low biocompatibility in means of geshtion (data not shown).

4.3.2. Surface char acterization

Polymerization reaction was followed step-by-stgpXPS and example is shown on a
TiO2-PAA-35-Sr surface as representedrigure 4.5. We can appreciate from TiO
(black) and Ti@+NH, (red) spectra appearance of low intensity nitrogeak at ~401

eV that confirms successful aminosilanisation eftitania surface.

Silicon peak at 100 eV appears at the same timatirggs from the aminosilane structure
that binds to hydroxides on Ti@ough formation of -Sigon the surfacé32). Amino

groups will bind acrylic acid with support of CTATA contains thiocarbonylthio
group (S(S)CS) in the structure and presence ddirsisl confirmed in blue spectrum in
Figure 4.5 at binding energy of ~162 eV. Atomic percentageshef elements are

calculated from high resolution spectra of eaclgicgaand are shown ihable 4.1.
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Figure 4.5. XPS Survey scans of PAA polymerization and strontium incor por ation.
Reaction is followed by XPS for TiO2-PAA-35-Sr sdmp

Silicon peak at 100 eV appears at the same timatiregs from the aminosilane structure
that binds to hydroxides on Ti@rough formation of -Sigon the surfac€32). Amino

groups will bind acrylic acid with support of CTATA contains thiocarbonylthio
group (S(S)CS) in the structure and presence ddirsisl confirmed in blue spectrum in
Figure 4.5 at binding energy of ~162 eV. Atomic percentageshef elements are

calculated from high resolution spectra of eaclgicgaand are shown ihable 4.1.

A more than double increase, from 2.4% to 6.9 %geoled in nitrogen intensity at this

reaction step is owed to imides from DQdicyclohexylcarbodiimide) that is used as

reaction catalyst.
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Table 4.1. Elemental composition calculated from XPS. Atomic percentages are
calculated from spectra recorded at every stelyhperization reaction and strontium

incorporation in TiO2-PAA-35 as shown in Figure.5.5

Ti02 313 / 23,6 45,0 /
Lé- TiO2 + NH2 22,6 / 22,4 52,6 2.4
®  TIO2-NIHZICTAIAA 58,7 / 25 32.1 6.7
TiO2-NH2+CTA+AA+Sr 512 0.7 6.3 37.0 49

It is important to note that here increase in carntensity found at 285 eV results from
PAA polymer chains thus verifying growth of the yoler. Finally, green spectra in
Figure 4.5 correspond to our end surface, which has strontimcorporated into
polymer brush. Strontium core level signal, Sr Rl &ppears at binding energy of ~134
eV as shown in spectra, but additionally confirmeth appearance of Sr 3p

photoelectron peak at ~282 eV. (33-35)

A high resolution XPS scans of Sr 3d region arensh@n Figure 4.6. for surfaces
TiO2-PAA-35-Sr and TiO2-PAA-50-Sr. Main Sr 3d sprbit couple, 5/2 is found at
energy of 133.5 eV and is assigned to SrO (33,a34gxpected since strontium is
supposed to bind to CO@roups of PAA. Further, we observe an increassromtium
amount in a PAA brush prepared at a higher grafti@gsity. Strontium in TiO2-PAA-
35-Sr sample totals 0.7 % while in TiO2-PAA-50-Sincreased to 1 % of total surface
elemental composition. The increase comes fromeatdmsishes at the surface that can

offer more carboxylic groups for strontium incoraton.
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Figure 4.6. XPS detail region of strontium core level, Sr 3d for TiO2-PAA-35-Sr
(on the left) and TiO2-PAA-50-Sr. Intensity scale is in the CPS units and increase i
intensity in strontium signal is notable for PAAepared at higher grafting density
(TiO2-PAA-50-Sr).

In further experiments, we exposed samples to adtlring medium and afterwards
examined by XPS that showed no presence of strorgiiter 1 day of incubation. This
implies that all the strontium is released intoldgacal fluid within 24 hours or that
amount lowered so that is not possible to deteby iXPS. Rate of strontium release
therefore should be quantified with other approacith as Inductively coupled plasma
mass spectrometry (ICP-MS) that is able to detesiy Vow concentrations of the

elements.

Further perspective of this part of the work goeglirection of preparation of even
denser PAA brushes thus propose possibility of h&rt control of strontium

concentration till the limits of its therapeutidesft on the bone healing and remodeling.
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4.3.3. Osteoblast biocompatibility and bioactivity

Once the samples were characterized for positivgnpr synthesis and strontium
incorporation, they were evaluated for biocompétiband bioactivity with osteoblast
cells. Therefore, osteoblast cells were seedeti®iiO2-PAA-Sr samples and controls
at a density of 2.5 x facells/well and we examined influence of PAA-Sr sées on
osteoblast cell adhesion and proliferation. Prddifien was recorded over 8 days time
on TiO2-PAA-35-Sr and TiO2-PAA-50-Sr and two comdroTiO, and well of cell

culturing plate as shown Figure4.7.

First we can note increase in cell proliferatioreotime on all the samples that implies
on the biocompatibility of all the samples. On & da more cells are proliferating on
bare TiQ but with the time there is increased relative vati® AA-Sr coated surfaces.
As it can be seen, on a day 8, proliferation of Z-lRAA-50-Sr is in same range as bare
titania, while TiO2-PAA-35-Sr is slightly lower.

Even if there is no significant increase in probfilon of PAA-Sr samples in
comparison to bare TiO2, results are indicativehah biocompatibility of these
samples. Moreover, positive trend is observed obBggr relative increase of

proliferation of PAA-Sr samples in respect to 7.iO
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Figure 4.7. Osteoblast cell proliferation determined by CCK-8 cell counter kit for 1,
3, 6 and 8 days after culturing in osteogenic madwn TiG functionalized with PAA-

35-Sr and PAA-50-Sr. Bare Ti@nd cell culture plate well serve as a controls.

