Titania Nanotopography for Control
of Cell Response to Bioactive

Calcium Phosphate Coatings

Shannon Wilson BSc

Ulster
University

Faculty of Computing, Engineering and the Built

Environment

Ulster University

Thesis submitted for the degree of Doctor of Philosophy

September 2020

| confirm that the word count of this thesis is less than 100,000 words



Table of Contents

ACKNOWIEAGMENTS ...ttt e e e sae et e s beenaeeneenneas i
ADSTFACT ... bbbt bbb i
ADDIEVIALIONS ...ttt ettt nre et ne e re et ii
D =Tod - V=LA o] SRR X
Chapter 1: INTrOJUCTION ......oviiiiiiieeeeee e 1
1.1 OVEIVIBW ...ttt stttk sttt et et ee et e e st e b e e beesbesseenbeenteareeaneente s 1
1.2 AIMS aN0 ODJECTIVES ..ottt 3
1.3 SErUCLUIE OF TRNESIS ..vevveieeeiieiie sttt sree e e nesneesneenee s 4
Chapter 2: LIterature REVIEW .........ccviiiiiieiie ittt 5
pZ20 A 1 0o [ o4 T o S PSSUSTITPRN 5
2.2 BONE BIOIOQY ..ottt 7
2.2.1 Bone cell types and their Markers. ... 8
2.2.2 BONE LOSS AN0 DISBASE ....c.veveieiiiiiieieeiieiieie ettt sttt st 9

2.3 BIOMALEITAIS ....ecveee et 10
2.3.1 BONE REPAIN ..ottt b e sre e 12

2.4 Osteoblast-like Cells for Cell MOdEIS..........ccovieieiiieiicecceee e 14
2.5 Manipulation of Titanium Surface Topography .......cccccccevvvevievieiecce e 14
2.6 Calcium Phosphate COAtiNgS ........c.ccvveiieiieiieie e 16
2.6.1 HYdroXyapatite........ccoveviiieiie et 17
2.6.2 SUDSEITUTEA APALITES .....oviiiieieeieeieie bbb 18
2.6.3 CationiC SUDSTITULIONS ........oviiieiieecie e 19
2.6.4 ANIONIC SUDSTITULIONS......c.viiieieciee e e 21
2.6.5 CO-SUDSLITUtEA APALITES ......oviiviitiiiieieeieee s 21

2.7 Cell Responses to Titanium and CaP SUIfaces ..........ccocvevinininieienc e 22
2.7.1 Dissolution Behaviour of CaP CoatingsS........cccccvevieiiieiie i 23

2.8 Titanium Surface Modification and CaP Coating Techniques ............cccccvvevveennen. 25
2.8.1 Chemical EtChiNg........ccoiiiiiii e 25
2.8.2 Radio Frequency Magnetron SPULEring........cccovveiieiiieiie s 26
2.8.3 Electrochemical ANOdISAtION........ccoeiiiiriiiie e e 28
Chapter 3: Materials and Methods ...........cccoiiiiiiiiiiie e 29
3.1 Substrate Preparation and ProCeSSING .........cccuererrieiierriniiesiesieeie e siee e sree e 29

3.1.1 Piranha Chemical ELChING ......cccooiiiiiiiiie e 29



3.1.2 Radio Frequency Sputtering from Titanium Targets.........ccccevveeviveiiiecieenen. 30

3.1.3 High Temperature ANNEAIING ........ccccveiiiiiiiiiiiieeeeee s 31
3.1.4 Electrochemical ANOAISAtION ........ccveiiiieiieie e 31
3.2 RF Magnetron Sputtering of Calcium Phosphate Thin Films onto Titanium
SUDSTIALES ...ttt ettt et e r et e et et reenteenee e 33
3.3 Physical and Chemical Characterisation...........cccccevvevieiesieese e 35
3.3.1 X-ray PhotOn SPECIIOSCOPY ...cveiveerreeieiiieiieeiesieesteseesree e ee e ste e sre e 35
3.3.2 X-ray DIffraCtion .......cccueiieiiicieiiece e 36
3.3.3 Scanning EIectron MICIrOSCOPY .....ccuverveieeiiieiesieseeitesie e ste e sre e 36
3.3.4 AtOMIC FOIrce MICIOSCOPY ....ecveireerieieiiiesteeiestee e etesreesre e sreeste e saeesre e e e 37
3.3.5 Time of Flight Secondary lon Mass SPeCtrometry ..........ccccceevvererenenenenn. 38
3.4 DiSSOIULION STUTIES ....cuvveeeieiieiiiesie ettt sttt teeneesne e 39
3.5 In Vitro Cell Culture and Associated ANalysis..........ccoovvniiieiiieneieee 39
3.5.1 U-2 OS Cell CUIUIE ..ottt 39
3.5.2 Determination of Cellular Metabolic ACHIVILY...........ccooviiieieiine e 41
3.5.3 DNA QUANLITICALION......cveiiiiiiie ettt 42
3.5.4 Cell counts using DAPI staining teChNIQUES...........cccccvveviiie i 43
3.5.5 Scanning Electron Microscopy Imaging of Cells...........cccoeoveiiiiiiiciieee, 44
3.5.6 Alkaline Phosphatase ACLIVILY ..........cccccvveiiiiieiicieece e 45
3.5.7 BCA Protein QUantifiCation............cevvvieiverieiieseee e 47
3.5.8 Alizarin Red STAINING.......cccoiiiiiiiieieieee s 49
3.5.9 StatiStiCal ANAIYSIS. ....c.coiviiiiiiiiie s 49
Chapter 4: Control of Substrate Chemistry and Morphology ...........cccoovveveniniencinnnns 50
Nt [ 0o 1 od o] o SRS 50
4.2 Thermally Treated TitaniUm .....cc.ooveiieiiee e 52
4.2.1 XPS ANAIYSIS ..o 52
4.2.2 XRD ANGIYSIS ..ottt 56
4.2.3 SEM ANAIYSIS ...ttt 57
4.2.4 AFM ANGAIYSIS.....oiiiiiiie ettt 60
4.3 Chemically Etched Titanium ........ccccoovoiii i 63
4.3.1 XPS ANAIYSIS ..ottt 63
4.3.2 XRD ANAIYSIS ..ottt 67
4.3.3 SEM ANAIYSIS ...c.viiiiiiiiieieie et 68
4.3.4 AFM ANAIYSIS.....oiiieiieii ittt e e e sre e teeneenreeee s 71
4.4 Sputter Deposited Titanium Thin Films on Titanium ...........ccccocevveviveveiieieennns 74

A.4.1 XPS ANAIYSIS ...ovveieieieeeiesieesie ettt staete e ra e te st e nraereaneenreeee s 74



A4.4.2 XRD ANGIYSIS ...ttt sttt sttt st et nne e 81

4.4.3 SEM ANAIYSIS ..ottt 82
A48 AFM ANAIYSIS. ..ottt 87
4.5 ANOCISEA THEANTUM ....oouiiiiiiiie e bbb 93
4.5.1 XPS ANAIYSIS ...ecvviiiieie ettt e ettt ra et e e sre e e nreere s 93
4.5.2 XRD ANGIYSIS ...uviivieiireie sttt ta et te e sne e e sneesnaeee s 95
4.5.3 SEM ANAIYSIS ....uviiiiciece sttt raeae s 96
4.5.4 AFM ANAIYSIS.....oiiiiiiiiieie e 98
O B oW 5] o] OSSPSR 100

Chapter 5: Calcium Phosphate Thin Film Coatings on Etched Titania Morphologies. 104

T8 A 1 0o 1 od £ o o SR TST 104
5.2 Pristine Titanium with HA and SrHA Coatings..........cccvvrvninieienene e 105
5.2.1 XPS of HA and SrHA Coated Pristine Titanium...........c.cccocvevvrivenienrinsnnnnn. 105
5.2.2 ToFSIMS of Titanium with CaP Thin Film Coatings ..........cccocevviniiinnnins 110
5.2.3 XRD of HA and SrHA Coated Pristine Titanium............cccocvevevivenenrennnnne 115
5.2.4 SEM analysis of HA and SrHA Coated Pristine Titanium.............c..ccco..... 116
5.3 HA and SrHA Coatings on 24 hr Etched Titanium ...........ccccccvvveieiieciecce s, 121
5.3.1 XPS of HA and SrHA Coated 24 hr Etched Titanium ...........c.cccocevevivnnnnns 121
5.3.2 ToFSIMS of HA and SrHA Coated 24 hr Etched Titanium...............c.co.v... 125
5.3.3 XRD of HA and SrHA Coated 24 hr Etched Titanium ..........c..ccocceevvvinnnns 129
5.3.4 SEM of Etched Titanium with CaP Thin Film Coatings...........cc.ccoeevvvnnnnne 130
5.4 HA and SrHA Coatings on Polycrystalline Titanium..........ccccoovvvieniiniinnnns 135
5.4.1 XPS of HA and SrHA Coatings on Polycrystalline Titanium...................... 135
5.4.2 ToFSIMS of HA and SrHA Coatings on Polycrystalline Titanium ............. 139
5.4.3 XRD of HA and SrHA Coatings on Polycrystalline Titanium..................... 143
5.4.4 SEM Analysis of HA and SrHA Coatings on Polycrystalline Titanium...... 144
5.5 Dissolution Studies of HA and SrHA Coatings on Pristine, Etched and
Polycrystalling TitaniUm ..........cooueiiieiie e 149
5.5.1 XPS of CaP Coatings on Pristine, Etched and Polycrystalline Titanium Surfaces
After Exposure to Cell Culture Media...........ccocvevieiiieiiiiiic e 149
TIHA @A TISTHA oot 149
24€TIHA and 24€TISIHA ......ooie e 153
PolyTi250HA and POIYTI250SIHA ..ot 156
5.5.2 ToFSIMS of CaP Coatings on Pristine, Etched and Polycrystalline Titanium
Surfaces after Exposure to Cell Culture Media .........ccccovevveieiiievv e 159

TIHA GNA TISTHA Lo 159



24TIHA AN 24€THSIHA ... 163

PolyTi250HA and POIYTI250SIHA. ..o 167
5.5.3 SEM Analysis of CaP Coatings on Pristine, Etched and Polycrystalline
Titanium Surfaces after Exposure to Cell Culture Media..........cccceveiiieiiinnnnne. 171
TIHA @NA TISTHA Lot 171
24€TIHA and 24€TISIHA ... 174
PolyTi250HA and POIYTI2Z50SIHA ..o 177

5.6 DISCUSSTON ...ttt ettt sttt et b bbbttt et et bbbt b e n e 180
Chapter 6: In Vitro Evaluation Calcium Phosphate Coatings on Etched Titanium......189
6.1 INEFOUUCTION ...ttt ettt b e sreere s 189
6.2 Cell Study A — 7-Day Evaluation of Uncoated Substrates .............ccccccvvevvrrnnenee. 190
6.2.1 Cellular Metabolic ACLIVILY .......ccooieiiiie e 190
6.2.2 DNA QUANLITICALION........iiiviiiie et 192
6.2.3 Metabolic Activity Normalised to DNA Concentration.............cccecvevvveeenee. 194
6.2.4 Cell Nuclei Staining uSing DAPL ... 195
6.2.5 SEM Imaging of Adhered CellS..........ccoeiiiiiiiiinineeeee e 197

6.3 Cell Study B — Day 3 Evaluation of Calcium Phosphate Coated Substrates...... 199
6.3.1 Cellular Metabolic ACLIVILY .......cccoveiieieiicce e 199
6.3.2 DNA QUANtITICAtION........cocviiiie e 203
6.3.3 Metabolic Activity Normalised to DNA Concentration.............cccccoeeveevnenee. 206
6.3.4 Cell Nuclei Staining using DAPI ..o 208
6.3.5 SEM Imaging of Adhered Cells.........c..cccooveiiiiiiiciee e 211

6.4 Cell Study C (28-day Evaluation CaP Coated Titanium Substrates).................. 214
6.5 Alizarin Red STaiNING ..o 219
5.6 DISCUSSION ....vveeieiienieeteesiee e steeste e eesreeste e e e seesreeteeseeateeteaneesseeseeeseesreeseaneenneenes 221
Chapter 7: Thesis Conclusions and Recommendations for Future Work ..................... 227
78 R o Tod 1115 o OSSR 227
7.2 Recommendations for FULtUre WOIK..........cccceiieieiieiiescee e 232

R BT I CS ..ttt ettt ettt ettt e et n e et et e e e nn e nnnnnnnnnn 234



Acknowledgments

To my supervisor Professor Brian Meenan, my sincerest thanks for giving me this opportunity
and for your valued support and guidance over the years throughout this thesis.

Also, many thanks to Dr Adrian Boyd for the continued support, coffee, and pints over the years

to ensure everything was going smoothly and giving me a place to run by any queries or concerns.

To Dr Mary Josephine Morton, thank you for being an incredible teacher. Your knowledge and
patience were detrimental to the cell work in this thesis and I couldn’t have done it without you.

You’ve given me skills I can carry forwards and given me confidence in my own ability.
To Dr Mark Tweedy, thank you very much for your knowledge and training in piranha etching.

Dr. Jonathon Acheson, thank you for the wonderful ToFSIMS data, as well as giving me a place

where | could discuss ideas.

To the staff and students of NIBEC, especially my fellow lab colleagues, thank you! Thank you
for the early mornings and late nights and everything in between. Thank you for the tea and
crosswords, nights out and quizzes. Thank for ensuring we always had a supply of snacks, and
for cake every birthday. You all helped to ensure this experience was as positive as possible and

the encouragement was crucial in the finishing of this thesis.

I would like to acknowledge and thank Rowan Drilling Inc for the opportunities they have

provided me through their scholarship and their funding, allowing me to complete my studies.

To my parents Steven and Vivienne, a huge thank you for everything you’ve ever done for me
and for being a constant support in anything | do. Without you both this PhD wouldn’t have been
possible. Your unwavering love and pride in me helped me achieve my goals. To my brother and
sister, Dean and Taylor, thanks for putting up with me and always encouraging me. To the other
members of my family, extended family and close friends, thank you for your continued love,

support and pick me ups.

Laura, the Lola to my Hannah. Thank you for being there no matter what and knowing how to

put a smile back on my face. 16 years and counting!

Ross, thank you for listening to me rant and rave when things got stressful and turning it all around
into positives and motivation. Your continuous love, support and encouragement gave me the

confidence | needed to see it through.

And last but certainly not least, | would like to thank my Nanny Garrett. Thank you for making
me the person I am today and for always believing in me. I hope I’ve made you proud. See you

later alligator, after a while crocodile.



Abstract

Titanium and its alloys are used extensively in the field of orthopaedic implants and are
commonly coated with calcium phosphate (CaP) materials, normally hydroxyapatite
(HA), to improve their bioactivity and osseointegration. In general, these coatings are
designed to be stable in vivo thereby promoting an osteoconductive response. Radio
frequency (RF) magnetron sputtering offers the opportunity to deposit CaP coatings with
a range of chemical properties using HA and substituted HA materials at relatively low
processing temperatures, compared to those for commercially applied plasma spraying.
In the as-deposited (sputtered) state, these CaP coatings are amorphous and highly
soluble, dissolving rapidly in aqueous solution. Control of this inherent solubility can lead
to enhanced bioactivity in the surrounding environment which offers the means to
engender an osteoinductive effect. Roughened titanium surfaces have been shown to offer
a means to control the dissolution of CaP coatings thereon, thereby avoiding the need for
thermal annealing in this regard. However, most of the processing techniques employed
to date are expensive and time consuming. In this work, chemical etching of titanium
surfaces to create a roughened pitted morphology capable of controlling as-deposited CaP
is investigated. The resulting topography offers control of dissolution of as-deposited
sputtered CaP thin films created from HA and strontium substituted hydroxyapatite
(SrHA) targets, which has been determined and compared with that of a pristine titanium
control and sputter deposited polycrystalline titanium layer. Detailed surface
characterisation using XPS, ToFSIMS and XRD indicated that conformal thin films are
produced on each substrate surface, which although removed in part are still present as a
continuous layer after 7-days in aqueous culture media. In vitro studies of HA coated
etched titanium showed increased cell adhesion and proliferation as seen from MTT and
PicoGreen™ assay data from cells on the chemically etched surfaces compared to those
on the control and comparator system. Cells on the etched surfaces were found to present
with a higher coverage and had morphology indicative of pronounced surface interaction
when imaged using SEM. Although still chemically intact at 7-days exposure to media,
the cell culture studies for STHA coated surfaces showed the presence of much fewer cells
compared to both the HA coated and uncoated substrates. It is proposed that this is due
to the higher solubility of the SrHA which causes a high degree of instability on these
surfaces leading to cells being unable to adhere. A 28-day culture study confirms that
morphology, with and without a HA coating, supports U-2 OS differentiation as measured
by ALP and BCA assay measurements, and Alizarin red staining of excreted calcium.
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Chapter 1: Introduction

1.1 Overview

Biomaterials are central to the provision of both established and evolving medical
interventions that bring direct benefit to individual patients and to society more
generally’ 3. The functional properties that are required from such systems are
continuously changing and evolving as our understanding of how the body works
improves. In this regard, even those biomaterials that have a substantial history of usage
for the fabrication of successful implant devices are subject to a process of continual
improvement. With an ever-increasing aging population, there is a necessity to have
clinical treatments which address degenerative diseases, particularly those associated
with the musculoskeletal system. In this regard, there is much interest in developing
implants that can work in tandem with bone in a manner that takes account of the
non-optimal biological environment concerned such as the presence of osteoarthritis or
related conditions. Hence, there is a need for the biomaterials from which these devices
are fabricated to work in tandem with the body and the natural processes that occur due
to relevant bone diseases. A key aspect of how such implants engage with bodily tissues
relates to the attendant cell-surface interactions and so, control of the biomaterial surface
chemistry and/or microstructure.

Titanium and its alloys have been used in the medical implant industry for many
decades and are especially relevant to the fabrication of orthopaedic devices including
hip replacements*®, knee replacements®8, dental implants® !, surgical pins!?*3 and spinal
fusion'*1®. The use of titanium has been the basis of various research and projects, with
generally positive results obtained due to its biocompatibility and strength. However,
titanium itself is not bioactive and so the success of the osseointegration of the titanium
implant is usually dependant on the addition of a bioactive element to the implant material
and/or modification of its surface microstructure. Changing the surface properties of
titanium presents the opportunity to control cell response thereon and can be realised
through various methods that allow for specific attributes to be added, dependant on the
desired application. The surface chemistry of titanium has been modified by many
processing methods including sand blasting®”8, chemical etching!®?, electrochemical
anodisation?-??, physical vapour deposition (PVD)?*?* and thermal treatment®>?¢, Dalby
et al.?” discussed how an offset topography on the titanium surface can influence superior
differentiation of human mesenchymal stem cells compared to that of ordered topography

or smooth surfaces.
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Previous work at Ulster has investigated how a combination of chemical and
microstructural characteristics can influence the cell response of titanium without
affecting its bulk properties. In particular, McCafferty et al.?® combined titanium
substrates with a sputtered calcium phosphate thin film. These combination surfaces were
found to increase cellular attachment, proliferation and differentiation of mesenchymal
stem cells when compared to control surfaces. McLister?® found that titanium nanotubes
slowed the dissolution of calcium phosphate materials, whilst encouraging mesenchymal
stem cells attachment and proliferation.

Based on the findings to date, a major consideration for their practical application
Is the accessibility of the modification process employed, particularly when there are
multiple steps in the processing that all require expensive technology and/or time to
deliver the attendant benefits. The subsequent addition of a bioactive element, commonly
in the form of calcium phosphate (CaP) coatings, to directly influence in vitro cellular
response?229-31 has been shown too.

Chemical etching of titanium is a simple method that has been observed
previously to produce pronounced changes in surface microstructure depending, in the
main, on the etchant solution used and length of time that the material is exposed, with
other factors such temperature and pressure also important. Although, this form of
processing requires high levels of good health & safety practice to be observed, it does
not need the specialist equipment associated with many of the other approaches. Hence,
its ability to work in combination with a suitable bioactive system is of interest here in
the context of providing a means to control cell response.

Calcium phosphates are a well-known family of ceramic biomaterials®>33 some of
whom occur naturally mainly in mineral component of bone. Many CaP biomaterials are
bioactive, i.e. they can directly produce a response from a biological system in vivo.
However, these ceramics do not possess the mechanical (tensile) strength required for
load bearing orthopaedic implant applications and so are generally used as coatings in
such demanding environments. Hydroxyapatite (HA) is the most commonly used CaP
bioactive coating for such applications, typically plasma sprayed onto implants
surfaces?®3**°. There has also been recent interest in the addition of various ions into the
HA lattice to provide certain properties, dependent on the chosen application. For
example, the addition of zinc has been found to provide antimicrobial properties®® whilst
the addition of strontium has been found to promote osteoblast activity3’:,

The work undertaken here combines chemical modification of a titanium surface

with a CaP thin film coating in a manner that seeks to use both as attributes to promote
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cell response thereon. As such, an optimum titanium morphology (generated by chemical
etching) that is capable of allowing a degree of control over dissolution of RF sputter
deposited CaP thin films thereon, as well as providing an underlying topography that cells
will respond positively to in vitro. Pristine titanium has been used as a control surface
representative of the native morphology. A comparative sample has also been used
comprising polycrystalline titanium created by sputter deposition from a pure titanium
target which has been shown previously to have surface properties that can work
effectively with a CaP layer thereon. Calcium phosphate (CaP) coatings sputter deposited
from both hydroxyapatite (HA) and strontium substituted hydroxyapatite (SrHA) targets
have been investigated on each of the titanium microstructures concerned. Surface
analysis and associated imaging techniques have been used to determine the nature of the
native substrates and the CaP (HA and SrHA) coated surfaces before and after exposure
to culture media. In vitro cell culture studies of both coated and uncoated samples have
been performed to measure the effects of residual CaP in the presence of each titanium

surface microstructure.

1.2 Aims and Objectives

The overall aim of this project is to evaluate the ability of a chemically etched titanium
surface to provide control of the dissolution of as-deposited sputtered CaP coatings (HA
and SrHA) thereon in a manner that delivers a residual bioactive response.

This aim was then achieved through the following objectives:

» Generation of chemically etched titanium surface from two chosen time points

using piranha solution;

» Identification of the characteristics of a pristine control sample by comparing

properties of unannealed and annealed titanium;

* Provision of a comparator titanium morphology from previously investigated

systems - titania nanotubes or sputtered deposited polycrystalline titanium;

* Radio frequency (RF) magnetron sputter coating of thin films from
hydroxyapatite (HA) or strontium substituted hydroxyapatite (SrHA) targets onto
chemically etched, control and comparator titanium surfaces;

» Detailed surface characterisation of CaP thin film coating (HA or SrHA) on
chemically etched, control and comparator titanium surfaces over a 7-day period

in cell culture media;
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» Evaluation of in vitro study of uncoated surfaces to analyse U-2 OS cell viability

and adhesion over a 7-day study;

 Initial in vitro U-2 OS cell viability and adhesion on CaP coated surfaces at day
3

« 28-day in vitro study of uncoated these CaP coated surfaces to analyse U-2 OS
differentiation via alkaline phosphatase (ALP) and whole protein biocinchonic

acid (BCA) assays; and

* Overall comparison of cell response to CaP (HA) coated, and substituted CaP
(SrHA) on chemically etched, control and comparator titanium substrates to
establish the relative effects of residual CaP chemistry and microstructure.