Further, we have studied initial osteoblast adhesio the surfaces as akey regulator in
cell migration, differentiation and mineralizatiofhese cell activities further determine
the fate of implant material in the body. Confoflalorescence images of cellular
adhesion after 24 hours are showrfigure 4.8. Cells staining of Vinculin (green), F-
actin (red) and nucleus (blue) are shown in thset,fisecond and third panels,
respectively, and merged channels are shown itagtganel. For this experiment, cells
were cultured on a bare titania, TiO2-PAA-35-SOZiPAA-50-Sr and additionally on
TiO2-PAA-35. PAA brush on titanium serves here asoatrol to show if indeed
strontium has an influence on cell behaviour orabiwvity is appreciative only of

polymer brush coating on titania.
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Figure 4.8. Osteablast adhesion after 24 hours of culturing on bare TiO,, titania
functionalized with PAA-35, PAA-35-Sr and PAA-50-Sr. Green channel is vinculin

Nergedichannels

TiO,-PAA-35-Sr

TiO,-PAA-50-Sr

staining, red actin, blue nucleus and last paneladlrchannels merged into one. 40x
magnification.

Osteoblast cells cultured on bare titania are snahd less numerous than those
cultured on PAA and PAA-Sr functionalized samplés.the images of Vinculin
staining first we can notice that there is sigmifity more of bright green spots at the

ends of stress fibres on PAA and PAA-Sr functiaredi TIQ when compared to bare
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TiO,. Also we can note cytoskeletons with more strelseed in the cytoplasm as
observed in the images of F-actin staining. Frbenimages of F-actin, in red channel,
we appreciate that cells cultured on all the sample larger in size in regards to bare
titania. Additionally, they show a rearranged citston with distinctive stress fibres
inside the cytoplasm. All these effects of improeetl adhesion showed maxima on the
TiO2-PAA-50-Sr sample. Comparison of TiO2-PAA-35an02-PAA-35-Sr indicates
that in any case strontium contributes to enhameddactivity as it is seen from bigger
cells adhering on strontium containing PAA thatoathow more vinculin and more

organised stress fibers.
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Figure 4.9. Average osteoblast cell number on TiO,, titania functionalized with
PAA-35, PAA-35-Sr and PAA-50-Sr resulting from minimum 3 samples on area of
318x318um and expressed as average value.

On average, cell number on TiO2-PAA-50-Sr is higimerespect to TiO2-PAA-35 Sr

and TiO2-PAA-Sr as shown iRigure 4.9. Here also we can appreciate improvement
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over bare titania surface and also be gratefulotttribution of strontium to enhanced
activity since comparison of cell number betweermAP3% with and without strontium

is higher on strontium containing PAA brush graftedtitania surface.

Finally, we have studied the impact of the PAA-gtem on the cells in regards to their
ability and capacity to deposit extracellular matcdomponents and form a mineral
tissue. Osteoblast mineralization is initial steapfarmation of new bone tissue and it
determines bone ingrowth with implant substrateer&fore, we have evaluated the
alkaline phosphatase (ALP) activity of the diffetiating osteoblast cells on the PAA-Sr
functionalized titania and used a bare titania@#rol surface. ALP activity is a gene
marker in the early stage of the osteogenic diffeaion and osteoblasts ability to
deposit mineralized tissue.

Figure 4.10 A displays the ALP activity expressed as stainefasararea of alkaline
phosphatase after osteoblas are cultured in osteogeedium for 12 days on
investigated surfaces. It is clear that that samedtin ALP activity is observed as in
evaluation of focal adhesion. This means that TR2A-50-Sr sample shows highest
ALP activity and titania lowest. Strontium is agdwund to have an influence on
improved cell activity, in this case mineralizatisimce the ALP activity is higher on a
TiO2-PAA-35-Sr sample than on same surface withowdorporated strontium.
Statistical analysis of ALP mean values shows figant difference between bare
titania and all the functionalized samples as showrFigure 4.10. B. However,
statistically difference is nonsignificant betwedinO2-PAA-35 with and withous

strontium. Same is in the case of PAA-Sr samplestefo different grafting density.
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Figure 4.10. ALP activity after 12 days of osteoblast culturing expressed as stained
surface area shown in A. Statistical comparisome#n values by Tukey is shown in B

where black circles show significant differencesis®n samples at a 0.05 level.

Despite this, the increase in activity is obvioashown graph ikigure 4.10 A. This is
appreciated as well from optical images of ALP regdi area shown ifigure 4.11.
Cells cultured on the functionalized titania al&ining exhibit more area of dark blue-
purple color, compared to osteoblast cells cultuvedthe bare Ti@ These results
indicate enhanced ALP activity in respect of highsrontium concentration as

represented ifkigure 4.11. D.
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TiO,-PAA-35

Ti0,-PAA-35-Sr TiO,-PAA-50-Sr

Figure 4.11. Optical images of ALP staining after 12 days of osteoblast culturing in
osteogenic medium. Dark purple color is stained Abh&t is used for calculation of
ALP area inFigure 4.10. A.

These results support hypothesis that strontiumahpesitive effect on a bone tissue
formation and they lead to conclusion that incremsetrontium influences rate of
mineralization as seen in improved activity of agd with denser PAA brush that

contains more strontium.

Additionally we have stained calcium from osteotglcanother component of
mineralized extracellular matrix. Optical imagesoaicium staining with alizarin red

shown inFigure 4.12. are of qualitative nature but they support thevijongs findings.
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TiO,-PAA-35-Sr TiO,-PAA-50-Sr

Figure 4.12. Alizarin red staining of calcium deposits from mineralized tissue after
12 days of culturing. More bright orange color indicates more of caicideposited by

osteoblast cells.

Since more bright- orange color is result of higlmerount of calcium, TiO2-PAA-50-Sr
displays a highest amount of osteocalcin depo$iyedsteoblast cells. This observation
is in correlation with other experiments on ostasblactivity and confirms that
presence of strontium triggers faster depositionEQM mineral components thus

enhancing bone osseointegration.
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4.4. Conclusions and per spectives

In this study, we have for the first time to oukriedge applied the system of titania-
polymer brushes entrapping strontium for enhanssgaactivity of biomaterials. After
careful preparation and evaluation of chemicaltiea®f polymerization and strontium
incorporation, we acquired the tool to control tencentration of Sf complexed to
carboxylic groups. This is achieved trough conwblgrafting density of polyacrylic
acid brushes where higher density of PAA brushésrofmore carboxyl groups and
consequently more strontium. Proof of concept isady confirmed trough the
biological evaluation of osteoblast activity on gbestructures with superior osteoblast
adhesion when compared to bare Ji®loreover, these multiplexed coatings showed
ability to promote bone tissue mineralization imostium concentration dependent
manner. The synergistic effect of antimicrobialymoérs and osseoactive strontium is

confirmed with increased ALP and osteocalcin, neaimponents of mineralized ECM.

These results may highly inspire application ofghrsr system in design of titanium
based osseo- implants, especially to serve as upposgt of osteoporotic or broken

bones.

Further, our results are indicative of overcomimgi¢ effects of strontium trough
constraining its action to the biomaterial inteda@his way we were able to extract its

beneficial therapeutic effects with synergistidaciof antibacterial PAA coating.

Further work in this area should boast investigated denser brushes on titanium
materials expanding to the threshold of strontiwmcentration between toxicity and its

benefits. On the other hand, chemically differemlymer brushes that contain
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carboxylic acid in the structure could contributettier enhancement of bioactivity and

osseointegration trough their beneficial antimigabbctivity on the implant surfaces.



Superior osseo-activity on Ti®ia polymer brush- strontium system Chapteid

List of references

1.

10.

11.

12.

Hadjidakis DJ & Androulakis | (2006) Bone rembig. Annals of the New York
Academy of Sciences 1092:385-396.

Jonsson BY & Mjoberg B (2015) Porous titaniunargrles are better than
autograft bone as a bone void filler in lateralidgibplateau fractures: A
randomised trialThe Bone & Joint Journal 97-B(6):836-841.

Bonnelye E, Chabadel A, Saltel Fdr, & Jurdic2B08) Dual effect of strontium
ranelate: Stimulation of osteoblast differentiatiand inhibition of osteoclast
formation and resorption in vitr@one 42(1):129-138.

Buehler J, Chappuis P, Saffar JL, Tsouderos Wignery A (2001) Strontium
ranelate inhibits bone resorption while maintainimgne formation in alveolar
bone in monkeys (Macaca fascicularByne 29(2):176-179.

Canalis E, Hott M, Deloffre P, Tsouderos Y, & fdaPJ (1996) The divalent
strontium salt S12911 enhances bone cell replicatia bone formation in vitro.
Bone 18(6):517-523.

Takahashi N, Sasaki T, Tsouderos Y, & Suda TO320S 12911-2 Inhibits
Osteoclastic Bone Resorption In Vitrdournal of Bone and Mineral Research
18(6):1082-1087.

Boivin G et al. (1996) Strontium distribution and interactionstwitone mineral
in monkey iliac bone after strontium salt (S 129&atiministration.Journal of
Bone and Mineral Research 11(9):1302-1311.

Brennan TCet al. (2009) Osteoblasts play key roles in the mechanishaction
of strontium ranelateBritish Journal of Pharmacology 157(7):1291-1300.

Fromigué Q et al. (2009) Calcium sensing receptor-dependent andptece
independent activation of osteoblast replicatiord asurvival by strontium
ranelate Journal of Cellular and Molecular Medicine 13(8b):2189-2199.

Caverzasio J (2008) Strontium ranelate promotgsoblastic cell replication
through at least two different mechanisisne 42(6):1131-1136.

Takaoka S, Yamaguchi T, Yano S, Yamauchi M, &giBioto T (2010) The
Calcium-sensing Receptor (CaR) is Involved in Siton Ranelate-induced
Osteoblast Differentiation and Mineralizatidthorm Metab Res 42(09):627-631.

Faure Het al. (2009) Molecular determinants of non-competitivetagonist
binding to the mouse GPRCG6A receptoell Calcium 46(54€"6):323-332.



Superior osseo-activity on Ti®ia polymer brush- strontium system Chapteid

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Liu AL-J, Shen P-W, & Chen P-J (2013) Strontitemelate in fracture healing
and joint pain improvement in a rheumatoid artlrpiatient.Clinical Cases in
Mineral and Bone Metabolism 10(3):206-2009.

Zhu L-L, et al. (2007) Induction of a program gene expressionndudsteoblast
differentiation with strontium ranelat&iochemical and Biophysical Research
Communications 355(2):307-311.

Hurtel-Lemaire ASet al. (2009) The calcium-sensing receptor is involved in
strontium ranelate-induced osteoclast apoptosisv iMsights into the associated
signaling pathwayslhe Journal of Biological Chemistry 284(1):575-584.

Li Y, et al. (2011) Effects of strontium ranelate on osseonakgn of titanium
implant in osteoporotic rat€linical Oral Implants Research 23(9):1038-1044.

Querido W, Farina M, & Anselme K (2015) Stromti ranelate improves the
interaction of osteoblastic cells with titanium strhtes: Increase in cell
proliferation, differentiation and matrix mineradizon. Biomatter 5(1):e1027847.

Maimoun L. et al. (2010) Strontium ranelate improves implant osgegiration.
Bone 46(5):1436-1441.

EMA (2013) Recommendation to restrict the userotelos / Osseor (strontium
ranelate). irhttp://www.ema.europa.eu/ema/, ed agency Em.

Morohashi T, Sano T, & Yamada S (1994) Effestsstrontium on calcium
metabolism in rats. I. A distinction between thawhacological and toxic doses.
The Japanese Journal of Pharmacology 64(3):155-162.

Cohen-Solal M (2002) Strontium overload andidibx impact on renal
osteodystrophyNephrology Dialysis Transplantation 17(suppl 2):30-34.

Wu C, Ramaswamy Y, Kwik D, & Zreigat H (2007h€ effect of strontium
incorporation into CaSiO3 ceramics on their phylsarad biological properties.
Biomaterials 28(21):3171-3181.

Prucker QO et al. (2005) Photochemical Strategies for the Preparadod
Microstructuring of Densely Grafted Polymer Brushes Planar Surfaces.
Polymer Brushes, (Wiley-VCH Verlag GmbH & Co. KGaA), pp 449-469.