1.3 Structure of Thesis

The structure of the thesis as presented here is as follows;

e Chapter 1 presents an introduction to the thesis, including the aim and objectives

e Chapter 2 provides a detailed literature review covering past, present and ongoing;
research relating to the core topics of relevance, as well as including background
information to bone biology and rationale behind certain biomaterial choices;

e Chapter 3 explains the methods and materials used in experimentation and
characterisation (physiochemical analysis and in vitro cell studies) employed
throughout the thesis;

e Chapter 4 details the full characterisation of the surface chemistry and
morphology of the chemically etched, control and comparator titanium surfaces

e Chapter 5 presents a detailed appraisal of the chemistry of RF magnetron sputter
deposited CaP thin film (HA and SrHA) coatings — before and after exposure to
cell culture media for 7-days;

o Chapter 6 describes a series of three interrelated in vitro U-2 OS cell culture
evaluations, namely: uncoated surfaces at day 7, HA and SrHA coated substrates
at day 3 and HA and SrHA coated substrates over a 28-day period; and

e Chapter 7 provides the overall conclusions that can be drawn from the data and

suggestions for future work



Chapter 2: Literature Review

2.1 Introduction

Topography can be defined as ‘the morphology or configuration of a surface *°, and in
combination with chemistry, is key in creating a medical implant substrate surface that
can influence cellular function up to and including the differentiation necessary for tissue
formation. Cells are very sensitive to their surrounding environment, receiving various
cues from chemical and mechanical stimuli. However, too much of a certain stimulus can
have negative effects upon the cells and the surrounding tissue. Therefore, control of such
stimuli allows for manipulation of how cells interact with a substrate surface, as well as
minimising the risk of an adverse immunoregulatory response when it is implanted in
vivo. Mechanotransduction is ‘the process by which external mechanical stimuli are
transmitted into the nucleus, resulting in adaptive gene and protein level changes’ *° and
also plays an important role in this regard, especially in the maturation of osteoblast cells
to create or repair bone tissue. Hence, a combination of the correct surface features,
chemistry and mechanical stimuli can produce direct effects on maturation of cells that
do not require the use of additional biological factors. As indicated earlier, the work
undertaken in this thesis concerns the effects that a chemically etched titanium surface
with a soluble calcium phosphate coating has on bone cell response as a means to develop
an implant system that can work with a mechanotransduction environment.

There have been several studies focusing on coating of titanium substrates with
calcium phosphate (CaP)?4:45 and substituted calcium phosphates®”4¢-4¢ namely those
systems based on hydroxyapatite (HA) and tri-calcium phosphate (TCP), as highlighted
in Table 2.1. In general, these studies have shown that surface topography can
significantly influence the function of several cell types, including osteoblast attachment,
proliferation and differentiation. The majority of these studies involve the creation of
crystalline CaP thin films, which generally result in little or no dissolution in
physiological conditions. By contrast, this study concerns the use of amorphous coatings
of calcium phosphate and strontium substituted calcium phosphate systems. Naturally
occurring bioapatite present in bone tissue includes a range of trace impurity ions
including strontium (Sr), zinc (Zn), magnesium (Mg) and fluoride (F). These trace ions
can heavily influence how cells behave depending on the concentrations of the various
ions present. Synthetic forms of crystalline apatite coatings can be obtained through
thermal annealing of hydroxyapatite (HA) or ion substituted hydroxyapatite (SrHA). Any

substituted ion that becomes properly incorporated into the crystalline lattice of the HA
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alters its material properties with respect to crystal structure and stoichiometry. However,
if substituent materials are not bound into the HA lattice, the resulting systems are referred
to as ‘doped’ instead of ‘substituted’, as the ions have not been incorporated into the
lattice to replace any other ions (e.g. strontium ions (Sr?*) replacing calcium ion (Ca?")).
Whether a HA material is doped or substituted, if amorphous, it can still undergo
dissolution in physiological conditions and release its ions into the surrounding body
fluid. In the case where such HA and SrHA materials are used to create coatings, either
in their amorphous or crystalline forms, their stability is also dependant on the coating
technique and any subsequent processing post-deposition. The effects that the deliberate
dissolution of amorphous CaP thin films has on bone cell response has not been addressed
in great detail in the literature as most coatings are annealed to a crystalline phase to
engender a more stable biological response in vivo, as is the case for HA coatings on
orthopaedic implant devices by way of delivering cementless fixation. The use of highly
soluble amorphous CaP coatings that dissolve rapidly has limited applicability to
engender bone creation and hence in this work, surface topography (rather than annealing)
is used to influence the CaP degrades and thereby prolong their bioactive behaviour in

Vivo.

Table 2.1 Chemical names and formula for CaP and substituted CaP systems

Chemical Name and . .
. . Chemical Formula Ca/P Ratio
Abbreviation
Tri-Calcium Phosphate A
(TCP) Ca3(PO4)2 1.67
Amorphous Calcium
Phosphate (ACaP) Cas(PO4)s 1.50
Dicaleium Phosphate
Anhydrous (DCPA) CaHPO« 1.00
Monocalctum Phosphate
Anhydrous (MCPA) Ca(H2POs)2 050
Amorphous Calcium
Phosphate (ACaP) Cax(PO4)y.nH20 1.20-2.20
Hydroxyapatite (HA) Ca1o(PO4)s(OH)z2 1.67
Strontium Substituted
Hydroxyapatite (StHA) Ca10xSr=(PO4)s{OH)2 1.67
Fluorapatite (FHA) Ca1o(PO4)s(F)2 1.67




2.2 Bone Biology

The skeletal system not only provides structural and load bearing support for the body,
whilst providing protection for vital organs, but is also the major site for calcium
homeostasis*®. Bone is a natural composite composed of approximately 30 % organic
matrix material and approximately 70 % inorganic nanosized minerals®®. The main
components of bone are natural hydroxyapatite (also referred to as bioapatite), collagen
(types I, 11l and VI) and water. The amount of the mineral components present varies
depending on the type and location of the bone tissue. Bone (Figure 2.1) is composed of
two types of tissue: compact and cancellous. Compact, also known as cortical bone tissue,
is the hard-outer layer commonly found on long bones, which is strong and dense. The
inner cancellous tissue, also referred to as trabecular bone, is spongy, lighter and much
less dense. Bone tissue acts as a storage area for a number of minerals (as mineral salts),
as well as providing an environment where blood cells are regenerated. Moreover, as
indicated in Figure 2.2, it contains cells including osteoblasts and osteoclasts as well as

non-collagen proteins (osteoids)®1>2.
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Figure 2.1 Schematic diagram of bone structure

Bone tissue formation occurs via a flexible, semi-solid cartilaginous matrix produced by
chondroblasts and consists of hyaluronic acid, chondroitin sulfate, collagen fibres and

water. Osteoblasts within the matrix excrete uncalcified matrix (osteoid) containing



8

minerals including bioapatite to form osteocytes which when isolated within the growing
structure become osteons. In the case of compact bone, a network of blood capillaries is
created within the growing tissue to supply nutrients to the cells, whereas in cancellous
bone this occurs by diffusion through the spongy, porous structure. Bone remodelling is
the separate but continuous process in which mature tissue is removed through bone
resorption and new bone formed by ossification which maintains bone mass®3. Excessive

bone resorption is the basis of many bone diseases, including osteoporosis®*.
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Figure 2.2 Schematic diagram showing osteoblasts, osteocytes and osteoclasts in the bone

2.2.1 Bone cell types and their markers

Osteoprogenitor cells are referred to as potential bone cells and have the capability to
differentiate into osteoblasts. Osteoblasts, also known as bone-forming cells, and as
described above, produce bone matrix through the synthesis and secretion of bone matrix
proteins, both collagenous and non-collagenous®. After the formation of the organic bone
matrix, some osteoblast cells become ‘buried’ within this matrix and form osteocytes.
Osteocyte cells are mature osteoblasts that maintain the bone tissue through regulation of
bone metabolism and remodeling®. These cells are usually found in lacunae within the
bone. Osteoclasts are large multinucleated cells of hemopoietic origin and are responsible

for the resorption of mineralised tissue and can be found on the bone surface at active
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resorption sites. Osteogenesis is the term commonly given to the development of new

bone tissue®®>’. This can occur through two main routes:

e Intramembranous ossification — involves replacement of connective tissue
membranes and is responsible for the formation of flat bones, such as in the skull.
Here mesenchymal progenitor cells differentiate straight to osteoblasts.

e Endochondral ossification — involves replacement of cartilaginous matrix with
bone tissue, such as in the femur. In this process, mesenchymal progenitor cells

go through a sequence of differentiation before final mineralisation.
There are three main periods of osteoblast phenotype development, as follows:

1. Proliferation
2. Extra cellular matrix (ECM) development and maturation

3. Mineralisation

These processes are accompanied by the production of various biomarkers as osteoblast
maturation to bone progresses. Alkaline phosphatase (ALP), also referred to as tissue
non-specific alkaline phosphatase (TNAP), is a protein enzyme that is expressed in the
early stages of bone development, along with other growth factors, and promotes the
differentiation of pre-osteoblasts into mature osteoblasts®®. Therefore, measurement of
ALP activity can be used as an early indicator of osteogenic differentiation and evidence
that the cell activities connected to the formation of ECM are present, as these matrix
vesicles present in the ECM are the site at which the mineralisation begins®.

Osteocalcin (OCN), a vitamin K dependent protein, is commonly used as a marker
to determine if there are mature osteoblasts present and is linked to the mineralisation
phase and nodule formation®. Osteopontin (OPN) has been shown to bind to fibronectin
(FN), as well as collagen types 1-V, which then act as a bridge between the extracellular
matrix (ECM) and the surface of the cell.

2.2.2 Bone Loss and Disease

Significant bone loss can occur due to several conditions such as traumatic non-union
fracture, calcium deficiency, disease such as osteoporosis, and tumour resection. Loss of
bone mass occurs in both men and women and increases with age, but significant bone
loss is more common in postmenopausal women®::62, Substantial bone loss is due to high
osteoclast activity, meaning that bone is being resorbed faster than osteoblast activity can

form new tissue. This leads to bones that are a lot weaker and are therefore more prone
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to damage and fracture. Osteoporosis has been recognised as a major health concern
worldwide that affects approximately 27.5 million men and women and this number is
expected to rise to 33.9 million by 2025, Johnell et al state that more than 8.9 million
fractures occur worldwide due to osteoporosis®. The end goal in the treatment of
osteoporosis is the prevention of fractures, so as to allow the patient to live as close to a
normal life as possible.

Current methods of treating and alleviating the symptoms of osteoporosis and
related conditions include the use of bisphosphonates, which are a class of drugs that
inhibit osteoclast activity, thus slowing bone resorption. Injection of parathyroid hormone
(PTH) is a treatment to stimulate bone formation and thus reduce fracture risk. It has been
found to increase bone mineral density in postmenopausal women®2. Another treatment
that has been used for osteoporosis is the ingestion of strontium in the form of strontium
ranelate (commercially known as Protelos). Delannoy et al.% used this drug in a study
with mice observed over 2 years and found that there was increased trabecular bone
volume, reduced osteoclast activity and increased mineralised bone volume. Even when
given at the highest dose, there was no osteoid thickness change, indicating that this drug
would not have any toxic influence on bone mineralisation. However, despite the
worldwide use of this drug and the many research papers focusing on the positive
outcomes of this drug for the treatment of osteoporosis, strontium ranelate was
discontinued in 2017. The reason for this discontinuation by the company was mainly due
in part to the limited users taking the medication. This fall in patients being prescribed
strontium ranelate was due to several factors, with one being an increase of cardiovascular

risks associated with the long-term use of this drug.

2.3 Biomaterials

A biomaterial can be defined as ‘A material intended to interface with biological systems
to evaluate, treat, augment or replace any tissue, organ or function of the body’ %.
Moreover, a consensus at a 2018 conference defined a biomaterial as ‘A material designed
to take a form that can direct, through interactions with living systems, the course of any
therapeutic or diagnostic procedure’ ®°. Hence, they are used to fabricate an implant or
graft to act as a biomimetic support system to encourage the regeneration of new tissue.
These materials can be natural, such as silk, collagen and fibrin, or synthetic including

metals, polymers, glasses, composites and ceramics (as summarised in Table 2.2).
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Metals and metal alloys are commonly used for the production of load bearing bone and
dental implants®”%, They are frequently combined with other materials such as ceramics
and/or polymers in order to improve upon the biocompatibility and bioactivity of the
implant. In contrast, polymers are, in general, organic based compounds consisting of a
basic monomer unit which repeats to form large polymeric structures, usually through
addition or condensation polymerisation. Polymers are ductile and malleable, which
allows them to be made into complex shapes. These materials tend to be biologically inert
and so are applied readily to biomaterial applications commonly as porous scaffolds or as
a drug delivery system®. Ceramic are compounds formed between metallic and
non-metallic elements containing ionic or covalent bonding. This bonding gives strength
to ceramics; however, they can be very brittle and prone to fracture. Ceramics tend to
have excellent bioactivity and so are readily used as coatings on other implants to enhance

the bioactivity and subsequent biocompatibility of the material3>7©,

Table 2.2 Biomaterials and their common applications

Material Natural/Synthetic Principal Applications
Metal and Metal Allovs
¢ Titanium Synthetic Bone and Joint Replacement,
o Stamnless steel Synthetic Fracture Fixation,
s  (Cobalt Chromium Synthetic Dental Implants
Polymers
s Collagen Natural Skin and Cartilage
*  Almnate Natural Replacement, Ocular
e Chitosan Natural Implants, Drug Delivery,
» Polylactic Acid (PLA) Synthetic Scaffolds
s Polycaprolactone (PCL) Synthetic
e Polyglycolic Acid (PGA) Synthetic
Ceramics
¢ Calcium Carbonate Natural Heart Valves, Dental
o (Calcium Silicate Natural Implants, Implant Coatings,
¢ Bioactive Glass Synthetic Bone Replacement
¢ Hydroxvapatite (HA) Synthetic
s Biphasic Calcium Synthetic
Phosphate (BCaP)
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The success of a biomaterial (as a device) when implanted into the body (in vivo) depends
on various factors including chemistry, topography, wettability and biocompatibility. In
the context of bone, these properties all play a role in the regulation of cellular response
to a particular biomaterial to encourage osseointegration of the implant’>’2, Other
influential factors include device design, surgical techniques, health of the patient and
post-surgery activity. Another important consideration to be made when deciding on
which biomaterial is suitable for the desired application is the nature and rate of any
degradation or breakdown that are associated with that material when placed in aqueous
solution (in vivo). The by-products of biomaterial degradation, even those that are
naturally found in the body, in large quantities can invoke an immune response leading
to inflammation and possibly rejection of the implant. Hence, the properties of
degradation products should be non-toxic and easily removed from the body to avoid any
inflammation and subsequent host response’. Deliberate degradation of a material,
particularly in orthopaedic applications, can release products that can benefit in vivo. In
regard to this thesis, deliberate degradation of a CaP coating can release particular ions
into the surrounding cell environment which in turn can engender new tissue (bone)

growth™-7®,

2.3.1 Bone Repair
Healthy bone tissue can repair small cracks or fractures naturally. However, larger defects
caused by severe injury, non-union fractures, infection, age or disease cannot heal
effectively without intervention®. Therefore, bone tissue has the highest demand for
regeneration, reconstruction or replacement due to the aging world population. This is
usually achieved clinically through autografts, allografts or xenografts. Autogenous bone
grafts are known as the ‘gold standard’ of bone replacement/repair, as they involve tissue
taken from the same patient and so possess good biological properties as well as having
significant mechanical strength. The bone is typically harvested from the iliac crest, fibula
or rib, with in some instances small amounts of bone being removed from the mandible
chin’""8, Autografts are the current ‘go to> method as there is no risk of rejection or
transfection. However, this type of graft requires two surgery sites. This can be expensive
and lead to donor site injury or morbidity at two separate sites. This increases the patients
risk of haemorrhage, infection, damage to surrounding nerves, inflammation and
increased scarring’®. These complications have led to the need for alternative methods
when repairing bone defects.

Allografts are harvested from a donor and implanted into a recipient. The donor
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tissue is often taken from a cadaver or harvested during an orthopaedic procedure and is
screened, processed and preserved for implantation into the recipient patient. The
processing of these grafts generally involves washing to remove any of the donor’s cells
rendering it cell free, and gamma irradiation sterilisation. This type of graft eliminates the
risks that come with a second surgery site, but as this is from another donor, there is a
risk of an immune response from the new host, despite the heavy processing carried out
before implantation.

Xenografts are tissues taken from non-human species, typically porcine or bovine.
The grafts are heavily processed to remove any native animal cells and steps are taken to
ensure their sterility. However, as this tissue is harvested from a non-human species, there
is a risk of disease transmission, and despite the heavy processing to reduce this risk it is
never fully eliminated. The main issue with these types of grafts though is the ethical
issue of using bone from a different species, which greatly reduces their clinical
applications.

In circumstances where natural grafts are not available or are unsuitable for the
patient, a biomaterial system can be used. In the context of a load bearing bone
environment, both ceramics and metal/ metal alloys have been used to promote and
support repair and regeneration. These implants are commonly coated with a surface
finish to improve the biocompatibility and encourage rapid bone growth so as to enhance
bone affixation with the implant. For example, Branemark found that during a blood flow
study using titanium chambers in rabbits, that the metal implant, (titanium in this
instance), underwent osseointegration, i.e. was completely integrated into the surrounding
bone®®. Most bone implants require osteoconduction, wherein osteoblasts are adhered to
the biomaterial surface, to initiate a response leading to osteogenesis®. Effective
osteoconduction of implants/grafts depends on two main factors; the chemical structure
of the material, and the physical properties, upon which osseointegration induces
osteogenesis through the stimulation of immature cells to preosteoblasts®?. This
stimulation will then lead to bone healing and thus proper anchorage of the implant itself
with the native tissue. Implants made from low biocompatibility materials show little to
no osteoconduction, which means there is no bone growth over the implant and can lead
to loosening of the material. Implant failure can occur due to loosening of the device, soft
tissue encapsulation or an immune response by the host. Hence, in order to reduce and
eventually eliminate implant failure, it is necessary to improve osteointegration and

minimise the host immune response®,
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2.4 Osteoblast-like Cells for Cell Models

Throughout the extensive research that has been carried out relating to biomaterial
surfaces that can repair and/or regenerate bone tissue, several forms of osteoblast-like
cells have been utilised for in vitro cell culture evaluation®*. Based on an understanding
of human osteoblast biology and their interactions at implant sites, cell models that can
mimic these environments have been generated over time in order to allow for accurate
as possible assessment of surfaces and materials intended for use. The cells used vary
from animal derived cells, such as mice and rat bone cells®®#®, to human derived cells,
such as primary human mesenchymal stem cells (hMSCs). However, their application
requires ethical approval and specialised culture media. As an alternative, immortalised
osteosarcoma cell lines are commercially available in large quantities with no need for
ethical approval. Commonly used human osteosarcoma cell lines for biomedical related
research include MG-63 (osteosarcoma cells derived from a 14-year-old male), Saos-2
(osteosarcoma cells derived from an 11-year-old female) and U-2 OS cells (osteosarcoma
cells derived from a 15-year-old female)®"-°, It is noted that these cells are sourced from
tumorous cancer cell lines and so certain cell interactions may be elevated or suppressed
compared to those of primary human osteoblasts. However, working with these
immortalised cell lines gives a reliable indication of what can be expected in terms of
primary interactions with the material/surface in question.

Osteoblasts used for culture studies require the use of aqueous media to promote
the required cell responses. In the case of stem cells, an osteogenic media that contains
the standard DMEM basal media supplemented with foetal bovine serum (FBS),
B-glicerophosphate, ascorbic acid and dexamethasone is used to promote a bone cell
lineage. Many studies, including this thesis, aim to reduce or even eliminate the need for
supplemented media by replacing the media with specific topography and/or bioactive

thin film coatings thereon that directly promote these cells to an osteoblastic lineage.

2.5 Manipulation of Titanium Surface Topography

As indicated previously, titanium and its alloys have a long history as biomaterials for the
fabrication of orthopaedic implants due to their desirable mechanical properties including
a low density, mechanical loading strength, resistance to corrosion and the natural surface
oxide layer is biocompatible. In order to enhance biological response in a manner that is
vital for osteoconductivity®®®, their surface topography has been manipulated at the
micron, sub-micron and nanoscale scales. As the molecular building blocks (proteins,

lipids, carbohydrates and nucleic acids) operate at the nanoscale, interactions at these
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dimensions mediate how bone cells adhere, proliferate and differentiate®%,

Surface topography can be modified by a number of techniques, depending on the
desired application; to either promote cell adhesion or if required, to reduce it. The
features created can lead to changes in the focal adhesions to which cells adhere. The
provision of sub-micron to nanoscale topography has been the focus of many research
studies over the last decade, specifically studies involving the ability of roughened
surfaces to direct the lineage of MSCs®%-% towards that of an osteoblast phenotype. It
has been found that, in particular, nanoscale surfaces play a crucial role in the regulation
of cell survival, proliferation and differentiation®”. Titanium surface roughness has been
acknowledged as a significant parameter for influencing osteointegration 262798103 Cg]|
response to nanotopographical cues has been investigated in a range of cell types
including osteoblasts, osteoclasts, fibroblasts, endothelial and epithelial cells8104-1% |t
Is recognised that titanium topography can influence the differentiation of osteoblast cells
through several mechanisms, including the modulation of growth factor pathways%"-1%,
Dalby et al.?” showed that a nanoscale disordered titanium topography could stimulate
hMSCs to produce bone mineral in vitro without the addition of osteogenic supplements
to the culture media. It was found that highly ordered nanotopographies generated minor
cellular adhesions and osteoblastic differentiation whereas cells on more offset orientated
nanotopographies showed a morphology more consistent to that of osteoblasts. Further
investigations found that nanovibrational stimulation (nanokicking) of the cells on these
offset topographies in culture provided for an elevated cell response®. Boyan et al.1%
described how titanium surface roughness leads to increased surface area which in turn
can affect cell morphology. This increased surface area due to roughening has also been
found to increase osteoblast differentiation. Gittens et al.*° sandblasted and acid etched
titanium surfaces to create a roughened surface onto which they cultured MG-63 cells.
These surfaces were found to illicit a positive cell response and increased ALP
expression. Research also suggests that porous and roughened titanium surfaces offer
beneficial properties for implant fixation and subsequent long term stability!!%112,

Minagar et al.'*® also indicate that a high surface area with spacing between the
nanofeatures, such as nanotubes, offers beneficial conditions for cells to interact with.
Titania nanotubes have been synthesised in several ways, each with conflicting opinions
on the best diameter size onto which cells best respond to**'7. For example, McL.ister?®
looked at various processing times and voltages for creating TiNT and found that the
optimal nanotube diameter size was in the range of 30 nm to 50 nm for the desired cellular

response. This range allowed for the best cell focal adhesions during in vitro testing.
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Mutreja et al.®! synthesised nanotubes with pore sizes of 30 + 7.5 nm and found this to
be not only sufficient in slowing and controlling the release of a CaP thin film, but also
exhibiting positive influence when tested in vitro. However, Oh et al.*® found that
titanium nanotubes with a diameter of 70 nm provided the best stimulation for MC3T3-E1
adhesion and proliferation. Skoog et al.!*® discuss how both chemical etching and
electrochemical methods affect the thickness of the natural oxide layer on the titanium
surface, which can lead to improved surface roughness and chemistry.

Although titanium topography can induce an enhanced cell respond, the material
still has poor bioactive properties, and so is combined with other biomaterials, such as
calcium phosphate ceramics, most commonly in the form of hydroxyapatite (HA)
coatings, to improve the bioactivity and further promote osseointegration of the

implant08.120,

2.6 Calcium Phosphate Coatings

Calcium phosphate (CaP) materials are a family of bioceramics that are known to exhibit
both biocompatibility and in some cases bioactivity, that include osteoconductive and
osseointegrative properties®3. However, many bioceramics have poor bulk mechanical
properties and so although they can be strong, they can also be brittle in nature. To
overcome their poor load bearing capability, CaPs have been used as a thin film coating
on stronger material substrates and implants (Table 2.2).