Zhou F & Huck WTS (2006) Surface grafted polyrhrushes as ideal building
blocks for "smart" surfaces®hysical Chemistry Chemical Physics 8(33):3815-
3823.

Tsortos A & Nancollas GH (2002) The Role ofyRakboxylic Acids in Calcium
Phosphate Mineralizatiodournal of Colloid and Interface Science 250(1):159-
167.



Superior osseo-activity on Ti®ia polymer brush- strontium system Chapteid

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Chen L et al. (2013) Regeneration of biomimetic hydroxyapatite etched
human enamel by anionic PAMAM template in vitArchives of Oral Biology
58(8):975-980.

Liu DP, Majewski P, O'Neill BK, Ngothai Y, & @lwy CB (2006) The optimal
SAM surface functional group for producing a bioretin HA coating on Ti.
Journal of Biomedical Materials Research Part A 77A(4):763-772.

Mao C et al. (1998) Oriented growth of hydroxyapatite on (00QéXtured
titanium with functionalized self-assembled silan@onolayer as template.
Journal of Materials Chemistry 8(12):2795-2801.

Darouiche RO (2004) Treatment of infectionsoasged with surgical implants.
The New England Journal of Medicine 350(14):1422-1429.

Weinstein RA & Darouiche RO (2001) Device-Asated Infections: A
Macroproblem that Starts with Microadherendgdinical Infectious Diseases
33(9):1567-1572.

Zimmerli W, Trampuz A, & Ochsner PE (2004) Phnesic-joint infections.The
New England Journal of Medicine 351(16):1645-1654.

Metwalli E, Haines D, Becker O, Conzone S, &tdao CG (2006) Surface
characterizations of mono-, di-, and tri-aminoslatreated glass substrates.
Journal of Colloid and Interface Science 298(2):825-831.

Moulder JF, Stickle WF, Sobol PE, & Bomben K42) Handbook of X-ray
Photoel ectron Spectroscop 2nd ed (Physical Electronics USA, Inc.) 2nd Ed.

Wagner CDet al. (2003) NIST Standard Reference Database 20, \fel3i
(web version) (http:/srdata.nist.gov/xps/).

Young V & Otagawa T (1985) XPS studies on dtoon compounds.
Applications of Surface Science 20(3):228-248.



Refining the surface topography of titanium: A cheahapproach Chapte 5

Chapter 5

Refining the surface topography of titanium: A chenical

approach

5.1. Motivation

Titanium osseointegration, the bone- implant bigdprocess, largely depends on the
texture of titanium surface. Early work of Albrekbn from 1983 showed that
osseointegration at the interface between titanand bone is influenced by both the
biochemical and physical aspects at the interfac@.he macroscopic, microscopic, as
well as molecular characteristics of the interfheee been shown to influence on the
osseointegration process. The presence of progenichl and biophysical characteristics
at the implant interface may not be determinamt thie osseointegration if the interface
lacks the required roughness.(2) The bonding betwétanium and bone is

biomechanical. Rougher surfaces provide more seiréaea for the cells to adhere and
stretch favoring in this way ossointegration.(2,EXamples of osteoblast cells adhering
on smooth, as received titanium alloy and rougbkandblasted titanium surfaces are
shown inFigure 5.1. 1t can be seen that cells exhibit distinct morply@s. They are

flattened in both cases, but cells on sandblastadium alloy have more filopodia,

communicating with neighboring cells extending ovavities and cues.
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Osseointegratiomesults from erough surface interlocking witbone tissuethat grows
with direct contact with titaniu, in cavities of thenanotopography of substr. It has
already been showthat titanium implantdisplayingroughness, such as sandblasted
acid etched surfaces, resuin large bone-implant interfaceThe success o
osseointegratioand consequently of the implant surge correlates with an increasil

roughness of the intgnt surfac(4, 5)

Figure 5.1. Osteoblast adhesion after 14 hours as viewed by SEon A as received,
smoothtitanium alloy and Eon rougher, sandblasted titanium alloy.

Sand-blasting, acidnd alkali etchingplasma sprayingelectropolishingand anodic
oxidation arecommonly used techniques to obtain controlled nand micro scal
features at the siace of titaniun.(6-9) The endognous formations technigu are
commonly used fom situ generation cnanotopographical features without altering
original surface chemistr{Chemica etching is tightly contriéed corrosion process usil
bahs of etching chemicals to remove material an@ter@an object witldesired shay.
Chemical methods that consider etching of surfaaes simple and cc-effective,

showing an #ractive practicalityYet, the drawback ofraditional chemical metho is

Page | 145



Refining the surface topography of titanium: A cheahapproach Chapte 5

that the use of strong acids and strong basestaidyiraise safety and eco issues. More
important, residual acids or bases on the surfez@armful for cells and tissue and may
lead to an immunogenic response of the body. Becalthis it is of great importance to
develop more applicable and safer chemical metfadabrication of nanotopographical

features on titanium surfaces.

One of the endogenous approaches for surface roatiloin is alkaline etching. It is a
simple way to alter titanium topography and it basady been shown to cause irregular
features on the titanium surface under increaseghéeature (600 °C).(11) It is worth to
note that alkaline etching with NaOH forms sodiutariate (NaTicO,3) offering the
possibility to further chemically modify the suréady exchanging the Na ions during
post treatment. Post treatments can be used toveeti® remains of base from the
surface. An interesting component that can be sefost treatment is strontium {$r
that can be easily exchanged with*" Nt it has additionally favorable effects on bone
osseointegration. Strontium is proven to have aetenl effect on the normal bone
metabolism, where it modulates the developmenbokltissue by stimulating new bone
formation and inhibiting bone resorption.(12) Sedelrawbacks of oral strontium intake
are already detailed in the previous chapter. Sihde known that strontium has a
positive effect on ossointegration,(13-15) in ttimpter we will focus on finding optimal

conditions for achieving the titanium surface wathigh content of strontium.

The implementation of the strontium into roughemiéghium implants brings an extra
component in mimic of bone extracellular environinemce strontium is naturally
found in apatite crystals of the bone.(16) Additily, the concentration of strontium

Page | 146



Refining the surface topography of titanium: A cheahapproach Chapte 5

doped into the implant surface can be regulateadgtranodulation of specific surface of

titanium nanotopographhy.

Work in this chapter includes the alkaline etcharfigitanium alloys to refine their surface
texture obtaining defined micro and nanotopogragdhéties. Intention is to manipulate
with extent and number of surface cues and cauyeshanging parameters of treatment.
Two kinds of titanium alloys are used for alkalgtehing and strontium implementation;
sandblasted Ti alloys and as received Ti alloyse Two samples differ in their
topography, with the sandblasted alloy having reugturface in comparison to the as
received alloy, whose surface is relatively smogikaline treatment on these two alloys
will demonstrate the influence of the initial maaémorphology on the resulting micro
and nanotopography and consequently how the marghobffects binding of the

strontium.

Chemical treatment with NaOH is conducted by vapyWaOH concentration, pH and the
time of treatment. Through the variation of theseameters, distinct morphologies are
obtained regarding the size and extent of topogcapfeatures, their degree of coverage
and three dimensional structures of topographicedsc Besides altering topography,
NaOH chemical etching changes the chemistry oflie, resulting in a layer of sodium
titanate covering the implant surface. The presesfctla on the surface is used to
incorporate strontium in the Tisurface via ion exchange of sodium by strontiutme T
strontium exchange is discussed in relation to tpmography of the nanostructured

titanium alloys and how this promotes strontiumding.
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5.2. Experimental approach

5.2.1. Chemical etching

Titanium alloys (Ti-6Al-4V) are etched with sodiuhydroxide (NaOH) changing the
structure and surface chemistry of the alloy. Toye kayer of titanium is changed to

titanate.Equation 1 shows one of the possible reactions:
6Ti+2NaOH+11HO=NgTigO13+12H, Equation (5.1.)

Equation 5.1. Reaction of NaOH with Ti-6Al-4V alloyresulting in a layer od sodium
titanate, NaTlisO;3and water.

Two kinds of titanium alloy discs are used for #tedy: as-received (relatively smooth)
and sandblasted (slightly roughened). Substratesfiest acid-washed with a water
mixture of 69 % HNQ@ and 49% HF in ratio of 3.3:1 ¢&@: HNOGs+HF). After acid
washing, substrates are subjected to treatment Méi®H solutions of different ionic
strength, 1 M and 3 M. The samples are treate@@ftC temperature for 3 and 6 hours in
a teflon-lined stainless steel hydrothermal reac®amples are finally washed with mili-
Q water and dried. Changes of surface chemistry fiis¢ determined by X-ray
photoelectron spectroscopy (XPS) and sample topbgras further characterized by

scanning electron microscopy (SEM)
5.2.2. Strontium incorporation

Strontium is incorporated into modified titanium oy exchange between Na and Sr ions

on NaTigO13 formed after NaOH etching. A 250 mM strontium c¢ide (SrC}) solution
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is adjusted to pH values 6, 9 and 12. The sampkesranersed overnight in SrCand
afterwards washed with mili-Q water. Elemental cosipon of the surfaces was
revealed with XPS with an Mg &source having 1250 keV energy. Survey scans are
obtained with pas energy of 30 eV and detail regiohC 1s, O 1s, Ti 2p, Sr 3d and Na
1s are taken with 15 eV pass energy. Strontiumtamitm (Sr/Ti) ratio was as well
determined with Energy-dispersive X-ray spectrogc@pDXS) present in the SEM
microscope, simultaneously revealing topography agndntifying strontium on the

surfaces.
3.2.3. Biocompatibility

After chemistry and morphology were examined, salss were preliminary evaluated
for their biocompatibility. Cell proliferation wasvaluated with MC3T3-E1 osteoblast
precursor cells to assess the bioactivity of thehed alloys in comparison with bare
titanium surface. Cell culture plates were used @®ntrol group. Cells were cultured
using o-MEM supplemented with 10% fetal bovine serum and% 1
penicillin/streptomycin at 37 °C in an atmosphefé&% CG. The culture medium was
refreshed every 3 days. When the cells reached &¥uence, they were trypsinized
and resuspended in fresh medium to make a celesggm with a final cell density of 3
x 10" cells/mL. 1 mL of cell suspension was added irtohewell of 24-well cell culture
plates with Ti alloy samples inside. After inculoatifor 14 days, the medium is aspirated
and wells are refilled with 400 pl of cell cultumeedium containing 50ul CCK-8. After 2

hours of further incubation in the 37 °C incubat®rl00ul solution from each well is
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transferred into 96 well plates for reading theiegtdensity. The wavelength used for

plate reading is 450 nm.
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5.3 Results and discussion

5.3.1. Surface etching

Treatment of Ti alloys with NaOH resulted in distirsurface morphologies that depend
on the conditions used for chemical treatmentFigure 5.2. we can observe two
sandblasted titanium alloys treated with two défdretching time. The sample treated
for 3 hours Figure 5.2. A) exhibits a significantly softer and more regutarface
topography compared to the Ti alloy treated foo@rs Figure 5.2. B, which displays a
rougher surface with more irregular features. Timplies that under same pH, NaOH
concentration and temperature, a longer time of MaDrface etching will result in

deeper and more defined topographical features.

Figure 5.2. Topography of NaOH etched titanium alloys revealedy SEM at a 15000
X magnification. Both samples are sandblastedititaralloys (Ti-6Al-4V) discs treated
for (A) 3 hours andB) 6 hours at 180°C with 1M NaOH solution.
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Surface etching caused the appearance of floweiidlends with star like arms extending
radialy from the centre. The flowers like islandge @& the micron range. The islands

become bigger with sharper features with longemnietctreatments.
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Figure 5.3. SEM images of as received (A and B) and sandblastq€ and D)
titanium alloy (Ti-6Al-4V) samples after 3 hours of treatment at 180°C in 1M&ndC)
and 3M B andD) NaOH solution, shown at a magnification of 15000x

Sandblasted and as received titanium alloys aatetleat different NaOH concentrations,
shown in Figure 5.3. The surface of as received alloys is smoothen tog the

sandblasted for both 1M and 3M NaOH. The surfacgesedf sandblasted titanium
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(Figure 5.3. Aand C) are sharp whereas the as received alléygufe 5.3. Band D)

display softer edges.