Amorphous calcium phosphates (ACaPs) are typically the first solid phase that
occurs after the mixing of calcium (Ca?*) and phosphate (PO4>) ions. These materials are
generally thermodynamically unstable and can transform to a crystalline form of CaP,
commonly referred to as apatite, if no stabilisers or dry storage conditions are used in the
reaction*?!. Tao et al.'?> found that ACaPs seem to play an important part in bone
formation and have a role in the assembly of HA particles into collagen to provide an
ordered structure. However, there is a lack of data to substantially back up their function
in this regard, as well as uncertainty around the true nature of the ACaP phases that occur
in new mineralised bone tissue. What is clear, is that the increased dissolution of ACaPs
and their subsequent resorption leads to enhanced bioactivity'?®. Kilpadi et al.'?*
predicted that hydroxyapatite, a major form of CaP, would bind to proteins more
efficiently when compared to that of titanium. Their studies went on to show that
fibronectin, vitronectin and osteoblast precursor cells were all integrated in higher
amounts in the presence of hydroxyapatite than compared to that on the uncoated metal.
This supports the knowledge that metal implants, when coated with a bioceramic layer,
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have improved integration within the implant site and associated reduced loosening in
ViVo.

The sintering of CaP layers is common in order to slow degradation and this has
been found to be the case in a number of projects that report little resorption of sintered
CaP coatings in vivo'?. Various means to control the rate of dissolution of CaP have been
explored!?®1?’. Diez-Escudero et al.*?® found that the incorporation of carbonate ions into
calcium phosphate material decreased the rate of coating degradation rather than
increasing it as might be expected. Yokota et al.'?® investigated the dissolution of
as-deposited sputtered CaP coatings on titanium screws in vivo. They found that after
1-week in vivo the thin film was still present on the surface. However, it was found to be
absent at the 2- and 4-week evaluation time points. Overall, the published data suggests
that sputtered ACaP thin films can have a decreased solubility than expected when placed
in vivo depending on the conditions employed. Factors which can influence the
dissolution of CaP thin films include the crystallinity of the coating (i.e.amorphous), the
chemical composition of the CaP, porosity of the surface and the surface area

present!30:13L,

2.6.1 Hydroxyapatite

Calcium phosphates are commonly applied to a range of orthopaedic applications in the
form of synthetic hydroxyapatite (HA) due to its inherent bioactivity being able to induce
bone repair and regeneration®%21%  Hydroxyapatite has the chemical formula of
Ca10(POa4)3(OH)2 and is structurally and chemically similar to that of the main bioapatite
component found in native bone tissue. Biological apatite (bioapatite) is
non-stoichiometric and nanocrystalline, with rod-like shaped crystals containing several
CaP phases as well as other ions*’. By contrast, chemically pure synthesised HA has a
stoichiometric calcium to phosphate (Ca/P) molar ratio of 1.67 and has been found to be
osteoconductive. Due to these desirable properties, HA is used in its bulk for orthopaedic
applications such as bone grafts and fillers. However, as indicated previously,
bioceramics such as HA have limited mechanical strength, particularly under tensile
loading and so are not used as load bearing implants. Hence, it has been developed for
use as a bioactive/osteoconductive coating on stronger metal/metal alloy implant
materials. Whereas, HA can have a low rate of dissolution in the bulk form, an amorphous
coating it is much more soluble which has a significant influence on the attendant in vivo
biological response. Ohgushi et al.1% showed that bone marrow cells embedded in porous
HA ceramic materials could induce bone nodule formation just three weeks after
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implantation. This research also showed the vast potential for the use of HA materials in
the application of bone regeneration. A subsequent study where the HA substrates were
subcutaneously implanted into rats, with or without marrow cells present on the substrate
indicated that after 4 weeks, bone formation was present in the substrates were marrow
cells were present and there was no bone formed on any of the substrates were marrow
cells were absent 7.

As mentioned previously, biological apatite has a variable stoichiometry
compared to that of chemically synthesised apatites, which is due in the main to ionic
substitutions and a reduction in the number of Ca?* ions in the natural lattice. Even though
the Ca/P ratio in natural bone is 1.54, i.e. calcium deficient, the desirable Ca/P ratio in
synthetic HA is typically 1.67. However, this can decrease to around 1.3 without
disrupting the crystallographic symmetry of the lattice. The ionic substitutions of trace
elements into the natural apatite lattice include, but are not limited to, sodium (Na*),
magnesium (Mg?*), strontium (Sr?*), zinc (Zn?*), fluorine (F") and carbonate (CO3%).
Handschin and Stern determined the ion concentrations in human bone and found a
variance in ion levels'®®. They concluded that ions such as Na* and COs? increase in
concentration with increasing age, whereas potassium (K*), chlorine (CI") and magnesium
(Mg?*) concentrations decrease. Figure 2.3 depicts the hexagonal HA unit cell arranged
along the c-axis. The a and b planes are positively charged and therefore can attract
negatively charged ions, whilst the c plane is negative, thus attracting positively charge
ions™°. In the pure form, synthetic HA has only Ca?* ions present, however, some of these
can undergo ionic substitution such that various analogues of HA can be prepared that

have properties closer to that of the natural apatite in bone.

2.6.2 Substituted Apatites

lonic substitutions into the HA lattice can be used to alter and manipulate core properties
such as solubility, hardness, thermal and optical stability’*®. Moreover, such
modifications of these properties can cause major changes in the biological response and
performance of the substituted hydroxyapatites. By substituting ions into the HA, it is
intended that the complex chemistry of organic human bone tissue can be somewhat
mimicked, thereby improving the biological function of the material®®. The relative ease
of ionic substitution during the solid stage reactions used for their preparation provides
an opportunity for use in a wide range of biomedical applications, including drug delivery
systems, 3D scaffolds, bioactive coatings or as filler for biocomposites. The three

common types of bonds observed in any atomic structure are: ionic bonding, covalent
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bonding or metallic. In the case of ionic substitutions on HA, ionic bonding is the most
important. As mentioned in the previous section, the a and b planes of pure HA attract
negatively charge molecules and so it is here that anionic substitutions most readily occur,
with a negatively charged ion usually replacing a hydroxyl (OH") group. The negatively
charged ¢ planes attract positively charged ions, such as Sr?*, Mg?*, Zn?* etc. which
replace Ca®* ions in the lattice. The general formula of the resulting substituted CaP
systems is M1o(XOa4)sY2 where M is commonly a bivalent cation (Ca?*) and as such is
substituted by another bivalent cation (Sr?*, Mg?*, Zn?*). However, monovalent cations
can also substitute here including Na*, as well as trivalent cations such as AI**. The XOs,
usually PO+* in the case of HA, can be substituted by anionic compounds including

VO, SiOs* or COs%. Y is typically a monovalent anion such as F, OH" or CI'14+142,

2.6.3 Cationic Substitutions

Bivalent cationic ions are most commonly used for substitutions in the synthetic HA
lattice as they cause no charge imbalance*®. Magnesium ions (Mg?*) play a vital role in
the metabolism of bone and have the ability to influence activity of both osteoblasts and
osteoclasts'*. Mg?* ion substitutions, at approximately 10 mol%, occur in cartilage and
bone tissue at the early stages of osteogenesis, but decrease in concentration with
increasing tissue maturity'*. A shortage of Mg?" in the body can have adverse effects on
skeletal metabolism, which can stop bone growth, decrease bone formation as well as
bone resorption and this can lead to bone fragility. When substituted into the HA lattice,
the parameters of the crystalline structure decrease with increasing Mg?* concentration,
due to the smaller ionic radius of Mg?" compared to that of Ca?*. Landi et al.1*®
synthesised a MgHA apatite with 5.7 mol% Mg and found that it was similar to bioapatite
in terms of morphology and crystallinity. The synthesised apatite showed no cytotoxicity,
carcinogenicity or genotoxicity when in vivo tests were carried out.

Strontium (Sr) can be found in native bone tissue and is mainly concentrated in
areas of a high metabolic turnover. Even at low concentrations, Sr>* can influence both
osteoblast and osteoclast proliferation. Strontium has been used to treat osteoporosis and
to decrease the incidence of fractures in osteoporotic patients. The clinical drug,
commonly known as ‘strontium ranelate’, has been found to inhibit osteoclast activity
whilst stimulating the differentiation of osteoblastic cells®#4®. This dual effect has shown
to reduce fragility and frequency of fractures in patients suffering from osteoporosis.
When introduced to the HA lattice, as illustrated in Figure 2.3, it can improve the

bioactivity of the material by suppressing the tricalcium phosphate (TCP)
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formation 147-1%°_ 1t has been shown to promote significant osteoblast activity, including
differentiation at relatively low concentrations (3-7 %)’. However, the Sr?* ion is larger
than Ca®* and so can cause disruption in the lattice, leading to an increase in the solubility
of the apatite. Zinc (Zn) is present in all biological tissue but is most concentrated in
bone. Like the other bivalent cations, Zn?* can inhibit osteoclast differentiation while still
promoting the activity of osteoblasts, leading to an increase in bone formation, thereby
limiting the bone resorption process. In addition, Zn** has been shown to have

antimicrobial properties®®°

as well as improving the wound healing process post-surgery.
Guo et al.*® used a process of phosphate chemical conversion to incorporate Zn into a
calcium phosphate material. Their results suggest that the Zn?* present has the capability
to inhibit bacterial growth, with both gram negative and gram positive being affected. A
deficiency of Zn?* in the body can lead to reduced bone density which then leads to an
increased risk of fracture. In a similar way to Mg?*, Zn?* has a smaller ionic radius than

Ca2+ 151

Z=5%

2=

Figure 2.3 lonic arrangement of atoms in the HA lattice around the c axis demonstrating

the substitution of a larger strontium ion for the smaller calcium ion
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2.6.4 Anionic Substitutions

Monovalent anionic substitutions usually occur in the Y site (M10(XOa4)sY2) as previously
discussed™®21%3, Fluoride ions (F) can replace OH" in the HA lattice with the resulting
fluoroapatite showing significant corrosion resistance when in contact with bodily fluids
and is also a remedial agent used in the treatment of osteoporosis. Several studies have
investigated how various F~ concentrations affect cell culture with a high F~ concentration
producing a low surface potential, which is known to favour cell attachment. Kim et al.>*
explored the effects of fluoride ion substitutions into the HA lattice of a
hydroxyapatite/alumina composite. Their study focused on changes to the HA/alumina
composite mechanical properties and the inhibition of phase decomposition. They found
that the substitution of fluoride ions (F?) for the hydroxyl group (OH’) caused a
suppression in the decomposition of the HA. It has also been found that co-substitution
of Mg?" and F into HA produced a material with a greater ability to supress
decomposition as compared to that of a Ca?* and F~ system, as well as it having improved
bulk mechanical properties compared to that of a pure hydroxyapatite/alumina composite.
The addition of F to the HA lattice has shown in other studies to decrease the solubility
of the apatite, as well as increasing the thermal stability>>>"

2.6.5 Co-Substituted Apatites

Bivalent or trivalent co-substitutions occur at the XO4 site (M10(XO4)sY2 )% and can
be either cationic-cationic, anionic-anionic or cationic-anionic. This range allows for the
manufacture of many various apatites with specific tailored properties, depending on the
experimental procedure employed. Many co-substitutions are an attempt to balance the
lattice charge due to the introduction of ions with less charge whilst others are done on
the basis of trying to incorporate desirable bioactive and/or antibacterial properties.
Studies carried out by Robinson et al.*” have investigated the combination of Sr?* and
Zn?* into co-substituted HA coatings. Here titanium coupons were sputter deposited with
a thin film coating created from separate Sr?* and Zn?* substituted HA targets (10 %wt
SrHA and 10 %wt ZnHA), before being thermally annealed at 500 °C for 2 hours. It was
found that the sputtering process produced co-doped Sr?* and Zn?* CaP coatings. Lowry
et al.?%81%9 synthesised a co-substituted nanophase apatite with both Sr?* and Zn?* through
the wet precipitation method. In this case, both ions were substituted into the HA lattice
at the same time. These co-substituted materials were created with varying ionic

concentrations to allow for comparison into any changes apparent in the crystal structure,
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as well as mechanical properties. The synthesis was found to be successful and a

preliminary in vitro evaluation confirmed the material to be biocompatible.

2.7 Cell Responses to Titanium and CaP Surfaces

As highlighted earlier, cellular responses to biomaterials have been found to be highly
influenced by both the chemical and mechanical properties of the surface'®. Titanium
and CaP materials have been widely used separately and in combination for orthopaedic
applications where the interactions with cells is critical. In general, although
biocompatible, titanium and its alloys have generally poor bioactive properties and so, as
mentioned previously, bioactivity can be added to the substrate/implant in the form of a
CaP coating, typically HA. The addition of HA to Ti implants has shown to improve the
fixation of the implant to bone**. For example, McCafferty'® found that the combination
of titanium with a sputtered Ca-P thin film coating showed increased levels of cellular
attachment, proliferation and differentiation of MSCs when compared to control surfaces
without the coatings. In such applications, the effect of CaP coating solubility on cell
response is a significant consideration and a number of methods have been used to control
its dissolution in vitro and in vivo. Whereas, post-deposition processing provides a means
to control CaP coating solubility by changing its phase composition, alternative methods
for the as-deposited CaP are more limited. A significant body of work has addressed the
role of substrate topography in this regard wherein the CaP is partially dissolved with
residual amount of the material remaining due to physical keying to surface features. For
example, titanium nanotubes have been found to allow more control over the dissolution
rate of amorphous CaP, as the nanoscale topography retains some of the CaP, allowing
for a slower release rate. Cell responses to these surfaces have shown positive results
towards stimulation and differentiation. McLister?® found that hMSCs responded to both
of the stimuli provided in combination by the titanium nanotubes and the amorphous CaP
coating. The hMSCs that had been cultured in osteogenic media (OM) showed higher
levels of late stage osteogenic markers compared to those hMSCs that were cultured in
normal media.

In this regard, Mingar et al.®! state that the response of bone cells is dependant
not only on the topography of a surface, but the physiochemistry, mechanics and
electronics of the surface as a whole. In another study, anodisation of the titanium can
lead the surface to become negatively charged due to the adsorption of anions from the
electrolyte used. Mutreja et al.3! created titanium nanotubes for the aim of slowing CaP
thin film dissolution. Here, it was found that the titania nanotubes prolonged the
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dissolution of the thin film over a long-term study, whilst the thin film on the smooth
titanium surface had dissolved after 48 hrs. It was concluded that the pore size and length
of these nanotubes affected not only the rate of CaP dissolution, but the subsequent
attendant cell behaviour. The various studies addressing the role of surface roughness and
attendant topography build on Dalby’s work?’1%2 as well as subsequent
studies®0-102163.164 " that have shown that the underlying morphology of a biomaterial
surface or implant is significantly influential to cells. In this regard, the morphology of a
titanium surface before the deposition of any form of CaP thin film coating is important
to ensure that both the chemical and topographical properties work together in order to
give a positive influence on the cells when placed in cell culture.

2.7.1 Dissolution Behaviour of CaP Coatings

The use of CaP materials in orthopaedic and dental applications has been widely
attributed to the chemical properties of the CaP materials that can evoke a similar
biological response to that of natural bioapatite which would be generated for bone
remodelling in the body. They have been shown to enhance the stimulation of new bone
formation, as well as encourage bone resorption. These interactions with the surface and
the surrounding environment at the cellular level are important to influence interactions
including ionic exchanges and cellular activity.

Dissolution studies allow an insight into how the material, and the subsequent thin
film coating, will behave when placed in aqueous solution during future in vitro and/or
in vivo screening. Literature has shown how the dissolution of CaP coatings on surfaces
is dependent on several factors, including the roughness of the surface, the surface
chemistry and surface charge. Typically, CaP coatings will dissolve almost instantly on
flat surfaces (i.e. glass substrates) when placed in aqueous solution. However, there are
several other factors which have an influence on how CaP coatings will behave when
placed in aqueous solution. These factors include but are not limited to solution
composition, pH and temperature. Dissolution studies of CaP coatings have been carried
out in varying forms of aqueous media, with the type of solution dependant on the desired
application of the CaP coating. Commonly used aqueous solutions include simulated
body fluid, phosphate buffered saline or cell media.

Formation of an electric bilayer commonly occurs in dissolution of CaP based
materials'®>1%, When the biomaterial is placed in aqueous solution, a salt electric double
layer can form on the surface of the biomaterial when partially dissolved ions form two
parallel layers of charge (Figure 2.4). This typically occurs when there is a high salt
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concentration which leads to a high excess of charged ions. The first layer is adsorbed
onto the sample surface due to ongoing chemical interactions in the surrounding
environment with the sample. This layer then attracts oppositely charged ions, thus
creating the double layer of charge. This bilayer can form a film across the surface of the
sample which can prevent further dissolution of a coating on the surface of the

biomaterial.

Ve Electric
+ve Double
Solid Surface Layer

Figure 2.4 Schematic of electric double layer formation on a solid surface when

placed in aqueous solution

Protein adsorption commonly occurs in aqueous solutions that have been designed to
mimic the in vivo conditions of the human body, such as cell culture media which
commonly contains foetal bovine serum (FBS). High salt concentrations in the
environment can further promote the precipitation of proteins. Surface energy, polarity
charge and morphology also have an influence the adsorption of proteins onto the sample
surface. Particular ions can promote protein precipitation and are referred to as
kosmotropes (S04, Mg? and Ca?") whilst ions that have been seen to slow the
precipitation of proteins are known as chaotropes (ClO4", SCN-and NH4"). Notably here,
calcium ions are kosmotropes, and so actively promote protein adsorption. This
incorporation of proteins into the CaP can affect the dissolution kinetics depending on the
protein charge and concentration!®”1%8  As mentioned previously, cell interactions with
biomaterials are generally influenced by the biomaterials surface topography, chemistry
and physics, as well as the rate of protein adhesion to the surface. The rate of dissolution
of the CaP can have an effect on the cellular proliferation and maturation®6®*"t, Cell
migration and adhesion are typically mediated through integrins (transmembrane
proteins), including fibronectin, which ensure that the cytoskeleton of the cell is attached
to the ECM2173, Therefore, adhesion of proteins to the surface is important in the
mediation of cellular attachment. As mentioned in 2.6.1, HA coatings have been found to
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increase this integration of integrins, including fibronectin, vitronectin and osteoblast

precursorst?4174,

2.8 Titanium Surface Modification and CaP Coating Techniques

As indicated above, it is common practice in the use of biomaterials intended for load
bearing orthopaedic implants to combine materials with high strength with those with
chemical and physical characteristics that can direct bone cell response to achieve
optimum qualities for the desired application. This can be through the creation of surface
micro- and nanoscale topographies, and/or the addition of thin film coatings. There are
an abundant number of means to augment surface topography and chemistry, with some
processes being favoured over others. These include, but are not limited to, physical
vapour deposition (PVD)*4815  plasma spraying®3*1% laser etching!’"1"°,
electrochemical ~ anodisation?®115180.181 = radio  frequency  (RF)  magnetron
sputtering®®4547.182 sol-gel deposition*:!8 and chemical etching!®20:184,

This thesis will address a number of methods for augmenting both the underlying
titanium substrate and subsequent CaP coating. Chemically etched titanium (eTi) surfaces
will be produced alongside sputtered polycrystalline titanium (PolyTi) using radio
frequency (RF) magnetron sputtering, as well as titanium nanotubes (TINT) through
electrochemical anodisation (ECA). Sputter deposition of CaP thin film coatings will
utilise RF magnetron sputtering to coat the titanium substrates with CaP thin film

coatings.

2.8.1 Chemical Etching

Chemical etching is a relatively cheap and simple processing method by which varying
topographies can be added to a substrate to increase the roughness of the surface. In many
ways, it is similar to ECA; however, no current is applied in this instance. Corrosive
chemicals, including strong acids, are used to etch the surface oxide, thus creating pitting
and other topographies across the surface of the material. Aggressive chemical etching
can be used to completely remove the outer oxide layer and clean the material surface
before the controlled growth of a new oxide or the addition of a secondary material as a
coating!130185-187 However, by careful use of properties of the etchant solution and
time, a pronounced microstructure can be created on the surface of many metallic
biomaterials, including titanium. For example, Carrado et al.® etched titanium disks, as
well as commercial dental implants, in Kroll solution, a mixture of nitric acid (HNO3)
and hydrogen fluoride (HF) in water. This removed the oxide layers, after which, a

sodium titanate layer was added on the surface through submersion in sodium hydroxide
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(NaOH). They found that the etched surfaces showed improved osteoconduction and
osteointegration than that of the control samples. This mixture of HF and HNO:s is also
referred to as ‘pickling’ of the titanium surface. Schneiker et al.'® have reviewed the
factors that influence the rate of ‘pickling’ (etching) including acid concentration,
temperature and concentration of free HF in the solution. They suggest that the use of
hydrogen peroxide (H202) to etch the surface of metal produces a high surface area
‘sponge-like’ pitting topography'®®. Freitas et al.!®® discuss how etching using
hydrochloric acid (HCL), H2SO4 and phosphoric acid (H3PO4) can modify the titanium
surface and create pitting topography across the surface. Further discussion considers how
chemical etching provides a feasible and relatively straight forward method of achieving
a reproducible morphology, which increases the surface area and roughness and exhibits
a low contaminant rate. This process is also known to thicken the natural biocompatible
titanium oxide (TiO2) layer.

For any form of chemical etching the submersion time is also extremely important
in determining the degree to which the surface will undergo etching to create a specific
surface morphology. It is important to ensure no volatile chemicals become bonded to the
surfaces in any concentration that could have detrimental effects on cellular response
when placed in culture. To the authors knowledge, the chemical etching of titanium using
piranha solution at the chosen timepoints employed in this thesis have not been
investigated previously. Therefore, surface and chemical characterisation of these
substrates will provide an understanding of the physical and chemical attributes that this
particular chemical etching imparts onto the titanium surface.

2.8.2 Radio Frequency Magnetron Sputtering

Radio frequency (RF) magnetron sputtering is a well-established thin film coating
deposition method that produces a uniform thin film coating, with a controllable
deposition rate®*!%, Although not used commercially for HA coating of orthopaedic
implants due to the dominance of plasma spraying, it does offer a unique opportunity in
other clinical areas where control of coating dissolution has significant benefits. It
accommodates co-deposition of multiple target materials with an enhanced interfacial
adhesion between the substrate and the coating®>*"182, In essence, a target material is
bombarded by high energy gaseous ions (typically argon) that are created in a high
vacuum plasma. These ions are directed to the target and cause atoms from the material
to be ejected and sputtered upwards onto the chosen substrate, forming a thin film coating.
The use of a radio frequency (RF) power supply to create the plasma avoids a build-up of



27

electrical charge on the source and target assembly, which if present can cause inefficient
sputtering and damage to the target. The RF frequency most commonly employed in
sputter deposition is 13.56 MHz?°. As presented in Figure 2.5, a magnetron source is
preferred in RF sputtering as the magnetic field lines confine the electrons in helical paths
within the plasma such that there are more collisions with the gaseous (argon) atoms
leading to an increased flux of ions that subsequently cause more sputtered particles. RF
magnetron sputtering can be used for metals, semiconductors and insulators®®t. This
sputtering process is carried out under vacuum conditions, as this pressure enhances the
ionisation rate of the argon gas, leading to an increased deposition rate.