Regarding the effect of the NaOH concentratiortimmium topography, the surface of
the alloys that are etched with 1 M NaOH is lesgraéed Figure 5.3. AandB) than the
surface of the alloys treated with 3 M NaOH. As whoin Figure 5.3. C and D,
treatment with 3 M NaOHesulted in more pronounced and deeper surfacerésat
Since the time of treatment is kept the same I®aahples, this draws the conclusion that
more concentrated NaOH solution will give a rougkarface with more prominent

topographical cues viewed as clear star like festur

In the case of smoother initial morphology, theeseived alloys, the features are being
more interconnected after the NaOH treatment wthike sandblasted alloys result in

sharper and more pronounced stars and flowerdikads.

5.3.2. Strontium incorporation

Incorporation of strontium in the surface chemimainposition is done by immersing the
titanium alloys after etching Sr&bH,O solution. The surface chemistry is than

evaluated with XPS.

Figure 5.4. shows the difference in surface chemical compmsstibefore and after
treatment with strontium. The spectrum in blackrespnts the surface chemistry of

sandblasted titanium alloy that is treated with }KOH.

Page | 153



Refining the surface topography of titanium: A cheathapproac Chapte 5

We can observe the presence of Na at binding engrd@71 eV.Then this alloy is
immersed in strontium solution, this peak completdisapjears, as shown in the r

spectra. We can alsibserve the appearance of new peaks that belostgotatium in the

spectra.
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Figure 5.4.XPS Survey scans of sandblasted Ti alloys and moigifl with 3 M NaOH
before (in black) and after (in red) of strontium incorporation.

The fact that thé\a signal completely disappears sugs total exchange csodium by
strontium. Strontium 3d 5/3 peak is found a BE of 138.4 eV ands assigned f

strontium oxide, SrO. (12,8)

A typical high resolution XP:spectrum of strontium core level is showrFigure 5.5 A.
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Figure 5.5. Bshows aletail scan of the carbon region used for specai#bration where
3p 3/2 spin orbit couple of strontium partially oka@s with C 1s region. Highest enel

peak at 285 eV corresporio aliphatic carbon, while 266.7 eV and 288.9paks art

assigned to @ and C=0, respective
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Figure 5.5. Typical XPS detail spectra of core electrons for A sbntium, B carbon,

C titanium and D oxygen after satellite remove, Shirley background btraction and
calibration of CC/CH to 285 eV. Regions are fittedcomponents as shown in e
figure and assigned according to their binding giesrat peak maxinm

In Figure 5.5. Cthe XPS spectra ctitanium is showrwith assignments oxides of Ti

IV at 458.5 eV and to Till at 456.3 e\ for their 2p 3/2 spin orbit pair3he iatio of Ti
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IV and Ti lll is 95/5, typical for the surface oétive titania. Oxygen peak Figure 5.5.
D is assigned to lattice oxygen at 530.2 eV. C-O@n0 species are found at 531.9 and
533.1 eV, respectively and they are resulting fiemaentitious carbon. These bonds are

also observed in C 1s region. (17-19)

At a core level of strontium, Sr 3d, main peak 38.24 eV is assigned to SrO. However,
in XPS analysis one should take into account spplbtitometer resolution that is in our
case 1 eV and we have to consider assignments 0f5-€V from our main peaks. Given
the fact that strontium hydroxide, Sr(Qk3H.O can also be found at 133.0 eV we have
to consider the possibility that some strontiumadsorbed on the surface with water
bound molecules. Therefore, we have done a depffilipg of surface with XPS where
argon ions are employed to etch the surface soevallwed to measure its chemistry at
different depths and determine the presence ohtstim within the profile. A depth

profile showing changes in surface chemistry isnshm Figure 5.6.

As it can be seen, after the adventitious carbgerlegs removed, the relative amount of
strontium increases slightly and becomes constwpixggen and titanium do confirming
its presence in the deeper parts of surface nambstes. According to estimations for
argon sputtering on our spectrometer, 1 nm layeensoved after 100 seconds of argon
etching, what means that at point of 7000 secomdana 70 nm of top surface is

removed and we observe presence of strontium.
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Figure 5.6.XPS depth profile of sandblasted titarum alloy treated with 3M NaOH
and immersed in strontium chloride solution XPS spectra are taken aficontinuing
argon sputtering at 3imes intervals The initial point corresponding the tthe

compositionof the surface previous to argon sputte

The constant presence of oxygen at this depth alsoesdliC, presencat depth of at
least 70 nm thus covering homogeneously nanotopbgral features because nativ
formed titania is taking up 4 to 7 nm of the surface dep{B0) This shows that etchir

results in removal of 70 nm surfi, a10 times more than naturally formé&thnie layer.

Next we have evaluated capacity of alloys with differeogographythat resulted fron
treatment with 3 M NaOHo bind strontiumThese itanium alloys showedifference in

total incorporated strontium regarding tkstarting structure.
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More strontium is bound irougher, initially sandblasted alloyisan into the smootht
surface, initial as received all as shown inFigure 5.7. This is related to tt initial
morphology, but alsdo more micro and nanotopographideatures formed aftethe

NaOH treatment, gsreviouslyrevealed by SEM and shownFhigure 5.3.
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Figure 5.7.Increase of strontium incorporated in3 M NaOH treated sandblastec
alloy in comparison with as received allo treated with 3 M NaOH as wel, expressed

as relative ratido titanium (Ti) and tOxygen (O).