Figure 2.5 Diagram showing the basic components of a RF magnetron
sputtering system, with the target particles being sputtered from the
target and moving in line of sight to the substrate where they form a
coating. The role of the magnetic field in ensuring more collisions take
place leading to formation of incident ions and enhanced sputter rates
is also illustrated
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2.8.3 Electrochemical Anodisation

Electrochemical anodisation (ECA) is an electrolytic passivation process which is
commonly used to increase the thickness of a natural oxide layer present on metal
surfaces. Anodising increases resistance to corrosion and wear, and is a familiar
processing method used in industry to enhance the properties and service lifetime of
metals®271%. This surface processing technique has also been utilised for orthopaedic
biomaterials, in the presence of fluoride, to produce a porous surface composed of
self-organised nanotubes (section 2.5). Anodising changes the microscopic texture of the
surface, as well as altering the crystal structure of the metal lattice near the surface. An
electrolyte is the electrical conducting solution into which the metal surface to be
anodised is submerged while the metal to be processed acts as the anode, which is then
connected in an electrochemical circuit to a cathode, typically platinum. The
electrochemical anodisation of titanium, can create a nanotubular surface topography
with features ranging from 20 nm to 100 nm in size, dependent on processing time and
voltage charge!®®. These varying sizes have shown to be important in directing cellular
response in vitro. In this regard, fluoride ions are commonly used in the ECA process for
self-organisation, usually in the form of ammonium fluoride (NH4F) or hydrogen fluoride
(HF)2122196.197 ‘These solutions can be diluted with an organic solution, including but not
limited to, ethylene glycol (EG), or in acid such as phosphoric acid (HsPOa). This use of
fluoride in the anodisation process does mean that fluoride ions can bond to the sample
surface during the passivation process and their presence when processing biomaterials
needs to be monitored as fluoride at low concentrations can be beneficial to cells®319%

however, at a higher concentrations it can become cytotoxic*®.
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Chapter 3: Materials and Methods

This chapter describes the processes and techniques employed to prepare the pristine

titanium control substrates, chemically etched titanium surface morphology and the
comparator radio frequency (RF) magnetron sputtered polycrystalline titanium samples.
The methodology for RF magnetron sputter deposition of thin film calcium phosphate
(CaP) coatings (hydroxyapatite (HA) or strontium substituted hydroxyapatite (SrHA))
onto these various surfaces is also described. Characterisation of the various substrates
has been carried out before and after CaP thin film coating (HA or SrHA) using a range
of surface analysis and imaging techniques as described herein. The effects that exposure
to cell culture media at 37 °C has on the as-deposited CaP (HA and SrHA) coatings has
also been determined using specific surface analysis and imaging techniques. An in vitro
evaluation of U-2 OS cell response to the uncoated and coated surfaces has been
undertaken using biomarker assays, nuclei staining, adhered cell imaging and staining of

mineralised cells.

3.1 Substrate Preparation and Processing

Titanium coupons, 15 mm x 15 mm, were cut from a medical grade titanium foil sheet
(99.7 % trace metal purity, 0.25 mm, Sigma Aldrich, UK). One side of these coupons
were abraded with silicon carbide paper, starting with p800, p1200 as an intermediate
step and p4000 to finish. Coupons were sonicated twice in isopropan-2-ol (IPA) for 15
minutes (mins) with the solvent changed between the two cycles, before being sonicated
for a further 15 mins in deionised water (dH20). All coupons were then dried using a lint

free cloth and stored in a desiccator at room temperature until use.

3.1.1 Piranha Chemical Etching

Chemical etching of titanium coupons was achieved by exposure to piranha solution, a
mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H20.), in a ratio of 3:1,
respectively. The previously cleaned titanium were sprayed with a nitrogen gun to remove
any residual debris before being submerged in piranha solution for either 3 hrs or 24 hrs.
Immediately after exposure, the coupons were triple rinsed in dH2O before being dried in
air and stored in a glass petri dish and placed within a desiccator at room temperature

until required.
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3.1.2 Radio Frequency Sputtering from Titanium Targets

RF magnetron sputtering from pure titanium targets was utilised to produce a
polycrystalline titanium layer (PolyTi) on the cleaned titanium. Sputtering was carried
out using a custom built Lesker system (Kurt. J. Lesker Ltd, UK) which has been
described in detail in several publications?®-314547.182200 The system comprises a high
vacuum chamber equipped with an array of three 76 mm Torus™ sputtering sources fixed
to a stainless-steel base plate. Substrates to be coated were attached to a rotatable holder
that is situated above the sputtering sources, with the distance between the sources and
samples changeable by raising the base plate carrying the sources via a manual vacuum
compatible drive assemble. Titanium targets (99.995 % pure, Kurt J. Lesker Ltd, UK) of
dimensions 76 mm wide and 9.5 mm thick were placed in two of the three Torus™ sources
with the third left blank. To obtain the polycrystalline titanium surface, clean titanium
coupons were placed onto the rotating substrate holder above the plate holding the sources
equipped with the titanium targets and the so-called ‘throw distance’ between them set to
100 mm. The system was then pumped down via a dedicated rotary vane and turbo pump
assembly to a base pressure of 5 x10°® mbar as measured via a filamentary pressure gauge
in the vacuum chamber. Dry argon (99.98 %, BOC, UK) was then introduced into the
processing chamber via a high precision flow valve, to attain a reduced pressure of 5 x103
mbar. The RF power supplies to sources 1 and 2 were now engaged to create a plasma
above each of these sources. A computer-controlled air capacitor matching network that
is attached to each source power supply was used to minimise any reflected power from
the target surface and thereby optimise sputter rate. The main parameters for titanium
sputtering are detailed in Table 3.1 with two different power settings used (250 W and
400 W) to create the polycrystalline titanium coatings on the titanium coupons with all of
the other settings kept at the values indicated. During each sputtering run, the power
supply was ramped up to the required value starting at a value of 70 W and increasing it

by 10 W per minute to 250 W or 400 W, respectively. Substrates were exposed for 2 hrs.
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Starting Final Wattage Chamber Sputter time
Target Type . =t . Ramp (W/min) Pressure
Wattage (W) W) (mbar) (hrs)
Titanium 70 250 10 5 x10°7 2
Titanium 70 400 10 5 %107 2

3.1.3 High Temperature Annealing

Thermal processing of pristine titanium coupons and sputter deposited polycrystalline
titanium films on these coupons was performed to allow for a comparison between the
surface properties of annealed and unannealed samples. In this way, an investigation of
any significant differences in the sample surfaces, both chemically and physically, was
undertaken to determine if an extra annealing step in the substrate processing was
warranted. Samples of titanium and polycrystalline titanium were annealed using a
Lenton 3216 furnace (AWF 12/5) (Lenton, UK). A starting temperature of 65 °C was used
and the temperature then ramped up at 5 °C per minute, to reach a maximum temperature
of 500 °C. Samples were then exposed to a dwell time of 3 hours (hrs) (180 mins) at
500 °C before ramping down to 65 °C at 5 °C per min. Samples were then allowed to
reach room temperature before being removed from the furnace and stored in a desiccator

at room temperature until required.

3.1.4 Electrochemical Anodisation

Electrochemical anodisation was utilised to create titania nanotubes on the cleaned
titanium coupon surface. A purpose-built perspex cell (Figure 3.1) was used for this
processing method, using parameters previously employed by McLister?®. The chamber
holds 100 ml of the electrolyte solution with a cover plate that provides for a 0.78 cm?
contact areas for the solution on the titanium coupon surface. The electrolyte used here
comprised 0.3 % weight (%wt) ammonium fluoride (NH4F) (Sigma Aldrich, UK) in

ethylene glycol (EG) which was then made up to a 3 %wt dH20 solution?31:11°,
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A platinum disk (99.95 %, Goodfellow, UK) was used as the cathode with the titanium
coupon acting as the anode. Both electrodes were attached to copper backing plates within
the cell which were then connected to a power supply. To anodise the exposed titanium
coupon surface, a current of 30 volts (V) was applied for 2 hrs, after which, samples were

rinsed twice in dH>O and stored in a desiccator at room temperature until required.

Connected to

power supply

/ (Cathode) Recess for electrolyte
Platinum disk / Perspex cell
() 0.78 cm? contact
, area

Connected to

power supply
(Anode)

Copper backing

Titanium plate

coupon

Figure 3.1 Schematic diagram of purpose-built perspex cell for titanium electrochemical
anodisation
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3.2 RF Magnetron Sputtering of Calcium Phosphate Thin Films onto

Titanium Substrates

Radio frequency (RF) magnetron sputtering was utilised here for several reasons. CaP
material targets (HA or SrHA) are naturally electrically insulating and so direct current
(DC) sputtering cannot be used due to build-up of charge at the target surface, distorting
the process*#191:201 RF magnetron sputtering eliminates this build-up of charge across the
target material, whilst the magnetic field ensures that more successful collisions occur by
guiding electrons back into the central region of the plasma where they create ions. In the
case of sputtering from HA and SrHA targets, this leads to a conformal thin film with
some chemical bonding and mechanical interlocking occurring when the target material
is deposited onto the substrate surface at high energy®%4>182_Hence, it was hypothesised
herein that RF magnetron sputtering would allow for homogeneous CaP thin films with
HA or SrHA characteristics to be deposited onto the various substrate surfaces in a way
that yields a Ca/P ratio similar to that of the target material (1.67)%%

Commercially sourced HA (Captol R, Plasma Biotal Ltd, UK) and 13 % SrHA
(HIMED, NY, USA) were used to create sputter targets via a dry pressing method. Each
target was made from 12 g of powder by placing it into the recessed area of a copper
trough backing plate, as shown in (Figure 3.2 (2)). A stainless-steel die barrel (Figure 3.2
(b)) was then placed on top and dry pressed in a uniaxial direction using a manual
hydraulic press (Specac, UK) operating with a load of 3 tonnes for 1 min. The resulting

76 mm diameter x 4 mm deep targets were stored in a dry oven at 80 °C until use.

Figure 3.2 (a) Copper backing plate for apatite powder targets and (b) the copper backing plate

placed into the stainless-steel barrel die
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The dry pressed HA or SrHA targets and recessed backing plates were placed into two of
the three Torus™ sources (Kurt J. Lesker Ltd, UK) in the high vacuum chamber with the
third left blank. Batches of the various substrates to be coated were placed on the rotating
substrate holder located above the sources and the throw distance set to 100 mm. The
system was then pumped down via the dedicated rotary vane and turbo pump assembly
to a base pressure of 5 x10°® mbar as measured via a filamentary pressure gauge in the
vacuum chamber. Dry argon (99.98 %, BOC, UK) was then introduced into the
processing chamber via a high precision flow valve to attain a reduced pressure of 5 x103
mbar. The RF power supplies to sources 1 and 2 were then operated to create a plasma
above each of the sources. The computer-controlled air capacitor matching network for
each source power supply was used to minimise any reflected power from the target
surface and thereby optimise sputter rate. The main parameters from both HA and SrHA
targets are detailed in Table 3.2. A power setting of 150 W was used in all cases to create
coatings on the various substrates with all of the other settings, as indicated. During each
sputtering run, the power supply was ramped up to the required value starting at a value

of 50 W and increasing it by 5 W per minute to 150 W. Substrates were exposed for 5 hrs.

Table 3.2 Sputtering parameters for the deposition of hydroxyapatite (HA) and strontium
substituted hydroxyapatite (SrHA) thin films

Starting Final Wattage Chamber Sputter time
Target Type . = Ramp (W/min) Pressure
‘ Watt N W h
attage (W) W) (mabar) (brs)
Hydroxyapatite 50 150 5 5 x10°3 5
Strontium
Substituted 50 150 5 5 x10F 5
Hydroxyapatite
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3.3 Physical and Chemical Characterisation

All samples were characterised, before and after apatite coating with CaP thin films (HA
and SrHA), using a range of surface analytical techniques to determine their respective
surface chemistry and topography

3.3.1 X-ray Photon Spectroscopy

X-ray photoelectron spectroscopy (XPS) provides details of the chemical and elemental
composition of a materials uppermost surface (<10 nm) at specific points on the sample.
XPS analysis was obtained here with a Kratos Axis Ultra spectrometer with Delay Line
Detector (Kratos, UK) equipped with a monochromated Alko x-ray source (photon
energy (hv)=1486.6 electron volts (eV)). The x-ray source was operated with an emission
current of 10 milliamps (mA) and an emission voltage of 15 kilovolts (kV). A low energy
electron charge neutralisation system (Kratos, UK) was applied to all samples, utilising a
filament current of 1.95 amps (A) with the charge balance plate set at a value between
3.3V and 3.6 V. Wide energy survey scans (WESS) were acquired at 3 sites on each
sample, at a pass energy of 160 eV and plotted as binding energy (BE) versus
photoelectron intensity in counts per second (cps) in accordance with Equation 3.1
provided below. High resolution spectra were recorded at a pass energy of 40 eV on all
samples for titanium (Ti 2p), oxygen (O 1s), calcium (Ca 2p), carbon (C 1s) and
phosphorus (P 2p), with the incorporation of the strontium (Sr 3p) and fluorine (F 1s)

peaks, as required.

BE=KE-hv-¢ Equation 3.1
Where,
BE is the binding energy of the photoelectron
KE is the kinetic energy of the photoelectron
hv is the x-ray energy

¢ is the work function of the instrument, which is measured as a constant

Effects of residual sample charging were addressed by calibrating the calculated binding
energy (BE) value for the lowest BE contribution in the C 1s spectral envelope to

284.8 eVV203204 the accepted value for adventitious carbon on non-polymeric samples.
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Based on this numerical correction, the BE position of all other peaks was then corrected
accordingly. In order to obtain quantitative data, a linear background was subtracted from
each spectral scan and the residual area under the curve calculated. The most intense
spectral peaks for each element detected were used to determine their relevant percentage
atomic concentration (At. Conc %). Casa XPS software (CasaXPS, UK) was used to carry
out peak fitting of the high resolution spectral envelopes using a mixed Gaussian-
Lorentzian (GL (30))?%. The At. Conc. % for each deconvoluted component was then
calculated after linear background subtraction, using the area under the curve.

All samples were analysed at n = 3, with three spots analysed per sample, giving
n=9 per sample type. Typical WESS and high-resolution spectra for the particular
sample types are presented in the following results chapters, and the averaged At. Conc %
(n = 9) with the standard deviation tabled.

3.3.2 X-ray Diffraction

X-ray diffraction (XRD) was performed on the various samples using a Bruker D8
Diffractometer equipped with a Gobel mirror to provide for better focus of the incident
x-ray beam. Diffractograms were attained with a copper K-alpha (Cu Ka) x-ray radiation
source, at a wavelength (A) of 1.540 Angstroms (A). The tube voltage and tube current
were 40 kV and 40 mA, respectively. All scans were recorded as 2-theta (20) versus
intensity (cps) values in the range 20 - 60°, with the precision Goniometer stepped in
increments of 0.05° and a detection dwell time of 90 seconds (secs) at each point. Given
that these analyses are addressing substrate surfaces and thin film CaP coatings thereon,
in order to investigate the present or otherwise crystalline phases, a grazing incidence
technique was utilised. Peaks present in the diffractograms collected here have been
labelled with the corresponding Miller Index assignments (hkl), according to the database
at the International Centre for Diffraction Data (ICDD)?%. All samples here were tested

in n = 3 per sample type.

3.3.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is widely used to generate high resolution images
of the surface topography of a material. Electrons generated by a suitable filamentary or
field emission source are focused and accelerated onto the sample surface by an array of
apertures, electrical charge plates and/or magnetic field. The Kinetic energy of the
majority of these electrons is absorbed by the material and cause interactions at an atomic
level that generate secondary electrons which level the surface and are detected by a

suitable photomultiplier array adjacent to the sample. The intensity of these secondary


https://en.wiktionary.org/wiki/%CE%BB.
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electrons is then represented as a grey scale image of the surface microstructure. As
required, backscattered electrons can also be detected using a separate detector and given
the nature of their interaction with the sample, the images produced can show
compositional differences determined by the atomic masses that have caused the
backscattering. In this work, SEM was used to examine the surface morphology of various
titanium substrates with and without CaP coatings (HA and SrHA) before and after
exposure to cell culture media at 37 °C. SEM imaging allowed an insight into the surface
topography, giving an indication to whether the topography is offset rather than ordered.
In addition, SEM images were also obtained for U-2 OS bone cells adhered on selected
surfaces. The SEM images were obtained on a Hitachi SU5000 field emission scanning
electron microscope (FE-SEM) (Hitachi, UK). Images were collected at 10 kV with
varying magnification using both planar and 80° tilt views. Images of adhered U-2 OS
cells adhered to certain substrates were acquired at 5 kV. The magnification and scale
bars are detailed in all images presented. Given the poor conductivity of the CaP coated
(HA and SrHA) samples, an ultra-thin gold coating was deposited on their surfaces using
an Emitech K500X sputtering system (Quorum Technologies, UK) operating at 25 mA
for 150 secs. Based on these conditions, a coating with an appropriate thickness of 18 nm
(180 A) is produced. All samples imaged using SEM were carried out in n = 3 per sample

type.

3.3.4 Atomic Force Microscopy

Atomic force microscopy (AFM), allows for the measurement and spatial mapping of
surface topography at the sub-nanometre scale with high resolution that allows for the
imaging of conducting and insulating surfaces with atomic resolution?®-2®, AFM has
been applied to applications to obtain high-resolution imaging of biomolecules, polymers,
patterned silicon surfaces and other biomaterial surfaces?*®2'°. All measurements here
were performed using the Veeco Digital Instrumentation Dimension 3100 system (Bruker
Axs, UK). The amplitude modulation atomic force microscopy (AM-AFM), or tapping
mode as it is also known, whereby the silicon tip is oscillated at a frequency at, or close
to, the resonant frequency of the cantilever to which it is attached, was utilised for these
analyses at a scan rate of 0.96 Hertz (Hz). AFM was utilised here to give an indication of
the roughness of the different surfaces. Whilst it can be difficult to accurately measure
the roughness and randomness of a topography, AFM has been employed here to give an
estimation of the roughness and degree of randomness if the surface topography. As
discussed in Chapter 2, surface roughness plays an important role in slowing dissolution
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of a CaP film, as well as promoting cellular adhesion and proliferation. Scans of 20 um x
20 pm square regions on each sample were collected at three different points across the
sample surfaces (n = 3). These data were presented as images using the NanoScope
Analysis software (v1.5, Bruker Axs, UK). Data were further processed using first order
flattening to account for sample tilt and/or piezoelectric nonlinearity, to generate pseudo-
colour 3D images of the features present. Average (n = 6) Rq (root mean square) and Ra
(arithmetic mean) surface roughness measurements were made from 3 pm x 3 um regions
within each 20 um x 20 pm scanned area, giving n = 18 for Rg and Ra measurements per
sample type. Image surface area difference percentages were also measured in n = 3, to
give another indication of the overall roughness of the surfaces.

3.3.5 Time of Flight Secondary lon Mass Spectrometry
Time-of-flight secondary ion mass spectrometry (ToFSIMS) is a sensitive analysis
technique that allows for determination of elemental information from a material interface
through the analysation of secondary ions?!¥213, It can also be utilised to depth profile
thin films in order to calculate the coating thickness, as well as allowing for chemical
mapping of the titanium substrates with CaP coatings (HA and SrHA). ToFSIMS was
carried out using a ToFSIMS V instrument (ION-TOFF, GmbH, Germany) operating
with bismuth (Bi) primary ion source ions created from a liquid metal ion gun operating
at 25 kiloelectron volts (keV) and an emission current of 1 microamps (LA) with a pulsed
source current of 14 nanoamps (nA). An analysis chamber base pressure of 5 x102 mbar
was maintained throughout analysis via the associated rotary and turbo pump assembly.
An electron flood gun operating at a filament current of 2.35 A was used during
acquisition to shower the sample with electrons to prevent charge build-up. Data were
collected using the Bi* primary ion gun operating in the positive polarities. lon intensity
images were acquired using a random raster in spectroscopy mode over an area of
500 pm x 500 pm on the substrate surface. The resulting positive ion scans were recorded
as ion mass, in atomic mass units (amu) versus intensity in c/s. False colour ion maps for
selected positive ion masses detected were produced using Surface Lab 6 software
routines (ION-TOFF, GmbH, Germany). Samples were analysed as n = 3 per sample type.
Thickness of the HA and SrHA coatings was approximated through depth
profiling of a 100-hr sputtered TiHA sample. The time taken to sputter through the HA
layer to the underlying Ti gave an equation which gave an approximate coating thickness,
dependent on the sputtering time. Using this equation, the HA and SrHA coated samples,
which were coated for 5 hrs each, gave an approximate thickness of 111 nm.
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3.4 Dissolution Studies

Initial dissolution studies were carried out on CaP coated (HA and SrHA) titanium
substrates by exposing them to cell culture medium at 37 °C with 5 % CO2 over a 7-day
period. The culture media was prepared using McCoy’s 5A medium (Sigma-Aldrich, UK)
supplemented with 10 % (v/v) foetal bovine serum (FBS) (Gibco, UK) and 1 % (v/v)
penicillin (5 units/ml) / streptomycin (5 pg/ml) (Gibco, UK). Using a pipettor, 2 ml of
culture medium was placed in each well of a clear 12-well plate along with the sample.
At days 1 and 7, the solution was aspirated from the well, samples were removed and drip
dried and placed in a desiccator at room temperature until required. Samples were
chemically analysed using XPS and ToFSIMS, with the morphology investigated using
SEM.

3.5 In Vitro Cell Culture and Associated Analysis

3.5.1 U-2 OS Cell Culture
U-2 OS (ATCC® HTB-96™, USA) human osteosarcoma cells were cultured in T-75

tissue culture flasks in McCoy’s SA medium modified with L-glutamine and sodium
bicarbonate (Sigma-Aldrich, UK) and supplemented with 10 % (v/v) foetal bovine serum
(FBS) (Sigma-Aldrich, UK) and 1 % (v/v) antibiotic mix (5,000 units penicillin and 5 mg
streptomycin/ml (Sigma-Aldrich,UK). The flasks were placed in an incubator in 5 %
CO, 95 % humidified air at 37 'C. Cells were passaged weekly using 0.05 % Trypsin
with 0.02 % ethylenediaminetetraacetic acid (EDTA) to remove them from the flask
surface. These cells were chosen as the culture model system as they have characteristics
close to those of human primary osteoblasts, and in addition have been found to
mineralise in the presence of appropriate stimuli®214,

Three related culture studies were designed and undertaken to determine the cell
response to the various titanium substrates with and without CaP coatings (HA and
SrHA), as follows:

Cell Study A — 7 days in culture with U-2 OS cells, analysing MTT, PicoGreen™, DAPI

nuclei staining and SEM of adhered cells for the following samples:
e Titanium (Ti)

e 24hr piranha etched titanium (24eTi)
e Polycrystalline titanium sputtered at 250 W (PolyTi250)
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Cell Study B — 3 days in culture with U-2 OS cells, analysing MTT, PicoGreen™, DAPI
nuclei staining and SEM of adhered cells for the following samples:

e Titanium with hydroxyapatite thin film (TiHA)
24 hr piranha etched titanium with hydroxyapatite thin film (24eTiHA)

e Polycrystalline titanium sputtered at 250 W with hydroxyapatite thin film
(PolyTi250HA)

e Titanium with strontium substituted hydroxyapatite thin film (TiSrHA)

e 24 hr piranha etched titanium with strontium substituted hydroxyapatite thin film
(24eTiSrHA)

e Polycrystalline titanium sputtered at 250 W with strontium substituted
hydroxyapatite thin film (PolyTi250SrHA)

Cell Study C — 28 days in culture with U-2 OS cells, analysing ALP and BCA for the
following samples:

e Titanium with hydroxyapatite thin film (TiHA)

e 24 hr piranha etched titanium with hydroxyapatite thin film (24eTiHA)

e Polycrystalline titanium sputtered at 250 W with hydroxyapatite thin film
(PolyTi250HA)

e Titanium with strontium substituted hydroxyapatite thin film (TiSrHA)

e 24 hr piranha etched titanium with strontium substituted hydroxyapatite thin film
(24eTiSrHA)

e Polycrystalline titanium sputtered at 250 W with strontium substituted
hydroxyapatite thin film (PolyTi250SrHA)

Prior to the culture studies, all substrates were wrapped in aluminium foil, sealed with
autoclave tape and subjected to sterilisation using dry heat at 160 °C in a Lenton 3216
furnace (AWF 12/5) (Lenton, UK) for 4 hrs. Substrates were then placed in sterile clear
12-well tissue culture plastic plates (Sigma-Aldrich, UK) and maintained in a sterile
environment. A verified cell concentration of the U-2 OS cells was obtained using a
Biorad TC20 Automated Cell Counter (Biorad, UK) using the Trypan Blue exclusion
assay?®®. Cell suspensions were normalised to 1.5 x10° and a 100 pl aliquot (15,000 cells)
pipetted onto each substrate surface. The populated well plates were then incubated at
37 °Cin 5 % COg for 2 hrs to allow for initial attachment before 1.9 ml of cell growth

media was added to each well, ensuring the final well volume was 2 ml. The seeded
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substrates were returned to the incubator until the test time points, as indicated. Cell

growth media was replenished every week.