The influence of the phbf the solution of strontiumis investigated in relation cion
exchange capacityetween strontium and sodium but eto evaluate howvehanges in pt

value influence sudace morphology

Chemistry and morphology of strontium treated al®y/furthelinvestigated by SEM ar

Energy-dispersive Xay spectroscoj (EDXS). EDXS is a spectroscopy implemente:
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SEM microscope and thus enabled imaging of the topographwnd quntitative

elemental analysis without need to remove the safnpin the microscop

A typical EDX spectrum for strontiutreated titanium is shown Figure 5.8. A. Figure

5.8. Brepresents typical EDspectrunfor sample that contains no strontit

|I|-|‘||

Figure 5.8.Elemental analysis by EDX used for quantification brelative strontium
incorporated into the titanium surfaces. In A is shown typical EDX spectra wi
titanium signal at 4.%eV and strontium signal 1.8 keV, used for calculation for Ti/S

In B is a typical spectrurthat shows no strontium into the surface chemicalosition

Sandblasted titanium alloys after the alkaltreatmentwith three molar NaOH ai

subjected to ion exchange experiments with strar at a pH 6, 9 and 12n Figure 5.9.
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are shown four sandblasted titanium alloy surfadfésr alkaline treatment and three of
them Figure 5.9. B C andD) are immersed in 250 mM strontium chloride solutigs
revealed by SEM, the pH of the SgCdolution has a significant influence on the
topography of the samples: an increase of pH reguld rougher surface morphology of
alloys and more pronounced surface features, asngdas inFigure 5.9. B,C andD
where samples incubated with SrG@djusted to pH of 6, 9 and 12, respectively are

shown.

Star like features cover the surface in all casdsle flower like islands are highly
expressed when surfaces are incubated with strargalution of pH 6 as seen kgure
5.9.B. Higher pH of strontium solution leads to biggerdéder of islands that are almost
completely interconnected at a pH 9, showikigure 5.9.C At a pH 12 it is difficult to
distinguish between separate islands and surfacsovsred with sharp branch like
features that are covered thorn like charactesigtecseen iigure 5.9.D.The smoothest
surface presented Figure 5.9. A, corresponds to a control sample treated only @ith

NaOH but without incubation in strontium chloride.
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Figure 5.9. SEM images ofsandblasted titanium alloys after3 hours of alkaline
treatment at 180 °C with 3 M NaOH solution (A). Titanium alloys after alkalin
treatment immersed in 250M SrC, solution at different ph valuesB) pH 6, (C) pH 9
and D) pH 12.

From the examples shown, it is clear that etchihthe substrates with NaOHters the
topography in alistinct mannedepending on the process parametemsmiRhe obtaine
results wecan conclude that v are able to tailor titanium with desiredpographica
features by etching to produc topographieghat best mimic the ECM ohe bone by

changing the pH, ionic strength of NaOH, as wetidiof th« alkalinetreatment
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Figure 5.10.Increase in the strontium incorporated into titanium alloy in relation
with increase of the SrC} solution pH. Relative amount of strontium is exssed as

Sr/Ti ratio resulting from EDX experimer

As shown inFigure 5.10, strontiumin the surface of titanium alloycreases linearl
with the increase of the pbif the SrC} solution.Besides the pH of strontium solutic
the time of incubation inflencesas well the final amount of Srincorporated into th

surface chemical composition of titanium a as can be seen frofigure 5.11.
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Figure 5.11.Influence of the incubation time with strontium chloride on total Sr
incorporated into the as receved and sandblasted Ti alloy substratespH value of
250 mM SrC} solution used for this experiment is adjusted tc Relative amount ¢

strontium is expressed as Sr/Ti ratio resultingnfil®D X experiment

In Figure 5.11. it is shownthat the time dependent increaseinforporated Sr for th
alloys treated with 8 M NaOt is fasterin relation to samples treated wl M NaOH
This means thatlloys initially etched witt3 M NaOH have higher capacity for strontit
incorporation. his is an outcome of 10 simultaneous scenarios. Fjrshe alkaline
treatment with higher concention of NaOH will result in atitanium alloy surfac
containing more Na ionsoming from the layer of NaTi;. Second, a surfacwith more
cavities will provide more of the spe«c surface for formation of NaTgand thus mor

regions for ion exchang&his phenomenon also occurs when hi pH value o SrChL
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f " and N4, as shown ifFigure 5.1Q In this case a

solution is used foilon exchange o
well we can see that alloys irbated in strontium solution of higher pH will exhi

rougher nano and mictopographyas seen ifrigure 5.9. B, CandD.
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Figure 5.12. Influence of NaOH concentration on final incorporated amount of
strontium into the surface of sandblasted and as reived titanium alloys. The pH

value of 250 mM SrGlsolution used for this experiment is adjusted t

The nfluence of NaOH concentrati used for surface etching dotal incorporatet
strontium is shown ifrigure 5.12.1n case of both, normal and sarelied alloys, ther
IS an increase in th&rontiumcontent with anncrease of NaOH concentration followi

the same trendl'he difference between these tw that more strontium is bound to t
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sandblasted discs than to normal ones. This cosfih@ hypothesis that rougher samples
will bind more ions since the sandblasted alloysailty present more irregular features

on surface.

5.3.3. Biocompatibility and bioactivity

Preosteoblast cells are seeded and cultured @tewed and sandblasted titanium alloys
and sandblasted titanium alloys. Biocompatibilifytte samples is evaluated with cell
proliferation on as received and sandblasted titamalloys that were additionally etched
in one and three molar NaOH. Preosteoblast praliten after 14 days is shown in

Figure 5.13and as it can be seen no significant differenqaafiferation was observed.
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Figure 5.13. Proliferation of cells cultured on the Ti alloysngales with and without
post-treatmentA as-received Ti alloy (1M NaOHB as-received Ti alloy (3M NaOH),
C as-received Ti alloyD sand-blasted Ti alloyZontrol cell culture plate.
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However, from this data we can conclude that sasmpéated with sodium hydroxide are
possessing good biocompatibility. Therefore, treatimwith NaOH did not left toxic
effects on the substrates and moreover a slightseased proliferation is observed for 3
M NaOH treated samples. Experiments conducted wgls in this study are only
preliminary, and bioactivity of the surfaces iskte evaluated in more details regarding
different nanotopographies. Also we intend to eatduthe effect of the strontium

implemented in these substrates on enhanced tieityac
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5.4. Conclusions and perspectives

In this study, a chemical method was utilized tarde the surface chemistry and
topography of the Ti alloys in order to improve th®logical performance of the
currently used Ti based implants. Results inditlast the generation of nano and micro
structures on Ti alloys can be controlled by thpustchent of the ionic strength of the
NaOH solution and the treatment time. To endowirtiy@dant with “bioactive” strontium
ions in the biological fluid, ion exchange experirtee using a strontium- containing

buffer solution were done on the modified Ti alloy.