3.5.2 Determination of Cellular Metabolic Activity

3-(4,5-dimethylthiazol-2-Y1)-2,5-diphenyltetrazolium bromide (MTT) is a colorimetric
assay utilised for measuring cellular metabolic activity. It relies on the ability of NADH-
dependant cellular oxidoreductase enzymes to reduce the tetrazolium dye (MTT) to an
insoluble purple formazan salt. This reduction is used to reflect the number of viable cells
present as it measures only live and actively metabolic cells?4?1", Cellular metabolic
activity was examined at specific timepoints using an MTT assay (Sigma-Aldrich, UK).
The MTT reagent was prepared at a working concentration of 5 mg/ml in PBS which
itself was generated at a 1X concentration by using a PBS tablet (Sigma-Aldrich, UK)
dissolved in 200 ml of dH-O to give a concentration of 0.01 molar (M) phosphate buffer,
0.0027 M potassium chloride (KCI) and 0.137 M sodium chloride (NaCl), with a pH of
7.4. The PBS was then autoclaved and kept in a sterile environment until required. The
final stock reagent was filter sterilised (0.22 pm filter), wrapped in aluminium foil due to
light sensitivity, and stored at 2 - 8 °C until used. The MTT assay was carried out on cells
atday 1,3 and 7 for the uncoated substrates, and at day 3 for both the HA and SrHA coated
substrates. At each timepoint substrates and their media were moved to a new clear
12-well plate to ensure only cells present on the substrate surface were measured and not
cells that may have migrated to the tissue culture plastic. After which, 200 ul of stock
MTT reagent (10 % of the total well volume) was added to each well. These plates were
wrapped in aluminium foil and agitated for 2 - 3 mins at 40 revolutions per minute (RPM)
followed by incubation at 37 °C in 5 % CO> for 3 hrs. The solution in the wells was then
aspirated and 500 pl of a 10 % sodium dodecylsulfate (SDS) (Sigma-Aldrich,
UK)/0.01 M hydrochloric acid (HCL) (Sigma-Aldrich, UK) solution added, after which
the plates were again wrapped in aluminium foil and incubated at room temperature
overnight. Wells were thoroughly mixed and 100 pl of resting solution transferred to a
clear 96-well plate in triplicate, giving each substrate a repeat of n = 9. A positive control
(tissue culture plastic with cells present but no substrate) and a negative control (tissue
culture plastic with no cells present and no substrate) were also performed at each
timepoint to add to the validity to the experiment. The controls were also tested as
described above for each set of samples. The absorbance value for the solution taken from

the sample and control wells was measured using a TECAN Sunrise microtiter plate
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spectrophotometer (TECAN, Switzerland), at A = 562 nm. Results are plotted as relative
absorbance at A = 562 nm (arbitrary units) at each time point.

3.5.3 DNA Quantification

Double stranded (ds) DNA contains the genetic code for organisms. Measurement of
dsDNA can be used as an indicator of cell adhesion, viability and proliferation. The
addition of an ultra-sensitive fluorescent nucleic acid stain allows for measurement of
small quantities of DNA present?!®, Here, dsDNA was measured using a Quant-iT™
PicoGreen™ dsDNA assay kit (Thermo Fisher Scientific, USA) which uses a sensitive
fluorescent nucleic acid stain to bind to healthy viable dsDNA in cells. The assay kit

contained the following stock reagents;

e Component A — 200X PicoGreen™ fluorescent probe Dimethylsulfoxide
(DMSO) (light sensitive)

e Component B — 20X TrypLE Express (TE) buffer (200 millimolar (mM)
Tris-HCL, 20 mM EDTA, pH 7.5)

e Component C — Lambda DNA standard (100 pg/ml) in 1X TE buffer

The TE buffer stock 20X was diluted to 1X using nucleic acid-free molecular grade water
(Thermo Fisher Scientific, USA). The 200X PG fluorescent probe solution was diluted to
1X using this TE buffer and wrapped in foil due to light sensitivity until use. A serial
dilution of the DNA standard stock solution gave seven standards of 0, 3.1, 6.25, 12.5,
25, 50 and 100 ng/ml, which were used to generate a 7-point standard curve from which
to calculate the unknown DNA concentration for each sample.

Substrates were plated as previously described in section 3.8.1. At each timepoint,
samples were moved to a new well plate, and the media aspirated. Substrates were then
washed x2 with PBS (Chapter 3.5.2) and cells released from the substrates on incubation
with TE /1 % Triton X-100 (Sigma-Aldrich, UK) at 37 °C in 5 % CO for 30 mins. The
solution in the wells were thoroughly mixed to maximise cell recovery and suspensions
transferred to sterile microtubes which were then frozen and thawed twice to maximise
the breakdown of cell membranes and the associate release of DNA. The microtubes
containing the standards and samples were again thoroughly mixed and then further
mixed with the PicoGreen™ fluorescent probe 1X in a 1:1 ratio. These solutions were
incubated at room temperature for 5 mins in the dark to protect the fluorescent probe from
exposure to light. Subsequently, they were mixed again and aliquoted into a black 96-well

plate in triplicate at a volume of 200 pl per well per standard/sample (n = 3 for standards
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and n = 9 for samples). The fluorescence from the various solutions was measured using
the Tecan Genios fluorescent plate reader (TECAN, Switzerland) at an excitation
A =480 nm and an emission A = 540 nm, and these values were converted to DNA
concentration (ng/ml) using the straight-line equation for the DNA standard curve shown

in Figure 3.3.

DNA Standard Curve
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Figure 3.3 A DNA standard curve generated from fluorescence measurements from standards of 0,
3.1, 6.25, 12.5, 25, 50 and 100 ng/ml used to find unknown DNA concentrations for samples. Error
bars are present on the graph but are too small to be seen. The straight-line equation used for the

DNA concentration calculations from samples is y = 42.994x + 153.88, with an R? value of 0.9998

3.5.4 Cell counts using DAPI staining techniques
Visualisation and quantification of actual cell attachment on substrates was investigated
using U-2 OS cells fluorescently stained with the 4°,6-diamidino-2-phenylindole
dihydrochloride (DAPI) dye. This dye is generally cell impermeable and so, cells
normally need to be permeabilised or fixed/dead to become stained. However, live cells
can be stained if DAPI is used at a higher concentration in which case it binds to the minor
grooves of the nucleobases, adenine and thymine, within dsSDNA, forming strong blue
coloured fluorescent DNA-DAPI complexes with high specificity.

At each time point, media was aspirated from the plate wells and the wells washed
x2 with PBS (Chapter 3.5.2). Substrates were chemically fixed using 4 %
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paraformaldehyde (PFA) for 8 minutes at room temperature, and then washed again x2
with PBS. DAPI solution, 300 nanomolar (nM) in PBS, was added to each well for
10 mins at room temperature to directly bind to the nuclei of the U-2 OS cells on the
various substrate surfaces. The wells were once again washed x2 with PBS, to remove
any traces of residual DAPI staining solution. Samples were wrapped in aluminium foil
and stored at 2 — 8 °C until needed. Substrates with stained cells were placed on a glass
slide and viewed using a fluorescence microscope using a x10 objective lens. Images
were taken at 6 random areas across the substrate. In each case, Image J (Image J 1.50i,
National Institute of Health, USA) was used to obtain an average cell count across these
6 images. Images were counted and averaged using two techniques. The first method
involved counting of pixels using ImageJ generated histograms to generate cell numbers.
However, this method was not found to be as accurate at further timepoints were cell
clumping occurred. The second method involved using the cell counter plugin of ImageJ.
Cell numbers generated were compared and contrasted.

3.5.5 Scanning Electron Microscopy Imaging of Cells

SEM analysis was carried out on fixed U-2 OS cells on various substrates at day 1, 3 and
7 for the uncoated substrates, and at day 3 for the CaP coated (HA and SrHA) substrates,
at n = 3. In order to fix the cells on the substrates, well plates were removed from the
incubator and washed x2 with PBS (Chapter 3.5.2). The adhered cells were fixed with
2.5 % glutaraldehyde (Sigma-Aldrich, UK) in dH2O for 45 mins. The glutaraldehyde was
aspirated, and substrates were washed x2 with PBS. The adhered cells on the substrates
were then gradually dehydrated using increasing concentration of ethanol
(Sigma-Aldrich, UK) as follows:

e 25 % ethanol for 10 mins

e 50 % ethanol for 10 mins

e 75 % ethanol for 10 mins

e 90 % ethanol for 10 mins

e 100 % ethanol for 10 mins (x2)

e 50/50 ethanol/hexamethyldisiloxane (HMDS) (Sigma-Aldrich, UK) for 10 mins

Substrates were then further chemically dried overnight at room temperature using 2-3
drops of 100 % HMDS per well. Before SEM analysis, each substrate was gold coated
using an Emitech K500X sputtering system (Quorum Technologies, UK) at 25 mA for
150 secs. As described in Chapter 3.3.3, the fixed cells on the substrates were imaged in
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planar view at varying magnification using a Hitachi SU5000 Field emission SEM
(Hitachi, UK) at an electron voltage of 5 kV. Magnification details and scale bars are

detailed in all images presented.

3.5.6 Alkaline Phosphatase Activity

As indicated earlier, alkaline phosphatase (ALP) is a protein enzyme expressed in the
early stages of bone development and is an indicator of osteogenic activity. Measurement
of ALP concentration has been used extensively as an indication of bone and bone-like
cell differentiation?%9>160219.220 1 this work, CaP coatings (HA and SrHA) on various
titanium substrates were subjected to ALP analysis at 7-, 14-, 21- and 28-day time points.
Substrates were plated as described for previous assays and an ALP kit, Sensolyte
para-Nitrophenyl phosphate (pNPP) (AS-72146) (Anaspec, UK)??1, was used to evaluate
the amount expressed from cells on each sample type. This kit contains five components,

A-E, as follows;

e Component A — pNPP colorimetric ALP substrate (light sensitive)
e Component B — 10X Assay Buffer

e Component C — Stop Solution

e Component D — Trition-X-100

e Component E — ALP Standard Stock (Calf Intestine, 10 pg/ml)

ALP buffer 10X was diluted to 1X with nucleic acid free molecular grade water (Thermo
Fisher Scientific, USA). ALP standard solutions to generate a standard curve were
prepared by serially diluting the ALP standard stock (10 pg/ml) with the 1X assay buffer
to give concentrations of 200, 100, 50, 12.5, 6.25, 3.1 and 0 ng/ml. At each specified time
point, the media was aspirated and substrates (with adhered cells) were moved to a new
12-well plate. Substrates were washed x2 with PBS (Chapter 3.5.2) and cells released
from the substrate surface by incubation with TE /1 % Triton X-100 (Sigma-Aldrich, UK)
at 37 °C in 5 % CO; for 30 mins. Maximisation of cell collection was insured by pipetting
up and down each well volume 10 times. The cells were then collected using a pipette
and transferred to a sterile microtube. The microtubes were subjected to a freeze thaw
method, were they were frozen and thawed twice to maximise the breakdown of cell
membranes and the associated release of ALP. After the microtubes were thawed, they
were thoroughly mixed and microcentrifuged at 14,000 RPM (20817 RCF) for 10 mins
at 4 °C. The supernatant was collected (~ 600 ul) and transferred to a new sterile

microtube. The cell pellet was stored at -25 °C for further analysis, as required.
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Standard solutions (n = 2) and those acquired from cells removed from substrate
surfaces (n = 3) were aliquoted into a clear 96-well plate, at a volume of 50 pl per well,
to which 50 pul of pNPP was added. The plates were then wrapped in foil and placed on a
plate shaker for 5 mins at 40 RPM followed by an incubation of 60 mins in 5 % CO at
37 °C. The stop solution (50 pl) was now added to each well before the plate was
rewrapped and mixed on a plate shaker for 5 mins at 40 RPM and left to cool to room
temperature for 30 mins. Absorbance was measured using a Tecan Sunrise plate
spectrometer (TECAN, Switzerland) at L = 405 nm. ALP concentration (ng/ml) for the
solutions derived for each substrate type were determined using the 7-point standard
curve as presented in Figure 3.4. The curve was fitted using a 4-parmeter polynomial

equation.

ALP Standard Curve
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Figure 3.4 Standard curve generated to calculate ALP concentrations for cells
removed from various substrate types. Error bars are included but are too small to
be seen. The curve was fitted using a 4-parameter polynomial equation
y = 2E -9x* — 6E-07x* — 8E — 06x? + 0.0252x + 0.0624, with an R? value of 1
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3.5.7 BCA Protein Quantification

The biocinchonic acid assay (BCA) allows for quantitative measurements of the total
protein content that has been expressed by cells. The BCA assay relies on the reduction
of copper ions (Cu?*) to copper (Cu) by the proteins present in the sample, in the presence
of an alkaline medium. This subsequent binding of copper ions to bicinchonic molecules
produces a purple coloured ion compound (Cu(BCA).>) which gives a strong absorbance
at L =562 nm and has been shown to be proportional to protein concentration??. A BCA
protein assay kit (Thermo Fisher Scientific, USA) was utilised for this assay. The kit

contained;

e BCA reagent A (sodium carbonate, sodium bicarbonate, bicinchoninic acid and
sodium tartrate in 0.1 M sodium hydroxide)

e BCA reagent B (4 % cupric sulfate)

e Albumin standard (bovine serum albumin (BSA) 2 mg/ml in 0.9 % saline and
0.05 % sodium azide)

The BCA working reagent was prepared by combining BCA reagent A with BCA reagent
B at a ratio of 50:1. The BCA standards were generated by serially diluting the albumin
stock (2 mg/ml) with TE/1 % Triton X-100 to create 2000, 1500, 100, 750, 500, 250, 125,
25 and 0 pg/ml to create a 9-point standard curve. Titanium substrates with CaP coatings
(HA and SrHA), were subjected to a 28-day cell culture study and analysed for total
protein concentration at days 7, 14, 21 and 28. At each timepoint the media was aspirated,
and substrates moved to a new plate. Substrate wells were washed x2 with PBS (Chapter
3.5.2) and cells released from their surface on incubation with TE /1 % Triton X-100
(Sigma-Aldrich, UK) at 37 °C in 5 % CO> for 30 mins. The solutions in the wells were
thoroughly mixed to maximise cell recovery and suspensions transferred to sterile
microtubes which were frozen and thawed twice to maximise the breakdown of cell
membranes and release of all the proteins. Maximisation of cell collection was insured
by pipetting up and down each well 10 times before transferring to the sterile microtubes.
The microtubes were then subjected to a second freeze-thaw method cycle. The
microtubes were then thawed, thoroughly mixed and microcentrifuged at 14,000 RPM
(20817 RCF) for 10 mins at 4 °C. The supernatant was collected (~600 pl) and transferred
to a new sterile microtube. The cell pellet was stored at -25 °C for further analysis, as
required. The standard solutions (n = 2) and those isolated from the samples (n = 3) were
aliquoted into a clear 96-well plate at 10 pl per well. To these wells, 200 pl of BCA

working reagent was added, before the plate was covered with aluminium foil and placed
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on a plate shaker at 40 RPM for 5 mins, followed by an incubation at 37 °C in 5 % CO
for 30 mins followed by a cooling period of 30 mins to room temperature. Absorbance
was recorded at A = 562 nm using a Tecan Sunrise plate reader (TECAN, Switzerland).
The BCA concentrations (ug/ml) of the various samples were calculated using the 9-point

standard curve, as presented in Figure 3.5, using a 4-parameter polynomial equation.

BCA Average Standard Curve

1.4

1.2

y = 8E-14x* - 2E-10x3 + 1E-07x2 + 0.0006x + 0.1293
R*=0.9989

0.8

0.6

0.4

0.2

Absorbance at 405 nm (Arbitrary Units)

o

0 500 1000 1500 2000 2500

Total Protein Concentration (ug/ml)

Figure 3.5 BCA standard curve generated to calculate total protein concentrations from cells
cultured on CaP coated (HA and SrHA) coated titanium substrates. Error bars are presented,
as shown. The curve was fitted using a 4-parameter polynomial equation
y = 8E-14x* — 2E-10x® + 1E-07x? + 0.0006x + 0.1293, with an R? value of 0.9989



49

3.5.8 Alizarin Red Staining

Alizarin red stain is a water-soluble sodium salt that has been used in cell culture studies
for the staining of calcium in cells that is indicative of mineralisation having occurred.
When Alizarin red reacts with calcium bone cells, areas of a reddish-brown colouration
occur. In this work, U-2 OS cells cultured on various substrate surfaces for 28 days where
exposed to Alazarin red stain. Samples were cultured as described previously in Chapter
3.5.1, and at the required time were washed x2 with PBS (Chapter 3.5.2), after which
1 ml of Alizarin red (Sigma-Aldrich, UK) solution was added to each sample well, and
plates incubated at room temperature for 25 mins. Wells were washed with sterile dH.O
until the run-off from the washings was colour-free. Samples were dried at 37 °C
overnight after which they were imaged using an optical microscope using a x10 objective
lens. A qualitative analysis was obtained from these images; the absence of red colour

indicated no mineralisation and the presence of red colour indicated mineralisation.

3.5.9 Statistical Analysis

Statistical analyse of MTT, PicoGreen™, ALP and BCA assays were performed using
Graph Pad Prism version 8 software package (GraphPad, USA). One-way analysis of
variance (ANOVA) was used to compare mean values in order to determine equivalence
of variance between samples for the MTT and DNA quantification data. Two-way
analysis of variance (ANOVA) was used to compare mean values of ALP and BCA over
the 28-day study. Samples were tested in at least n = 3, with statistical significance
between sample groups determined using the Tukey’s multiple comparison test. A value

of P < 0.05 = * was taken as statistically significant.
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Chapter 4: Control of Substrate Chemistry and Morphology

4.1 Introduction

As indicated previously, titanium and its alloys have been used for many decades for the
fabrication of medical and dental implants®’101178.184 due in the main, to their low
density, high mechanical loading strength and the extensive corrosion resistance that is
offered by the naturally occurring oxide layer. In particular, their use for the provision of
a range of load bearing orthopaedic devices is well established for applications in joint
replacement, spinal stabilisation and fracture fixation. Although these materials are
deemed to be biocompatible, they do not normally have inherent bioactive properties and
so are commonly combined with other materials, including calcium phosphate (CaP)
bioceramic coatings such as hydroxyapatite (HA), as a means of providing for direct
(cementless) fixation and/or the promotion of tissue integration in vivo. Whereas, plasma
spraying is the normal commercial method of choice for such implant coating
applications?>2>183 it has limitations in regard to the control of the interface that develops
between the coated device and native bone. In addition, it is difficult to create surface
microstructural features that can help to promote rapid integration of the device. Radio
frequency (RF) magnetron sputtering offers an alternative means to coat a range of
biomaterials with HA in the context of implant fixation*>1%0191.201 ‘hyt generally requires
a post-deposition thermal sintering step in order to avoid the rapid dissolution of the film.
Notwithstanding the benefits that this coating method offers, such as the creation of a
novel surface chemistry and/or microstructure, these limitations have tended to restrict its
commercial attraction. When deposited by RF magnetron sputtering from targets pressed
from pure commercial HA powder, the resulting thin films tend to be HA-like™, i.e. their
stoichiometry is not identical to that of the target HA powder3%45 and so for the purposes
of this work are referred to as calcium phosphate (CaP) coatings that are HA-like.

One way to reduce, and also potentially control, the normally rapid dissolution of
as-deposited RF magnetron sputtered CaP coatings, is to create a substrate surface
morphology that provides for physical entrapment and/or interlocking of the continuous
thin film. In this regard, stock titanium (and its alloys), are usually employed as medical
grade materials in the form of sheets, wires, billets etc, that predominantly have flat
uniform surface features, although some may have pronounced lines and grooves
attributed to their processing, i.e. cold/hot working, rolling etc. This native surface
morphology can then be altered by a number of methods ranging from simple physical

abrasion to the complex masking and etching processes used in the semiconductor
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industry. There are pros and cons to each of these surface processing techniques, with
some methods being favoured over others. As such, choice of processing techniques is
commonly based on individual experience and resource availability. Importantly, the
principal application for which the substrate will be used influences the surface
engineering methodology employed significantly, in order that the characteristics that are
needed in order for the substrate to function effectively are delivered.

Chemical etching of titanium is well established method for surface modification
which does not need complicated or time-consuming processing technologies but has not
been studied in detail for as a means to create morphology that can influence the
dissolution of sputter deposited coatings®2%22%, Hence the work reported here is related
to determining how chemical etching can be used to deliver surface roughness conditions
that control the dissolution of CaP thin films in a manner that provides both chemical and
topographical features that cells tend to favour?22740,

Therefore, this chapter provides a detailed analysis of the chemistry and
topography generated on titanium surfaces by direct chemical etching in piranha solution.
The properties produced are compared with titania surfaces created by sputter deposition
from titanium targets and titania nanotubes produced via electrochemical anodisation of
titanium coupons. Both of these comparator surfaces have shown previously to offer a
level of control for the dissolution of sputter deposited CaP thin film coatings
thereon?®31115160 | advance of the chemical etching, sputter deposition and anodisation
of titanium, thermal annealing of the titanium coupons has also been carried out to
investigate how simply enhancing the native oxide affects the associated surface
chemistry and topography. In all cases, comprehensive surface analysis has been
undertaken using x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD),
scanning electron microscopy (SEM) and atomic force microscopy (AFM). Numerous
samples, at least n = 3 unless otherwise stated, were taken from different sample set
batches to be analysed and compared sample-to-sample to ensure reproducibility of
samples of each type.

Unless otherwise stated, the abbreviations for each of the processed sample types
used throughout this and subsequent chapters of the thesis are as follows:

e Thermally Treated Titanium
= Ti- Unannealed titanium
»= aTi—500 °C thermally annealed titanium

e Chemically Etched Titanium
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= 3eTi— 3 hr piranha etched titanium
= 24eTi— 24 hr piranha etched titanium
e RF Magnetron Sputtered Deposited Titanium Thin Films on Titanium
= PolyTi250 - 2hr sputtered at 250 W titanium
= PolyTi400 - 2hr sputtered at 400 W titanium
e Anodised Titanium

=  TiNT - Titanium nanotubes

4.2 Thermally Treated Titanium

When comparing surface processing methods to deliver key chemical and topographical
properties, it is important to have suitable control sample surfaces. Whereas, many studies
have used the as-received native titanium as a control, others have opted to use annealed
titanium. Hence, an understanding of both of these surfaces is valuable in the context of
their inherent ability to control the subsequent dissolution of CaP thin films thereon. To
this end, as-received titanium was cleaned and annealed at 500 °C in a Lenton furnace, as
described in section 3.1.3. Samples were then characterised before and after annealing by
XPS, XRD, SEM and AFM to provide baseline data for comparison with the surface
features created on chemically etched, sputter deposited and anodised titanium.

4.2.1 XPS Analysis

XPS was used to determine changes in the elemental composition of the surface region
of the titanium substrate before and after thermal annealing at 500 °C. Figure 4.1 (a)
shows the wide energy survey spectra (WESS) collected for the pristine (unannealed)
titanium (Ti) with the peaks present indicating the expected chemistry of a typical
titanium metal sample, as well as the corresponding C 1s, O 1s and Ti 2p high resolution
spectra for this Ti control surface. The lowest binding energy (BE) component (C-C, C-H)
in the C 1s envelope (Fig 4.1 (b)) was assigned to adventitious carbon and set at a BE of
284.8 eV in order to calibrate the peak positions for surface charging effects. The
remaining three contributions to the C 1s region are assigned to C-O, C=0 and O-C=0 at
286.3 eV, 287.8 eV and 288.9 eV, respectively. The corresponding O 1s plot
(Figure 4.1 (c)) comprises two partially resolved peaks with that at 530.1 eV attributed to
the lattice oxide (from TiO) and the peak at 531.5 eV assigned to hydroxide bonding
(OH"). As expected, there is a significant metal (Ti (0)) contribution to the Ti 2p high
resolution plot (Figure 4.1 (d)), as well as a smaller component from TiO2 (Ti (IV)), as
indicated by the two overlapping doublets observed. The titanium metal (Ti (0)) doublet
Ti 2p3i2 present at 453.8eV and Ti 2py2 at 460.1eV, whilst the TiO2 (Ti (1V)) doublet is
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present as Ti 2ps» at 458.5eV and Ti 2py» at 464.3eV. Table 4.1 provides the XPS
quantitative data for this unannealed titanium (Ti) sample which indicates that the
chemistry of the uppermost surface is dominated by adventitious carbon (284.8 eV). The
oxygen from the lattice oxide peak at 530.1 eV (from TiO2) and the hydroxide peak at
531.5 eV are the next most prevalent contributions, with the corresponding titanium Ti 2p
doublets for titanium metal (453.8 eV and 460.1 eV) and titanium oxide (458.5 eV and
464.3 eV) making up the balance, such that the titanium to oxygen ratio (Ti/O) is 0.31.

The WESS for the 500 °C thermally annealed titanium (aTi) is provided in
Figure 4.2 (a) and initially shows no apparent differences to that for the native Ti
(Figure 4.1 (a)). However, the high-resolution spectra provided in Figure 4.2 (b) - (d),
indicate that thermal annealing not only reduces the amount of surface adventitious
carbon present, but also eliminates the previously present Ti metal (Ti (0)) doublet
resulting in an increased titanium oxide content, as indicated by a Ti/O of 0.38. Whereas,
the high-resolution spectra plots collected for C1s and O1s in aTi are similar to those seen
for Ti, the Ti 2p region for aTi shows only one doublet, which corresponds to presence
of TiO2 (Ti (IV)). This confirms the growth of the expected outer oxide layer to a depth
of at least 100 nm (the XPS analysis depth), thereby eliminating the detection of the
underlying Ti metal (Ti (0)). The amount of oxygen present on the surface has almost

doubled compared to that for Ti.

Table 4.1 XPS quantification data (n = 9) for Ti and aTi samples with standard deviation included

Ti aTi
Element if;’:"? Atomic Total Atomic ]}3:'::1"’__5 Atomic Total Atomic
ey Concentration % | Concentration %o 'ey Concentration %0 | Concentration %o
(eV) (eV)
Cls 284.8 31.70+7.78 284.8 20.73 097
2863 11.02+ 5.83 2863 2.56+0.17
50.07 + 2.67 2540+ 126
287.8 557+231 2878 0.55=0.33
288.8 1.95+ 148 288 8 1.63+0.32
O1s 530.1 19.30 £ 1.97 5302 3971+ 0.44
36.68 £ 2.18 54.05+1.13
5315 1920+ 2.78 5316 14.99 + 0.91
Ti2p 453 8 2.48+026
4601 1.24+0.13 - -
11.25+127 2055017
4585 522+0.77 4589 13.22+0.16
4643 233+ 0.85 464.6 6.61=0.08
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Figure 4.2 XPS spectra for aTi showing (a) WESS and high-resolution spectra for (b) C 1s, (c) O 1s

and (d) Ti 2p regions
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4.2.2 XRD Analysis

XRD analysis of titanium substrates before (Ti) and after thermal annealing (aTi), was
carried out to investigate any changes in crystallinity. Figure 4.3 (a) shows an x-ray
diffractogram for Ti with the most intense peaks observed at 20 = 35°, 38.3°, 40.1° and
53.1° corresponding to Miller indices (hkl) in the 100, 002, 101 and 102 planes,
respectively. There is a minor peak observed at 20 = 36.4° which corresponds to the 004
plane, indicative of titanium dioxide (TiO2). This is expected as unannealed Ti has a
natural oxide layer present. These features are indicative of the as expected
semi-crystalline metallic titanium structure when compared to the ICDD file 00-044-1294
for titanium?%,

As can be seen in Figure 4.3 (b), the main peaks for aTi are at 20 = 35°, 36.4°,
38.3%,40.1° and 53.1° representative of Miller indices (hkl) in the 100, 004, 002, 101 and
102 planes, respectively. Overall, this x-ray diffractogram shows similar peaks as those
present for Ti samples, with the main difference being that the most intense peak is in the
101 plane rather than the 002 plane. There is also an increase in the 004 plane for aTi
which is indicative of the increased oxide layer that has formed. Hence, despite the 500 °C
thermal annealing that the titanium has undergone, it still retains a semi-crystalline phase

that is similar to that of the unannealed titanium.
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Figure 4.3 X-ray diffractograms for (a) Ti and (b) aTi with Miller index assignments labelled

according to ICDD file 00-044-1294. Anatase (A) and rutile (R) phases also labelled
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4.2.3 SEM Analysis

SEM was utilised to examine changes in surface morphology of titanium before and after
thermal annealing at 500 °C. Images were taken both in normal planar view and at an 80°
side angle view, to better visualize the topographical surface features. Figure 4.4 (a) - (d)
shows the normal planar images for the Ti surfaces, as well as an 80° side angle view of
Ti seen in Figure 4.4 (e) - (h). Lines and grooves can be seen at all magnifications which
are in the main attributed to commercial processing augmented with the standard cleaning
protocol utilised here. The surface is not completely flat, as seen in the images presented
here. The corresponding images collected for the aTi surfaces are provided in Figure 4.5
(@) - (h) and show similar features to those for Ti. However, there is clear evidence of
‘smoothing’ of the surface in the aTi samples, which is expected due to the thermally

induced growth of the oxide layer.
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Figure 4.4 SEM images for Ti showing normal planar views (a) - (d) and 80 ° tilt side angle views
(e) - (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k, (e) x400, (f) x2.5k, (g) x4.5k
and (h) x8k



Figure 4.5 SEM images for aTi showing normal planar views (a) - (d) and 80° tilt side angle
views (e) - (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8Kk, (e) x400, (f) x2.5k, (9)
x4.5k, and (h) x8k

59
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4.2.4 AFM Analysis

AFM was used to map the features on the Ti and aTi samples at sub-micron resolution
and to determine the Rq and Ra surface roughness values. It should be noted that the
20pum x 20pum resolution used here does not directly correspond to the dimensions
presented in the SEM images in the previous section. The Ra and Rq values were
averaged across 3 samples from each of the Ti and aTi sample sets with then Ra and Rq
measurements taken from 3um x 3um square regions across the individual scan collected
and presented in Table 4.2.

The 2D and 3D AFM images for Ti are shown in Figure 4.6 and indicate regions
of roughness associated with the lines and grooves present from the processing and
standard cleaning protocol. The average Ra and Rq values, calculated for Ti are
25.96 £ 2.08 nm and 30.69 £ 4.03 nm, respectively indicating that there is a relatively
smooth topography between the larger lines.

The corresponding 2D and 3D AFM images for aTi are provided in Figure 4.7 and
suggest the presence of a generally smoother surface which is consistent with what was
seen in the SEM images (Figure 4.5). The average Ra and Rq values here are 26.83 + 3.78
nm and 33.85 + 3.82 nm, respectively which suggest that the annealing process applied
to the titanium substrate here causes smoothing of the larger surface features but does not

significantly affect the roughness in areas between these features.

Table 4.2 Average Ra and Rq values (n = 18) and image surface area difference in % (n =3) for
Ti and aTi surfaces calculated from AFM images (n = 3) with standard deviation included

Image Surface Area

Ra (nm) Rq (nm) 2 A
Sample Type + Standard Deviation | + Standard Deviation Difference 4’ :
+ Standard Deviation
Ti 2506+2.08 30.69 =4.03 456+2.56

aTi 26.83+3.78 33.85+3.82 033709
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4.3 Chemically Etched Titanium

As previously described, the piranha etching method, which involves controlled exposure
to a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H20) at a ratio of 3:1
respectively, has been applied to the Ti samples to effect direct chemical etching. Etch
duration timepoints of 3 hr and 24 hr were chosen to further investigate the evolution of
the morphology created on the titanium coupons. As well as investigating the resulting
chemical and microstructural properties, the analyses were also used to ensure that no

cytotoxic by-products are formed on the surface.

4.3.1 XPS Analysis
Figure 4.8 (a) shows an XPS WESS collected for a 3hr etched (3eTi) sample the features

of which are very similar to those observed for Ti (Figure 4.1 (a)). The corresponding
spectrum for 24hr etched titanium (24eTi) is provided in Figure 4.9 (a) and is again
similar to that of the native Ti sample. However, from closer examination of the
high-resolution C 1s, O1s and Ti 2p spectra plots, shown in Figure 4.8 (b) - (d) for 3eTi
and Figure 4.9 (b) - (d) for 24eTi, it is clear that there are several elemental differences
between the samples resulting from the two timepoints. Whereas, the C 1s regions for
both 3eTi (Figure 4.8 (b)) and 24eTi (Figure 4.9 (b)) have the four peaks seen previously
for Ti and aTi, with the most intense peak at 284.8 eV attributed to adventitious carbon,
there is now a fifth peak present in this 3 hr etched sample at 281.8 eV. This additional
peak is attributed to a carbide contribution®®, The O 1s region for the samples generated
at both timepoints (Figure 4.8 (c) and Figure 4.9 (c)) comprise of two resolved peaks with
the expected peak for the lattice oxide at 530.1 eV and hydroxide bonding at 531.5 eV,
which are similar to those seen previously for Ti and aTi. The Ti 2p high-resolution
spectra plot (Figure 4.8 (d)) has two overlapping doublets, the first of which is attributed
to Ti metal (Ti (0)) doublets of Ti 2ps/. at 454.1 eV and Ti 2py2 at 460.1 eV. The second
doublet is due to TiO2 (Ti (IV)) seen for Ti 2ps2 at 458.7 eV and Ti 2pu2 at 464.4 eV. As
any carbide in the Ti 2p will show up at the same binding energy position as the Ti metal
(Ti (0)) doublet peaks, it is not possible to confirm its presence from these data. However,
as seen in Table 4.3, the relative Ti metal (Ti (0)) contribution for 3eTi is greater than that
observed for Ti, which may be due to the contribution being made by the titanium carbide.
Although the XPS results for 24eTi show similarities to those for the Ti, aTi and 3eTi
samples, the Ti 2p plot here shows only a single doublet, as seen previously for aTi. The
quantification data are shown in Table 4.3 and indicate a reduction in the amount of C 1s
present on 24eTi compared to that detected on 3eTi. The C/O ratio for 3eTi is 1.07 which
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decreases to 0.83 in the 24eTi samples, confirming an increase in the amount of O 1s

present on 24eTi samples. The Ti/O ratio for 3eTi is 0.48 which decreases to 0.35 in the

24eTi samples, corresponding to a reduction in Ti metal peaks and an associated increase

in the oxide presence. Overall, the XPS quantification of the 24eTi surface shows

elemental composition similar to that of aTi. Importantly, there are no other by-products

detected in either of the etched samples, suggesting that despite the highly corrosive

chemicals used, no detrimental reactions have occurred that may have subsequent

negative effects on cells.

Table 4.3 XPS quantification data (n = 9) for 3eTi and 24eTi samples with standard deviation

included
3eTi 24eTi
Binding Atomic Total Atomic | Binding Atomic Total Atomic
Element | Energy | Concentration | Concentration | Energy | Concentration | Concentration
(V) % % (eV) % %
Cls 281.1 641 =103 - -
284.8 2814164 284.8 2625490
286.3 435006 4196079 286.3 .46 +478 3742276
287.8 0.34+0.13 287.8 206+130
288.8 258036 288.8 308061
01s 530.1 2375166 5305 [2786+257 -
5317 | 1506218 | -B3=016 oo T 1pa1z45 | PBELHM
Ti2p 434.1 481057 - -
460.1 240028 - - R -
587 | smz02 | R0 s Toaszos0 | PO
464 .4 3.73+£022 464.8 5.32+025
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4.3.2 XRD Analysis

An XRD plot for 3eTi is provided in Figure 4.10 (a) with peaks observed for at 20 = 35°,
36.4°,38.3°,40.1° and 53.1° corresponding to Miller indices (hkl) showing orientation in
the 100, 004, 002, 101 and 102 planes, respectively, matching those for semi-crystalline
titanium as indicated by ICDD file 00-044-12942%,

Figure 4.10 (b) shows the x-ray diffractogram for the 24eTi samples with peaks
present at 20 = 35°38.3°, 40.1° and 53.1° corresponding to the Miller indices (hkl)
showing orientation in the 100, 002, 101 and 102 planes, respectively, which are again
indicative of a semi-crystalline titanium substrate, according to ICDD file 00-044-
12942%5, Most notable here is the absence of the 004 plane which suggests that etching
for the longer period of time reduces the occurrence of the natural oxide layer. However,
these x-ray diffractograms support the assumption that this type of modification, for both
timepoints, only influences surface morphology and does not have an impact on the

crystallinity of the sample as a whole.
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Figure 4.10 X-ray diffractograms for (a) 3eTi and (b) 24eTi with Miller index assignments labelled
according to ICDD file 00-044-1394. Anatase (A) and rutile (R) phases also labelled
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4.3.3 SEM Analysis

SEM images for the chemically etched samples were obtained at the same magnification
as those for the Ti and the aTi samples. Figure 4.11 (a) — (d) shows the planar view images
for 3eTi, with the corresponding 80° tilted images shown in Figure 4.11 (e) - (h). The
x400 in planar view shows the lines and grooves that are also present in the Ti sample, in
combination with what looks to be pitting on the surface. Higher magnification images
indicate that this produces a randomly orientated morphology with nucleated material
present around some of the pits.

SEM images of the 24eTi surface morphology are provided in Figure 4.12
(@) - (h), with both planar view ((a) - (d)) and 80° tilted views ((e) - (h)). In this case,
there is a much more pronounced ‘honeycomb’ pitting across the substrate surface but no
build-up of nucleated material around the pits is observed. Overall, the pitting seems to
be homogenous across the samples leading to an offset but somewhat repeatable

topography having been generated.
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Figure 4.11 SEM images for 3eTi showing normal planar views (a) - (d) and 80 " tilt side angle
views (e)-(h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k, (e) x400, (f) x2.5k, ()
x4.5k, and (h) x8k



Figure 4.12 SEM images for 24eTi showing normal planar views (a)-(d) and 80 ° tilt side
angle views (e) - (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8Kk, (e) x400, (f)
x2.5k, (g) x4.5k, and (h) x8k
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4.3.4 AFM Analysis

The 2D and 3D pseudo-colour AFM images for 3eTi samples are provided in Figure 4.13.
In general, these surfaces look to be a lot rougher than those of the Ti and aTi samples
(Figure 4.6 and Figure 4.7, respectively). The build-up of material around pitted areas, as
noted in the SEM analysis, is also clearly evident in these AFM scans, as are the lines and
grooves, characteristic of the pristine Ti surface. The Ra and Rq surface roughness data
calculated are provided in Table 4.4 and indicate that the average Ra value is 44.04 + 8.76
nm and the average Rq is 52.27 + 11.44 nm. These values are significantly higher than
those reported for the Ti and aTi samples, as is perhaps to be expected due to the piranha
etching process. The standard deviation values are also higher here, suggesting that there
Is variation in surface roughness across the sample set.

Figure 4.14 shows the corresponding 2D and 3D pseudo-colour AFM images for
the 24eTi samples and confirm an offset orientated but repeatable morphology across the
substrate surface, as observed previously in the SEM images. The average Ra and Rq
values (Table 4.4) for 24eTi are 49.30 + 3.13 nm and 62.23 + 2.88 nm, respectively and
again reflect a greater overall surface roughness compared to the Ti, aTi and 3eTi
samples. The lower standard deviation values for the 24eTi suggests that the surface

roughness here is more consistent across the etched titanium surface.

Table 4.4 Average Ra and Rq values (n = 18) and image surface area difference in % (n =3)
for 3eTi and 24eTi surfaces calculated from AFM images (n = 3) with standard deviation

included
Image Surface Area
Sample Type Ra (nm) Rq (nm) ]gifference %
J + Standard Deviation | = Standard Deviation -+ Standacd Deviatic
3eTi 4404 +8.76 52271144 13.73 £2.37

24eTi 4030+3.13 6223 +2.88 1930 =347
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Figure 4.13 Pseudo- colour 20 pm x 20 um 2D AFM images and corresponding 3D plots for 3eTi
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Figure 4.14 Pseudo- colour 20 um x 20 um 2D AFM images and corresponding 3D plots for 24eTi
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4.4 Sputter Deposited Titanium Thin Films on Titanium

RF magnetron sputtering from pure titanium targets was used to create a polycrystalline
(PolyTi) surface on Ti coupons at plasma power settings of 250 watts (W) and 400 W and
compared to the chemically etched samples described in the previous section. The
polycrystalline description used here refers to offset orientated areas of ordered
microstructure that have been previously reported?®. Both types of PolyTi samples
generated here were subsequently thermally annealed at 500 °C (aPolyTi) in the same
manner that was used to create the aTi surfaces reported in the previous section.

4.4.1 XPS Analysis

Figure 4.15 (a) shows the XPS WESS plot for polycrystalline titanium sputter deposited
at 250 W (PolyTi250) with the peaks detected being very similar to those for Ti, aTi, 3eTi
and 24eTi. The WESS spectrum for this sample after annealing at 500 °C (aPolyTi250)
Is provided in Figure 4.16 (a). The corresponding XPS WESS plots for polycrystalline
surface sputtered at 400 W, before (PolyTi400) and after annealing at 500 °C
(aPolyTi400) are given in Figure 4.17 (a) and Figure 4.18 (a), respectively.

The high-resolution spectra plots for the C 1s, O 1s and Ti 2p XPS regions for
PolyTi250 and aPolyTi250 can be seen in Figures 4.15 (b) - (d) and 4.16 (b) - (d),
respectively. The C 1s envelope shown in Figure 4.15 (b) details four peaks, as seen
previously in Ti, aTi, 3eTi and 24eTi samples, with the largest peak attributed to
adventitious carbon at 284.8 eV. The O 1s region (Figure 4.15 (c)) shows two peaks, with
the larger of the two indicative of the lattice oxide at 530.1 eV, with the hydroxide peak
at 531.5 eV. Figure 4.15 (d) shows that there are two doublets present in the Ti 2p region.
The first doublet, seen for Ti 2pa at 453.8 eV and Ti 2py2 at 460.1 eV, is indicative of
the presence of Ti metal, which is as expected in the unannealed Ti samples. The second
doublet is attributed to TiO2, notable for Ti 2ps/2 at 458.5 eV and Ti 2p1. at 464.3 eV.
The quantification data of these surfaces are provided in Table 4.5.

Figure 4.16 (b) shows the C 1s region for aPolyTi250. As seen in the previous
samples, there are again four carbon peaks present with the most intense of the peaks
attributed to adventitious carbon on the surface. There is a notable decrease in overall
carbon content in aPolyTi250, as reflected by a decrease in C/O from 0.98 for PolyTi250
to 0.75 for aPolyTi250. The O 1s region (Figure 4.16 (c)) shows two peaks; a larger peak
at 530.2 eV indicative of the lattice oxide, and a smaller hydroxide peak at 531.6 eV. As
expected, the aPolyTi250 sample in Figure 4.16 (d) shows a single doublet for Ti 2p,

indicative of an increase of the amount of surface oxide compared to the PolyTi250



75

sample (Figure 4.15 (d)). This is further supported by the data in Table 4.5 which shows
a slight increase in the Ti/O of 0.39 for PolyTi250 compared to 0.34 for aPolyTi250

samples.