The findings of this study regarding altering tbpdgraphy and chemistry are as follows;
longer time of alkali treatment results in roughad more irregular topographic features.
Treatment with high concentration of NaOH, over 3 Nhlves a rougher surface
topography. Post treatment ion exchange betweenaNd St*is favored by alkaline pH
around 12, which results in higher amount of Sroiporated in the surface of the
modified Ti alloys. An increase in the incubatiamé of alloys in SrGl solution results

in increase of incorporated strontium. The morpgwplof Ti alloys influencesas well the
final S** in surface; sandblasted Ti alloy has higher capdei uptaking Sr, as they can
react more intensely with NaOH, providing more esgubsurface areas for ion exchange.

Preliminary data confirm biocompatibility of cherally modified Ti alloys.

In closure, aim of this study was to show a quiegant way to modify titanium surface

and obtain different nanostructures by simply cliapdgasic parameters in chemical

Page | 167



Refining the surface topography of titanium: A cheahapproach Chapte 5

etching. Additionally, we have shown how titaniurtlogs with more topographical

features are able to bind more of strontium dudéa larger specific surface

Further work in this project will focus on the diétd biological evaluation of the etched
surfaces with osteoblastic cells first to conclustethe most appropriate nanostructure
surface for cell adhesion and proliferation. Moregwhe surfaces with implemented
strontium will be evaluated on long- term osse@raéon by testing the mineralized
tissue on the surfaces via calcium and phosphasesirg). In conclusion, after the
biological evaluation of most suitable implant s, this work may bring novelty to
tissue engineering and implant biomedicine as &effsctive and efficient method for

titanium implant modifications.
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Summary and conclusions of thethesis

Titanium, a material with excellent biocompatilyiliand widely used as dental or
orthopaedic implant, displays on average a pooeastegration with the forming
bones. This is mainly a result of the suboptimafeme properties of titanium since the

bone- implant binding occurs at the implant surface

Work in this PhD thesis presented four differenprapches to endow the surface
titanium with characteristics that led to the adehsurface bioactivity and resulted in

an enhancement of the cellular functions of ostsibl

In the work presented in the second chapter othsis, niobium (Nb) is incorporated
into carbon films with the goal to enhance the bivéy of the bionert carbon coatings
for titanium based orthopedic implants. Carbon iogat displayed a relatively smooth
morphology but with addition of Nb surface roughmascreases. Simultaneously, Nb-
doped carbon films have increased mechanical ptiepen respect to carbon filnhn
vitro experiments with pre-osteoblast cells show thatNim carbon coatings cells
exhibit better focal adhesion and a better alkaphesphatase expression, which are
both important regulators in cellular differenttatj migration and mineralization

processes.

Chapter three described an approach to develojlestaillagen- alginate biopolymer
coatings on titania. Upon crosslinking this muitéa system matches mechanical and
topographical properties of the extracellular nxamegarding Young’'s modulus and

topographic features, displaying a fibrilar struetuDue to presence of collagen, the
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coating mimics the natural environment of ostedhtalis. These coatings showed high
stability in cell culture medium and improved bibaity compared to non coated TiO

surfaces. A superior bioactivity and mineralizatipotential is observed when the
multilayer terminates with an alginate layer, irme of osteoblast adhesion and

expression of early stage mineralization markéwlale phosphatase.

The study on the strontium complexed in polyacrgoid (PAA) brushes presented in
the fourth chapter of this thesis proved a remdekaiositive effect of Sf on the
osteoblast cells. This approach has the potentiabvwercome the drawbacks of
strontium oral intake by controlling Srconcentration and restricting the presence of
the ion to the titania surface since thé?Swill be encapsulated in the PAA brush.
Denser brushes with more polymer chains providegel number of carboxylic groups
for strontium binding. Strontium concentration cha regulated trough the brush
density increasing as well the rate of the borsuggnineralization. Dense brushes with

high concentration of entrapped &display superior osseoactivity than the bare #itan

The findings in the study presented in chapter ffethis thesis described a cost
effective and elegant method for altering the toppby and chemistry of titanium by

use of alkaline etching. Nano and micro featuresdmpendent on the time of alkaline
processing as well as the concentration of NaOHinBseasing these two factors, the
number and extent of the topographical cues digpdatopography of flower or star

like islands increase. These nanostructured swgfaecapable to bind strontium trough
ion exchange with the Napresent in the Ndi¢O.3 produced by the etching where
additionally increase in pH value of strontium dmo increases the number of surface

features. The exchange of Ny Sf*? is favored by using slightly basic pH. The amount
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of total incorporated strontium largely dependgtmsurface morphology, with rougher

surfaces offering more active sites for strontiunding.
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f f ¢
This PhD thésis, is f:?:icuséd on the deve’lopmgﬁt of hybrid titanium= based
surfaces with in)lg_rqp’?ed bi{)'aé’i;ivity on the bone forming cells; Titanium is
most widely used 'tl'iii;pian_t_ material but exhibits the poor osseointegration
with the bone, which may lead to the inflammation and re}!ection of the
implant.

Bone- implant binding starts at the interface between bone forming cells and
the implant surface, thus .pssointeg.rfitio?] may be improved with
optimization of the surface properties. ' |

In this thesis hybrid titanium —based surfaces are designed with aim/to
enhance its bioactivity. M

Y
An inorganic modification of the titanium is based on the niobium dopeg
carbon coating that introduced a surface topography analogous to th
natural one in the bone environment and enhanced surface mechanical
properties thus influencing positively cell activity. |

A stable biopolymer coating achieved with the collagen and alginate has
enhanced osteoblast functions due to close mimic of extracellular matrix in
regards of its biomechanical properties.

A design based on polyacrylic acid brush on titanium additionally enabled
controlled complexation of osseoactive strontium that resulted in rapid
biomineralization of the osteoblast cells.

Titanium alloys etched with the sodium hydroxide exhibit controlled nano
and micro roughness mimicking topography of the bone extracellular
matrix and showed ability to bind strontiuni to the titanium alloy.