Table 4.5 XPS quantification data (n = 9) for PolyTi250 and aPolyTi250 samples with standard
deviation included

PolyTi250 aPolyTi250
Binding Atomic Total Atomic | Binding Atomic Total Atomic
Element | Energy | Concentration | Concentration | Energy | Concentration | Concentration
(eV) % % (eV) % %
Cls 2848 | 3338539 2848 | 3038=x3091
286.3 443186 286.3 222047
4129+63 3 +3
2878 151023 4292637 2878 1.23 £0.65 PB=31
288 8 224051 288 8 199=0.79
0ls 3301 | 2552+329 3302 | 3436=260
4224 £333 . 4781 £3.
5315 | 1641147 1224235 5316 | 1357180 41812316
Ti 2p 453 8 259030
460.1 122020 0 - - L
1585 | sez160 | 0429 Tysgo [ tosszrog | (B0
4643 4.06 091 464 6 541 £0.55

Table 4.6 XPS quantification data (n = 9) for PolyTi400 and aPolyTi400 samples with standard
deviation included

PolyTi400 aPolyTi400
Binding Atomic Total Atomic | Binding Atomic Total Atomic
Element | Energy | Concentration | Concentration | Energy | Concentration | Concentration
(eV) %o % (eV) Yo %
Cls 2848 | 2076110 2848 | 2580207
286.3 349046 286.4 240056
7 I 1 "_; 9
2879 | 1152032 | POF20 [Togrg [ ruazong | 1PEI
288 .8 224035 288.9 228077
01s 5301 | 3152294 | _ 5299 | 3783+362 n
5315 | 19082250 | 00 T s T papaam | P80=12
Ti 2p 453 8 320024
460.1 160012 - -
71135 + 170
1585 | 114dz064 | 100 o556 [ 1noo=12 | 18882204
464 3 551025 464 3 6.02+0.65
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Figure 4.15 XPS spectra for PolyTi250 showing (a) WESS, and high-resolution spectra for (b) C 1s,

(c) O 1s and (d) Ti 2p regions
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Figure 4.16 XPS spectra for aPolyTi250 showing (a) WESS, and high-resolution spectra for (b) C
1s, (¢) O 1s and (d) Ti 2p regions
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The XPS WESS plots for PolyTi400 and aPolyTi400 are provided in Figure 4.17 (a) and
Figure 4.18 (a), respectively, with the corresponding high-resolution C 1s, O 1sand Ti 2p
spectra presented in Figure 4.17 (b) - (d) and Figure 4.18 (b) - (d), respectively. The C 1s
region for the PolyTi400 sample (Figure 4.17 (b)) shows the expected four carbon peaks,
as seen in Ti, aTi, 3eTi, 24eTi, PolyTi250 and aPolyTi250 samples. The O 1s region
(Figure 4.17 (c)) shows two peaks with the hydroxide peak at 531.5 eV being similar in
intensity to that of the aPolyTi250 and a more intense lattice oxide peak at 530.1 eV. The
Ti 2p region presented (Figure 4.17 (d)) shows two doublets, of which are attributed to
Ti metal and TiO2. The quantitative data are provided in Table 4.6 and indicate that the
amount of TiO present on the PolyTi400 sample, is similar to that for aPolyTi250.
Figure 4.18 (b) shows the C 1s region for aPolyTi400 and has the four expected
peaks which are similar to those seen for the previous samples. The dominant peak in the
O 1s region (Figure 4.18 (c)) at 529.9 eV is that of the lattice oxide, with a hydroxide
peak of decreased intensity seen at 531.5 eV. There is an expected increase in the relative
amount of the lattice oxide peak due to an increased surface oxide layer that occurs after
annealing. This is confirmed in the Ti 2p region (Figure 4.18 (d)) where there is only a
single doublet present for Ti 2ps; at 458.6 eV and Ti 2pi at 464.3 eV, attributed to
Ti (1V), indicative of TiO2, However, the increase in oxide here is lower than that for the
PolyTi400 samples (Table 4.6). The calculated Ti/O for PolyTi400 is 0.42 which
decreases to 0.38 in aPolyTi400. The C/O increases from 0.54 in PolyTi400 to 0.63 for
aPolyTi400, thereby showing that an increase in the carbon content occurs after annealing
which is different to the decrease reported for all of the previous annealed samples.
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Figure 4.18 XPS spectra for aPolyTi400 showing (a) WESS, and high-resolution spectra for (b) C
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4.4.2 XRD Analysis

The x-ray diffractograms for PolyTi250, aPolyTi250, PolyTi400 and aPolyTi400 are
provided in Figure 4.19 (a) - (d), respectively. The peaks detected are found to be similar
to those observed for Ti, aTi, 3eTi and 24eTi. The only significant difference here is seen
for the 20 = 36.2° peak associated with Miller index (hkl) orientation in the 004 plane,
which is significantly more intense for the PolyTi250 and aPolyTi250 samples
(Figure 4.19 (a) - (b), respectively). In the case of the PolyTi400 (Figure 4.19 (c)), only
one peak is present at 20 = 36.4°, which corresponds to the Miller index (hkl) orientation
in the 004 plane, indicative of TiO2. When PolyTi400 is thermally annealed to create
aPolyTi400 (Figure 4.19 (d)), the diffractogram reverts to being similar to that seen for
previous samples, i.e. representing the expected semi-crystalline state of titanium. This
suggests that the higher sputtering power causes thickening of the natural oxide layer on

the polycrystalline titanium surface.

50

30

Intensity [Arbituary Units)

20 25 30 35 40 45 50 55 5

2-Theta (28)

Figure 4.19 X-ray diffractograms for (a) PolyTi250, (b) aPolyTi250, (c) PolyTi400 and (d)
aPolyTi400, with Miller index assignments labelled according to ICDD file 00-044-1294. Anatase
(A) and rutile phases (R) also labelled
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4.4.3 SEM Analysis

Images gathered and presented for the polycrystalline samples were taken at the same
magnifications as the samples presented in this chapter previously, so as to allow for
comparison. The SEM images for PolyTi250, aPolyTi250, PolyTi400 and aPolyTi400
are shown in Figure 4.20 (a) - (h), Figure 4.21 (a) - (h), Figure 4.22 (a) - (h) and Figure
4.23 (a) - (h), respectively. Images collected for PolyTi250 (Figure 4.20 (a) — (h)) suggest
a surface morphology similar to that of the pristine Ti (Figure 4.4). However, there are
some areas of nucleation of the sputtered Ti material, predominantly present along the
lines and grooves on surface. Although, the aPolyTi250 images (Figure 4.21 (a) — (h)) do
present a surface morphology similar to that of the PolyTi250, but with less nucleation of
material present across the surface.

The PolyTi400 and aPolyTi400 (Figure 4.20 (a) - (h) and Figure 4.21 (a) - (h),
respectively) exhibit a similar morphology to the PolyTi250 samples, both annealed and
unannealed, but upon higher magnification display areas of nucleation. The aPolyTi400
samples show a higher amount of nucleated material on the surface, predominantly along
the lines and grooves across the surface.



Figure 4.20 SEM images for PolyTi250 showing normal planar views (a)-(d) and 80 ° tilt side
angle views (e)-(h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k, (e) x400, (f)
x2.5k, (g) x4.5k, and (h) x8k
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Figure 4.21 SEM images for aPolyTi250 showing normal planar views (a)-(d) and 80 ° tilt side
angle views (e)-(h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k, (e) x400, (f) x2.5k,
(9) x4.5k, and (h) x8k
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Figure 4.22 SEM images for PolyTi400 showing normal planar views (a)-(d) and 80 ° tilt side
angle views (e)-(h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k, (e) x400, (f)
x2.5k, (g) x4.5k, and (h) x8k
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Figure 4.23 SEM images for aPolyTi400 showing normal planar views (a)-(d) and 80 ° tilt side
angle views (e)-(h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8Kk, (e) x400, (f) x2.5k,
(9) x4.5k, and (h) x8k
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4.4.4 AFM Analysis

Figure 4.24 shows the 2D and 3D AFM images generated for PolyTi250. The lines and
grooves present due to processing and cleaning of the pristine Ti are still evident, as the
SEM images confirmed. There are also areas of nucleation, predominantly seen along
these lines and grooves. The average Ra and Rq values calculated for PolyTi250 are
33.14 + 8.87 nm and 41.09 £ 10.37 nm each respectively as provided in Table 4.7.

Figure 4.25 provides the corresponding 2D and 3D AFM images for aPolyTi250.
As observed in the SEM images, obvious surface smoothing has occurred here, indicating
the growth of surface titanium dioxide (TiO2) due to thermal annealing. The average Ra
and Rq values (Table 4.7) confirm a significant drop in surface roughness. Although there
are still areas of nucleation present overall, these surface appears to much smoother than
that of PolyTi250.

Table 4.7 Average Ra and Rq values (n = 18) and image surface area difference in % (n =3) for
PolyTi250 and aPolyTi250 surfaces calculated from AFM images (n = 3) with standard deviation

included
Ra Rq (nm) Image Surface Area
Sample Type 4+ Stan dar((in]l)ne)ﬁa tion + Standard = Difference %
‘ Standard Deviation =+ Standard Deviation
PolyTi250 33.14 =887 41.09 = 10.37 276 +0.07
aPolyTi250 1745255 21.68+3.17 211+£0.84




88

4258 nm

425.8 nm

425.8 m»

-492.9 nm

-492.9 nm

00 1: Height 200 unl Height 4.0 um

335.4nm

335.4 nm

-397.3 nm

00 1: Height 20.04m Height 4.0 um

-241.6 nm

00 1: Height 200m Height 4.0 um

Figure 4.24 Pseudo- colour 20 um x 20 um 2D AFM images and corresponding 3D plots for
PolyTi250
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Figure 4.25 Pseudo- colour 20 um x 20 um 2D AFM images and corresponding 3D plots for
aPolyTi250
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The equivalent AFM images for PolyTi400 are provided in Figure 4.26 and those for

aPolyTi400 in Figure 4.27 and show that the annealed surface appears to be rougher than

that of the unannealed sample.

The Ra and Rqg values calculated from the AFM data for PolyTi400 and
aPolyTi400 are provided in Table 4.8. PolyTi400 has an average Ra of 22.80 + 1.56 nm
and a Rq value of 29.77 + 1.60 nm, indicating a lower roughness than that of native Ti.
This smoothing is consistent with the XPS and XRD data findings. For aPolyTi400 the
Ra is 25.36 £ 9.24 nm and Rq is 31.88 + 11.27. The standard deviation is larger here than

for PolyTi400 but similar to the values recorded for Ti and aTi.

Table 4.8 Average Ra and Rq values (n = 18) and image surface area difference in % (n =3) for PolyTi400

and aPolyTi400 surfaces calculated from AFM images (n = 3) with standard deviation included

Image Surface Area

, Ra (nm) Rq (nm) : 2
Sample Type + Standard Deviation | = Standard Deviation +S t;)nlg::flnl()::\:; tion
PolyTi400 2280156 2077 +1.60 1.77+ 040
aPolyTi400 2536+924 31.88 £11.27 22.39+15.93
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Figure 4.26 Pseudo- colour 20 um x 20 um 2D AFM images and corresponding 3D plots for
PolyTi400
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Figure 4.27 Pseudo- colour 20 pum x 20 um 2D AFM images and corresponding 3D plots for
aPolyTi400
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4.5 Anodised Titanium

Chemical anodising of titanium has been shown to create various forms of titanium
nanotubes (TINT) and nanoscale topography, the properties of which depend on the
electrochemical conditions applied. In order to create the surface conditions that can
influence the dissolution of as-deposited CaP coatings, a protocol was used here that has

been shown previously to create a nanotube topography?31:115,

4.5.1 XPS Analysis

XPS was again carried out to determine the surface chemistry of the titanium after
anodisation. The WESS for TiNT is provided in Figure 4.28 (a) and shows many
similarities to those of the samples presented in previous sections, with the exception that
a fluorine (F 1s) signal is detected, the high-resolution spectra of which is presented in
Figure 4.28 (e). Trace amounts of the ion are common after anodisation using a fluorine-
based solvent. At small levels this fluorine is non-toxic to cells, but it was important to
ensure that levels are as expected, and no other trace elements have become attached to
the surface. The high-resolution spectra plots for all the major peaks (C 1s, O 1s, Ti 2p
and F 1s) are shown in Figure 4.28 (b) - (e), respectively. Quantification data for these
samples are given in Table 4.9 and confirm that the fluorine present is at levels below
those that would lead to concern. Of particular note here is the large standard deviations
for the C 1s, O 1s and Ti 2p contributions. The calculated Ti/O ratio of 0.26 here is much
lower than for all previous samples. Conversely, the C/O ratio of 1.55 is higher than in
previous cases, indicating that a high concentration of carbon is present on the surface of
the TINT samples.

Table 4.9 XPS quantification (n = 9) for TiNT samples with standard deviation included

TiNT
. N \ . . Total Atomic
Element Binding Energy Atomic Cor}centrntlun Concentration
(eV) %o %
Cls 2848 41131549
2863 651276
= 54.61 £18.89
2878 289+0381
2888 398=0.18
O 1s 5302 17.39+£11.10
3531+£1211
531.6 1840629
Tilp 458.9 593440
933+671
454.6 3.00+£2.11
Fls 684.1 0.78£0.95 0.78£095




10

Survey

94

12|

Ti
b Auger ? Auger

\H J M\‘ / ‘\‘
o ! W
s wwww‘w(w ““W W lﬁqu' ! \ A MM’"« W
! g ™
W b

CPS

W_.’W‘WM

O 1s

F1s

v ,A(WNL.WJE ‘W‘Mwﬂ WWMW\W%‘
kil h

Ti2p

Y |
I

\

| i |
‘\m-l‘wmw.w“\ww‘*”"““f WWW\\ |
N

Cls

Ti3s _.
| Ti 3p
s e NN A /\ }"
N el \.m

o

600
Binding Energy (eV)

< (b)

T T
300 o

" ©

50

40

CPS

30

20

10

292

Hydroxide

L attice Oxide

280 276

206 288 284 540 536 524 520
Binding Energy (eV)
= 107 =
« (d) . (e) n
81 I M i
: etal Fluoride
40 Ti (IV) 3 'y
6| I/
&0 . 6 ¥ “,“‘ W““‘g\
Ti (IV) 12 “ ‘\\ (. I
A
i F [
20 \ 2 H’\ “,“ )‘"\‘ V u\ \““
It N,
0 0 ‘”L || "
Il I
-2 u ‘H\
470 465 465 o @ @0 4 430 435 692 688 684 680 676

Binding Energy (eV)

Binding Energy (eV)

Figure 4.28 XPS spectra for TiNT showing (a) WESS, and high-resolution spectra for (b) C 1s, (c) O 1s,

(d) Ti 2p and (e) F 1s regions



95

4.5.2 XRD Analysis

Figure 4.29 shows the x-ray diffractogram generated for the TINT samples. Peaks were
found to be present at 20 = 25.3°, 35.1°, 36.3°, 38.3°, 40.1°, 43.1°, 48.2°, 52.9° and 54.5°
which are attributed to the Miller indices (hkl) for crystallographic planes 101, 100, 004,
002, 101, 200, 102, 105 and 211, respectively. These planes correspond to a combination
of ICDD file 00-044-1294 for semi-crystalline titanium and ICDD file 01-078-2486 for
the anatase phase of titanium dioxide (TiO2) thereby confirming that this substrate
comprises a surface chemistry comprising semi-crystalline titanium and titanium dioxide.
The nature of the TiO> peaks suggest that a substantial oxide layer is present, which is to

be expected as a result of the anodisation process.
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Figure 4.29 X-ray diffractogram for TiNT with Miller index assignments labelled according to
ICDD files 00-044-1294 and 01-078-2486. Anatase (A) and rutile (R) phases also labelled
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4.5.3 SEM Analysis

SEM images for TiNT are provided in Figure 4.30 and indicate that the expected
nanotubular morphology cannot be seen below a magnification of x4.5k. Hence, a higher
magnification (x22k) was chosen for SEM imaging here, which is in general, greater than
that used for previous samples. The titania nanotubes identified here (Figure 4.30 (d))
show a high level of homogeneity in regard to their tubular circumference. When imaging
the samples at a tilt (Figure 4.30 (e) - (h), it was difficult to maintain resolution at
magnifications matching those used for planar view and so lower magnifications were
used to maintain visual quality. These images do suggest that there are varying heights of

nanotubular features across the sample surface.



Figure 4.30 SEM images for TiNT showing normal planar views (a)-(d) and 80" tilt side angle
views(e)-(h) at magnifications of (a) x4.5k, (b) x10k, (c) x22k (d) x90k, (e) x2.5k, (f) x4.5k, (9)
x10k, and (h) x22k. Note higher magnification used to image nanotubular microstructure
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4.5.4 AFM Analysis

The 2D and 3D AFM scans for TINT are shown in Figure 4.31. Unfortunately, there is
some interference and noise present due to fluctuation of the tip on this very rough
surface. Moreover, the scale on which these substrates were scanned is not sensitive
enough to detect the individual nanotubular structures but does allow for an overall
roughness of the surface. These data sets do allow an estimate of surface roughness to be
made when compared to the previous samples. The corresponding average Ra and Rq
data are shown in Table 4.10 and show a high standard deviation. Whereas, these AFM
images do show a roughened morphology reflective of the nanotube topography, the lines
and grooves on the Ti surface due to processing are still present. It is assumed that the
lines and grooves are the main reason that the nanotubes appear on different levels within
the SEM images and also then cause the issues with the noise in the AFM scans reported

here.

Table 4.10 Average Ra and Rq values (n = 18) and image surface area difference in %
(n=3) for TiNT surfaces calculated from AFM images (n = 3) with standard deviation
included

Rq (nm) Image Surface Area
+ Standard + Difference %
Standard Deviation + Standard Deviation

Ra (nm)

Sample Type + Standard Deviation

-
-

TINT 55242198 70.23 £33.95 32.83+2041

wn

b

3
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-567.4 nm
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773.0 nm
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0.0 1: Height 20.0 pm Height 4.0 um

Figure 4.31 Pseudo- colour 20 um x 20 um 2D and 3D AFM images and corresponding 3D plots
of TINT
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4.6 Discussion
The purpose of the work reported in this chapter is to understand how chemical etching
of titanium changes surface properties in regard to control of dissolution of as deposited
CaP thin film coatings thereon. It is proposed that chemically etched titanium surfaces
can be readily applied as a simple means to deliver this effect. However, as they have not
been studied previously in this context, a detailed level of characterisation is required.
Moreover, the identification of appropriate controls to compare with the behaviour of
these etched samples is also important. Native titanium, either in a pristine (unannealed)
or thermally annealed state is the most obvious control sample, but since both sputtered
deposited and anodised titanium have been used in previous studies?311%° comparison
with one or other of them is warranted. An understanding of the surface chemical and
morphological properties of all these surfaces, before and after annealing, is required.

When comparing the pristine (unannealed) titanium surfaces with the thermally
annealed titanium samples, few differences were notable. The WESS for both sample
types presented similar signals, and only upon quantification were differences in carbon,
oxygen and titanium presence on the surface observed. The aTi displayed a reduction in
surface carbon, with a significant increase in oxygen and titanium, as expected with the
growth of the oxide layer due to the thermal annealing. As the thermal annealing was
undertaken at 500 °C, no changes in crystallinity occurred, as shown in the XRD data
with both sample types presenting x-ray diffractograms corresponding to semi-crystalline
titanium?%, with anatase and rutile phases present. Notably, the intensity of the rutile
phases increases after thermal annealing. There was what looked to be ‘smoothing’ of the
surface when comparing SEM images of the aTi to Ti, indicative of the oxide growth with
thermal annealing. When the surface microstructure is examined at higher resolution
using AFM the Ti and aTi samples showed very similar roughness, with little difference
between the average Ra and Rq values. The image surface area difference % almost
doubled after the Ti was annealed to aTi, but the standard deviation was large and so
overlapped with the Ti measurements. Therefore, it is suggested that the extra annealing
step does not give rise to any desirable changes in the surface chemistry or morphology
of the titanium sample, and so the unannealed titanium (Ti) is thought to be a suitable
control.

XPS data at the WESS level for chemically etched titanium showed little variation
compared to that of the surface chemistry for pristine Ti. The associated high-resolution
spectral plots for the etched samples do show some changes that may affect how sputter

deposited CaP thin films behave thereon. The most significant difference is the presence



101

of a carbide signal on the 3eTi surface. The associated SEM and AFM images suggest
that this has formed predominantly along the lines and grooves that are present on the
surface due to machining of the pristine material, as well as around the edges of minor
pits that had formed across the surface. This nucleation could in turn be the cause of the
high standard deviation measured for both Ra and Rq values. The corresponding 24eTi
sample showed a more promising morphology, in addition to a well-defined surface
chemistry, which is similar to that seen for aTi. This surface presents a lower amount of
carbon, as well as a higher oxygen and titanium concentration when compared to that of
the pristine Ti, with no other peaks present suggestive of contamination. The SEM images
gathered present a “honeycomb’ pitted topography that was found to be present across the
substrate surface. The subsequent AFM measured a roughness (Ra & Rq) higher than that
of the other samples, as well as a low standard deviation, suggestive of an offset orientated
but repeatable morphology from sample-to-sample®®. The 24eTi samples also had the
third highest image surface area difference %, but the lowest standard deviation indicating
repeatability of roughness between samples. Hence, it is deemed that this chemically
etched surface should not present any negative effects on cells in vitro. These data suggest
that the 24eTi provides a more desirable surface chemistry and morphology compared to
that of the 3eTi. Literature describes how an offset orientated topography rather than an
ordered topography provides a surface onto which cells can adhere and proliferate more
readily (REFS). It is believed that the ‘honeycomb’ pitting morphology on the 24eTi
surface will provide a topography onto which CaP thin films can be deposited in an
amorphous state, and in turn allow a degree of control over the dissolution of the CaP thin
film when placed in aqueous solution.

In respect of the control samples, the surface chemical properties of radio
frequency (RF) magnetron sputtered PolyTi samples were similar to that of both the Ti
and aTi, with no unexpected peaks present in the XPS spectra data. It was found that
aPolyTi250 showed a small decrease in surface carbon content, with a slight increase in
oxygen content, confirming that surface oxidation occurred from PolyTi250 to
aPolyTi250, due to thermal annealing. This was further evident when comparing the AFM
measurements which showed little change between the two samples. PolyTi400 has a
surface chemistry similar to the aTi sample, whilst thermal annealing to give aPolyTi400
actually led to an increase in carbon content with a decrease in oxygen content, despite
the enhanced oxide layer growth. This surface chemistry suggested both of the sputtered
samples, PolyTi250 and PolyTi400 have the potential to act as comparator samples.

Interestingly, these results suggest that PolyTi400 has a surface chemistry similar to that
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of aTi without the need of an annealing step. However, when comparing the XRD of both
samples, PolyTi250 presented a surface crystallinity similar to that of the pristine Ti, as
expected, with both anatase and rutile phases present indicative of semi-crystalline
titanium. Notwithstanding, the PolyTi400 x-ray diffractogram displayed a singular peak
at 20 = 36.4°, which corresponds to the Miller index (hkl) orientation in the 004 plane®®.
This peak is indicative of TiO2 and suggests that the PolyTi400 surface has a significantly
increased oxide layer which is thick enough to mask the detection of any other
crystallographic planes for titanium. This interpretation is supported by the XPS
quantification for this sample, which showed high oxygen and titanium contributions. A
possible explanation for this is offered by Duffy?®* where he states that increased
roughness and heights of morphology can lead to strong dominant crystallographic
planes. It is thought here that the sputtering of PolyTi400 has more pronounced highly
oriented TiO2 growth on the surface than that seen for the other PolyTi samples. No
significant differences between these samples was discerned from the SEM images, with
the lines and grooves present on both surfaces. The PolyTi400 did present a higher
occurrence of nucleation of material, seen predominantly along these lines and grooves
present on the surface. When further characterised, it was found that the PolyTi250
exhibited more desirable morphology and roughness than that of the PolyTi400. The
characterisation data gathered suggested that PolyTi250 may be more beneficial as a
morphology to control the dissolution of CaP thin films thereon.

When comparing these samples with titania nanotubes (TiNT), a similar surface
chemistry is presented in the XPS spectra, with the addition of a fluorine signal. This is
further confirmed upon XPS quantification, with the highest surface carbon concentration
of all the samples, as well as the lowest titanium content measured. The fluorine that is
present on the surface is in small amounts and it is believed that at these levels there
should be no issues with subsequent cell activity in vitro. The x-ray diffractogram for the
TINT presents a combination of semi-crystalline titanium and anatase titanium
dioxide!®197:205 |n tandem with the XPS data, this indicates that there was an increased
oxide layer on this surface. This increased oxide layer is expected due to the process of
the electrochemical anodisation reaction, where the oxide layer is continually anodised
and regrown throughout the reaction, leading to areas of thicker oxide content?%, The
SEM images showed that the TINT did present a roughened morphology. The nanotubes
became visible at a higher magnification and showed a homogeneity for the tubular
diameter. However, these nanotubular features were found to have varying heights

suggesting that although the nanotubes have a desirable surface chemistry and roughness,
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the latter are not repeatable across the required sample set. This was further confirmed by
the AFM of the TINT surfaces, which did display a relatively high surface roughness.
However, the standard deviations were high, leading to the assertion that although these
surfaces do provide areas of desirable roughness and tubular structures capable of
retaining CaP thin films, the repeatability of these surfaces in particular is not feasible.

In summary, the chemically etched surface for 24 hr (24eTi) was found to be the
superior chemically etched sample when comparing all characterisation data gathered and
comparison to literature. These surfaces presented a desirable surface chemistry, as well
as a roughened surface morphology, and it is believed that this particular surface
roughness will play a role in the control of dissolution of CaP thin films thereon. Pristine
titanium was shown to be an obvious control choice, as there was no data gathered that
suggested that the thermal annealing yielded any elevated surface chemistry or
morphology properties compared to the unannealed titanium sample. It is important that
the comparative sample is repeatable, so as to allow for an accurate comparison with not
only the 24eTi, but also with the Ti control. Therefore, PolyTi250 samples were found to
be the surface comparator of choice. These samples exhibited a surface chemically similar
to that of the Ti, but with a more pronounced surface roughness higher than that of the Ti
but lower than the 24eTi surfaces. It is believed that these surfaces, particularly the 24eTi
samples, will exhibit desirable properties from which the control of sputtered CaP thin

films will be possible thereon, to give rise to an enhanced bioactive response in vitro.
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Chapter 5: Calcium Phosphate Thin Film Coatings on Etched

Titania Morphologies

5.1 Introduction
This chapter provides a detailed analysis of calcium phosphate (CaP) thin films sputter
deposited from both hydroxyapatite (HA) and strontium substituted hydroxyapatite
(SrHA) targets onto 24 hr etched titanium substrates. Coatings produced from SrHA have
been shown previously to have an increased rate of dissolution compared to those from
HA due to the larger atomic radius of strontium compared to that of the calcium
ions'82225226 The core objective of this work is to determine the effectiveness of the
etched titania morphology in controlling the subsequent dissolution of the two coating
chemistries and to investigate their relative rates of dissolution. To this end, HA and SrHA
coatings similarly deposited on pristine and polycrystalline (sputter deposited) titanium
surfaces are used as comparators. All coated substrates were subjected to a 7-day
dissolution study in cell culture medium and the changes to surface chemistry and
topography measured to determine the capabilities of the various surfaces to retain
remnants of the respective CaP thin films at a level that can impart a bioactive response.
The nomenclature for the various samples employed here are provided below. It
should be noted that sputter deposited CaP coatings are not chemically identical to the
precursor HA and SrHA target materials and hence these terms are used here for

convenience of identification:

e TiHA - Titanium with HA thin film

e 24eTiHA- 24 hr piranha etched titanium with HA thin film

e PolyTi250HA - 250 W polycrystalline titanium with HA thin film

e TiSrHA- Titanium with SrHA thin film

o 24eTiSrHA- 24 hr etched titanium with SrHA thin film

e PolyTi250SrHA - 250 W polycrystalline titanium with SrHA thin film

All substrates were subjected to surface analysis before and after the 7-day dissolution
process using x-ray photoelectron spectroscopy (XPS), time of flight secondary ion mass
spectrometry (ToFSIMS), x-ray diffraction (XRD) and scanning electron microscopy
(SEM).
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5.2 Pristine Titanium with HA and SrHA Coatings

Pristine titanium was used here as a control sample. It is noted here that this substrate
surface is not completely ‘smooth’ but rather it has a minor surface topography derived
from processing that is significantly different to that of the etched and polycrystalline
surfaces. Previous literature has shown that CaP thin films will quickly dissipate
completely on flat surfaces?>!%. Hence, creation of a specific form of surface roughness
on the titanium surfaces created here seeks to provide a convenient means to control the
dissolution of the CaP (HA and SrHA) thin films thereon.

5.2.1 XPS of HA and SrHA Coated Pristine Titanium

XPS was carried out on all CaP sputter coated thin films on pristine titanium substrates
to ensure that a coating from either the HA or SrHA targets was achieved under the
deposition conditions employed. The estimated film thickness created using the
deposition conditions employed here was approximately 11lnm. However, it is
recognised that due to the conformal nature of the coating process, the uniformity of the
layer thickness depends on the substrate morphology present.

Figure 5.1 (a) — (e) shows the XPS spectra for TiHA, with peaks observed in the
wide energy survey scan (WESS) labelled accordingly (Figure 5.1 (a)). As expected,
peaks associated with the CaP thin film produced from the HA are present as calcium
(Ca 2p, Ca 2s, Ca 3s and Ca 3p) and phosphorus (P 2p and P 2s) signals. The lack of any
discernible titanium (Ti 2p or Ti 2s) signals in this spectrum confirms that film thickness
is greater than the relevant photoelectron inelastic mean free path, i.e. ca. 10 nm. The
lowest binding energy (BE) component (C-C, C-H) in the carbon (C 1s) envelope
(Figure 5.1 (b)) is assigned to adventitious carbon and set at a BE of 284.8 eV?% and then
used to calibrate all other present peaks for the effects of residual surface charging
(low energy electrons were used to neutralise major charging effects during spectral
acquisition). The remaining three peaks present in the C 1s region are assigned to C-0O,
C=0 and O-C=0 at 286.3 eV, 287.7 eV and 288.7 eV, respectively. The corresponding
O 1s plot (Fig 5.1 (c)) comprises two peaks with that at 531.0 eV attributed to lattice
oxide bonding and the 532.8 eV contribution assigned to hydroxide bonding (OH").
Figure 5.1 (d) shows the Ca 2p region with the expected Ca 2ps; and Ca 2p12 doublet
components at 347.4 eV and 350.9 eV, respectively. The corresponding P 2p region is
provided in Figure 5.1 (e) with the unresolved doublet centred at 133 eV, which when
peak fitted results in P 2p3 and P 2pi» contributions at 133.4 eV and 134.4 eV,
respectively. The calculated carbon to oxygen ratio (C/O) for these substrates is 0.42,
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which is slightly lower than that for aTi which had a C/O of 0.47. Given the lack of
titanium signals detected, the oxygen here is assumed to emanate from the CaP (TiHA)
coating which is formed from the HA target (Ca10o(PO4)s(OH)2). The Ca/P ratio for these
TiHA samples is calculated as 0.99, which suggests an almost 1:1 Ca and P content on
the surface rather than the 1.67 ratio (10:6) expected for the stoichiometric HA target
material322%2,

Figure 5.2 (a) — (e) shows the WESS and high-resolution plots for the
corrseponding TiSrHA samples. In general, the signals present in the WESS scan
(Figure 5.2 (a)) are similar to those observed for TiHA with the addition of the expected
strontium contribution. The lowest binding energy contribution in the high resolution
C 1s plot (Figure 5.2 (b)) is again assigned to adventitious carbon at 248.8 eV and used
to calibrate other signal bands for surface charging. The remaining three peaks present at
286.4 eV, 287.9 eV and 288.9 eV are again indicative of C-O, C=0 and O-C=0 bonding,
respectively. The O 1s high resolution region (Figure 5.2 (c)) shows two peaks at
531.1eV and 533.0 eV indicative of lattice oxide bonding and hydroxide bonding,
respectively. The Ca 2p region (Figure 5.2 (d)) shows a single doublet with Ca 2p3/> and
Ca 2p12 at 347.6 eV and 351.0 eV, respectively. The P 2p region (Figure 5.2 (e)) shows
a doublet with P 2ps2 at 133.5 eV and P 2py; at 135 eV. The Sr region (Figure 5.2 (f))
shows a Sr 3p doublet comprising Sr 3pz2 at 269.0 eV and Sr 3py2 at 279.7 eV. The C/O
ratio calculated for the TiSrHA samples was 0.46 which is slightly higher than the 0.42
value recorded for the TiHA samples. As before, the oxygen detected here is assumed to
emanate from the CaP (TiSrHA) coating which is formed from the SrHA target
(Ca10xSrx(PO4)s(OH)2). The Ca/P ratio calculated for the TiSrTHA samples was 0.35, with
a combined (Sr + Ca)/P ratio of 0.45. This Ca/P ratio is much lower than the 0.99 value
calculated for TiHA and the 1.67 expected for the SrHA target material. The XPS
quantification data for the TiHA and TiSrHA samples are presented in Table 5.1.
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Table 5.1 XPS quantification data (n = 9) for TiHA and TiSrHA samples with standard deviation

included
TiHA TiSrHA
Binding Atomic . Binding Atomic Total Atomic
. Total Atomic . .
Element | Energy | concentration . o Energy | Concentration | Concentration
Concentration %
(eV) % (ev) % %
Cls 284.2 15351 2.56 284.8 15.31£0.04
286.3 245+2.39 286.4 2.26+£0.43
19.65+3.54 1836+ 3.17
287.7 0.75+0.42 287.9 0.38+0.13
287.7 1.00+0.19 288.9 0.54+0.21
01s 331.0 27.88+4.75 3311 25,76 £4.08
47141240 40.07 £1.78
5328 18.20+7.10 333.0 10.22 £5.72
Ca2p 347.4 11.31+0.69 347.6 B.26+0.73
16.53+0.28 10.03 +1.03
350.9 3301117 3510 3.23x0.32
P2p 1334 11.25+0.52 133.5 18.05+1.32
16.68 +0.92 28.64 2,16
134.4 347 £0.15 135.0 8.52+0.66
Sr3p - - 265.0 2.080.47
2.90+0.58
- - 279.7 0,76 £0.13
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5.2.2 ToFSIMS of Titanium with CaP Thin Film Coatings

Time of flight secondary ion mass spectrometry (ToFSIMS) has been used to further
investigate the HA and SrHA coatings on the pristine titanium substrate surfaces with
particular reference to investigating thin film integrity. For this purpose, positive ion
spectra and associated mapping have been utilised to display ions indicative of the CaP
coatings and to provide details of the distribution of the elements present on the substrate
surface.

Figure 5.3 shows a positive ion mass spectrum for TiHA in the 0 to 300
mass-to-charge ratio (m/z) range with evidence of organic and inorganic substances
present. Major peaks at 40 m/z and 57 m/z show the presence of calcium ions (Ca*) and
calcium hydroxide ions (CaOH"), respectively. These are followed in decreasing relative
intensity by ions of calcium monohydride (CaH™) and calcium phosphate ions in varying
forms (CaPO.", Ca;,PO.*, CaPO3s", Ca,POs", CasPOs" and CasPOs™), as well as indicating
the presence of calcium oxide in the form of a divalent cation (Ca2O*). There is also the
presence of sodium (Na*) and potassium (K*) at 23 m/z and 39 m/z, respectively (These
are commonly seen in TOFSIMS as contaminants, usually from handling). Notably, there
is an absence of Ti" at 48 m/z. The corresponding positive ion maps for Ca*, CaH",
CaOH", Ca,0", CaPO;", CaPQOs*, CazPOs", Ca,PO4*, CasPOs™ and CasPOs™ are provided
in Figure 5.4 as a means of showing the spatial distribution of these positive ions across
a representative area of the substrate surface. Plots of total ion count are also provided as

reference.
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The positive ion mass spectrum for TiSrHA is provided in Figure 5.5 and again Ca*, CaH"
and CaOH" are the most dominant peaks, indicative of a CaP thin film coating. As
expected, a strontium ion (Sr*) signal is present at 89 m/z. As before, there is no signal
for titanium was detected at 48 m/z confirming a homogenous CaP coating on this
substrate. There is a large signal present at 23 m/z indicative of sodium ions, again
attributed to contaminants from handling of the sample. Notably, there are less calcium
phosphate ion groups (CaPO.", Ca,PO4*, CaPOs*, Ca:POs", CasPOs" and CasPO¢")
present in this TiSrHA spectrum. The corresponding positive ion maps in Figure 5.6
display the distribution of the main positive ions present on the substrate surface including
that for Sr*. The absence of the more complex calcium phosphate phases seen previously

for the TiHA samples is evident across the substrate surface maps.
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5.2.3 XRD of HA and SrHA Coated Pristine Titanium

The sputtered CaP (TiHA and TiSrHA) thin films produced here are in the as-deposited
state; therefore, they are understood to be amorphous as no subsequent thermal annealing
step has taken place. Nonetheless, it was deemed important to confirm this condition and
so x-ray diffractograms were generated for the thin film coated samples as shown in
Figure 5.7 (a) for TiHA and Figure 5.7 (b) for TiSrHA with all of the peaks detected
labelled accordingly. The main peaks for TiIHA are seen at 206 = 35°, 38.3°, 40.1° and
53.1° corresponding to Miller indices (hkl) in the 100, 002, 101 and 102 planes,
respectively. Peaks present in the TiStTHA scan are at 20 = 35°, 38.2°, 40.1° and 52.8°
corresponding to Miller indices (hkl) in the 100, 002, 101 and 102 planes, respectively.
In both cases, the spectra conform to the ICDD file 00-044-1294 for semi-crystalline
titanium?®2%’_ This indicates that the thin film coatings derived from either HA or STHA

sputter targets on pristine titanium surfaces are indeed amorphous.

R
o (002)
A
(101)
30 R
A

@) (100) (102)

10 A
(102)

2-Theta (28)

Figure 5.7 X- ray diffractograms for HA and SrHA CaP sputtered coatings on pristine titanium (a)
TiHA and (b) TiSrHA with Miller index assignments labelled according to ICDD file 00-044-1294.

Anatase (A) and rutile (R) phases also labelled
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5.2.4 SEM analysis of HA and SrHA Coated Pristine Titanium
Figure 5.8 shows scanning electron microscopy (SEM) images for TiHA samples at
magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k with corresponding 80° tilt image
views (e) x400, (f) x2.5k, (g) x4.5k and (h) x8k. At lower magnifications, there are no
significant differences observed between the TiHA samples and the corresponding
pristine Ti samples seen in Chapter 4.2.3 (Figure 4.4). The lines and grooves seen
previously on the pristine Ti surface are still present. When magnification is increased to
x30K, as provided in Figure 5.9, the presence of CaP (HA) particles becomes visible
particularly along the lines and grooves present on the substrate. The underlying
distinguishing titanium topography is still clearly visible in all of these SEM images.
Figure 5.10 shows the corresponding planar view and 80° tilted view images for
TiSrHA at magnifications of (a) x400, (b) x2.5k, (c) x4.5k (d) x8k, (e) x400, (f) x2.5k,
(9) x4.5k and (h) x8k. As before, there are no discernible differences between the Ti
uncoated and TiSrHA samples at lower magnification. At higher magnification the
presence of the sputtered SfHA material can be seen across the surface, especially along
any lines, grooves and pits. In this regard, Figure 5.11 shows an SEM image of a typical
TiSrHA surface at x30k and clearly shows that the coating nucleates and grows on these

pronounced surface features.
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Figure 5.8 SEM images for TiHA showing normal planar views (a) — (d), and 80° tilt side angle
views (e) — (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k, (d) x8k, (e) x400, (f) x2.5k,
(g) x4.5k and (h) x8k
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Figure 5.9 SEM planar view image of TiHA at x30k magnification

A comparison of Figure 5.8 (d) with Figure 5.10 (d) samples (x8k) suggests that TIHA
has more areas of ‘pull out’ and surface nucleation than are observed for TiSTHA. Overall,
the TiSrHA samples have a ‘smoother’ surface and although the lines and grooves are
still present there are no areas of coating material build-up of the type seen for the TIHA

samples. However, at higher magnification (x30k) both sample surfaces are very similar.
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Figure 5.10 SEM images for TiSrHA showing normal planar views (a) — (d), and 80° tilt side
angle views (e) — (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k, (d) x8k, (e) x400, (f)
x2.5k, (g) x4.5k and (h) x8k
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Figure 5.11 SEM planar view image of TiSrHA at x30k magnification
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5.3 HA and SrHA Coatings on 24 hr Etched Titanium

The morphology created on the 24eTi surface is thought to have the potential to provide
the type of offset orientated roughness that can control the dissolution of HA or SfHA
sputtered films thereon. To this end, the surface chemistry (XPS, ToFSIMS, XRD) and
morphology (SEM) that results from adding a CaP bioactive sputter deposited coating to
the underlying etched titanium surface have been determined.

5.3.1 XPS of HA and SrHA Coated 24 hr Etched Titanium

The XPS spectra for 24eTiHA is presented in Figure 5.12. In general, the WESS (Figure
5.12 (a)) is similar to that observed for TiHA (Figure 5.1 (a)). There are again no titanium
signals detected indicating that the CaP (HA) coating is thicker than the inelastic mean
free path of the photoelectrons from the underlying substrate. Given that the etching
process has been shown to create significant surface roughness, the lack of Ti 2p signals
also confirms that HA deposits as a continuous HA coating on this surface. The high-
resolution spectra plots (Figure 5.12 (b) — (e)) show the presence of carbon (C 1s), oxygen
(O 1s), calcium (Ca 2p) and phosphorus (P 2p) signals. Figure 5.12 (b) shows the C 1s
region, with the lowest binding energy again charge corrected to 284.8 eV, indicative of
C-C and C-H bonding. The three remaining peaks present in this C 1s envelope
correspond to C-O, C=0 and O-C=0 bonding which are fitted to 286.5 eV, 287.7 eV and
288.7 eV, respectively. The O 1s region in Figure 5.12 (c) comprises the lattice oxide
peak at 531.0 eV and the corresponding hydroxide bonding peak present at 532.1 eV.
Presence of the HA thin film coating was confirmed through the quantifiable Ca 2p and
P 2p signals. The doublet peak shown for Ca 2p in Figure 5.12 (d) is present at 347.8 eV
and 351.4 eV for Ca 2ps2 and Ca 2pus, respectively. The P 2p signal (Figure 5.12 (e)) is
fitted to P 2ps2 and P 2p12 peaks at 133.6 eV and 134.6 eV, respectively. The C/O ratio
here was calculated as 0.42 which is again indicative of a higher oxygen content on the
surface expected with the HA thin film. This C/O ratio is the same as that recorded for
TiHA but lower than the 0.46 calculated for TiSrHA. The Ca/P ratio for 24eTiHA was
calculated as 0.91, which is also lower than that calculated for the TiHA and the typical
1.67 expected for HA.

Figure 5.13 (a) — (e) shows the WESS and high-resolution plots for 24eTiSrHA
samples. The peaks present in the WESS (Figure 5.13(a)) are again similar to those seen
for the TiIHA, with the addition of strontium here, as expected. The C 1s region was charge
corrected to 284.8 eV, with the corresponding carbon peaks for C-O, C=0 and O-C=0
fitted to 286.3 eV, 287.8 eV and 288.8 eV, respectively. The O 1s region (Figure 5.13 (¢))
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present at 531.5 eV and 533.1 eV once again correspond to lattice bonding and hydroxide
bonding, respectively. The Ca 2p doublet in Figure 5.13 (d) can be fitted to Ca 2ps/» and
Ca 2py at 347.7 eV and 351.3 eV, respectively. The unresolved P 2p doublet displayed
in Figure 5.13 (e) shows contributions for P 2ps, at 133.8 eV and P 2p12 at 135.5eV. The
Sr 3p doublet (Figure 5.13 (insert within WESS)) comprises the Sr 3pz. at 269.7 eV and
the Sr 3py2 at 279.8 eV. There are no titanium signals present in the WESS indicating
again that the sputter coating is thicker than that of the relevant photoelectron inelastic
mean free path. The C/O ratio is calculated as 0.33 which is lower than that of the TiHA,
TiSrHA and 24eTiHA samples. The Ca/P ratio for these is 0.31, with a combined
(Sr + Ca) / P ratio of 0.40. These ratios are lower than those calculated for TiSrHA and
suggest a higher content of phosphorus than calcium on the sample surface.

The XPS quantification data for the 24eTiHA and 24eTiSrHA samples can be
seen in Table 5.2.

Table 5.2 XPS quantification data (n = 9) for 24eTiHA and 24eTiSrHA samples with
standard deviation included

24eTiHA 24eTiSrHA
Binding Atomic . Binding Atomic Total Atomic
. Total Atomic . .
Element | Energy | concentration - Energy | Concentration | Concentration
Concentration %
(eV) % (eV) % %
Cls 284.3 13.64 £0.47 284.3 11,08 £ 2.80
286.5 3.89+1.93 286.3 2401125
19,77+ 3.65 14.69£0.97
287.7 124+1.21 287.8 0.52 £0.67
288.7 0.95+0.29 288.8 0.71£0.25
01s 5310 22.46 £ 4,66 5315 3190+ 1.81
47,50+ 1.20 4443 +5.47
532.1 25.02+3.81 533.1 13.00£6.51
Ca2p 347.8 10.08 £1.58 347.7 £.24 1 1.66
15,59+ 2.20 9171220
3514 5.49+1.27 3513 2.9610.62
P2p 133.6 11.45%0.73 133.8 1948+ 1.19
17.15+1.13 29.25+1.72
134.6 574037 135.5 9.74 £0.60
Sr3p - - - 269.7 1.71+0.53
2471088
- - - 279.8 0.70£0.32
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Figure 5.12 XPS spectra for 24eTiHA surface showing (a) WESS, and high-resolution spectra for

(b) C 1s, (c) O 1s, (d) Ca 2p and (e) P 2p regions
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5.3.2 ToFSIMS of HA and SrHA Coated 24 hr Etched Titanium

Figure 5.14 shows the positive ion mass spectrum for 24eTiHA in the range 0-300 m/z.
Two major signals are detected at 40 m/z and 57 m/z indicative of calcium and calcium
hydroxide ions, respectively. There is no signal detected at 48 m/z for titanium indicating
that the CaP thin film is homogeneous across the surface. There are also various of
calcium phosphate ions detected with lower intensity: CaH*, CaPO;*, Ca,PO4*, CaPOs",
Ca,POs", Ca0" and CasPOs". These ions are all indicative of a CaP (HA) thin film on
the substrate surface. Positive ion maps for the main peaks are presented in Figure 5.15

indicative of their spatial distribution over representative areas of the sample surface.
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Figure 5.14 Positive ion ToFSIMS spectrum for 24eTiHA surface with positive ion signals

indicative of a CaP thin film labelled
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Figure 5.15 ToFSIMS positive ion maps of total ion count (TIC), Ca*, CaH*, CaOH", Ca,O",
CaPO,", CaPOs*, Ca,POs*, Ca,PO,4", CasPOs*, and CasPOs"* for 24eTiHA
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Figure 5.16 displays the corresponding positive ion mass spectrum for 24eTiSrHA.
Again, the dominant peaks here are Ca*™ at 40 m/z and CaOH" at 57 m/z. There is a
strontium signal present at 88 m/z, as expected. As before, no signal is detected for
titanium at 48 m/z in the positive ion spectra. However, small titanium signals are
detected in the positive ion maps. Overall, the spectrum for 24eTiSrHA show similarities
to that for TiSrHA (Figure 5.5) with both displaying calcium ions associated with HA
coatings. When comparing these latter positive ion spectra to those for 24eTiHA and
24eTiSrHA (Figures 5.14 and Figure 5.16, respectively) it is noted that the 24eTiHA
shows the presence of many more CaP phases than that of the 24eTiSrHA samples.
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Figure 5.16 Positive ion ToFSIMS spectrum for 24eTiSrHA surface with positive ion signals

indicative of a CaP thin film labelled

Figure 5.17 provides the positive ion maps for 24eTiSrHA with intensities that are similar
to those for TIHA (Figure 5.6). The corresponding positive ion maps for 24eTiSrHA show
the absence of many of the CaP phases noted in the 24eTiHA but do show the presence
of calcium and calcium hydroxide, with lesser amounts of simpler CaP phases. As before,

no peaks were detected for titanium.
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5.3.3 XRD of HA and SrHA Coated 24 hr Etched Titanium

Figure 5.18 displays x-ray diffractograms for (a) 24eTiHA and (b) 24eTiSrHA with all
peaks present labelled accordingly. For the 24eTiHA sample, Figure 5.18 (a) displays
peaks at 20 = 35.2°, 38.5°, 40.2° and 53.0° which correspond to the Miller index (hkl)
orientation in the 100, 002, 101 and 102 planes respectively. These peaks correspond to
the ICDD file 00-044-1294 for semi-crystalline titanium?%>%2’, No peaks indicative of HA
was found to be present.

Figure 5.18 (b) shows the x-ray diffractogram collected for the 24eTiSrHA
sample. Peaks were found to be present at 26 = 35.1°, 38.5°, 40.2° and 53.1° which
correspond to the Miller index (hkl) orientation in the planes of 100, 002, 101 and 102
respectively. These samples also show no indication of peaks associated with HA or
SrHA. The diffraction planes again correspond to the semi-crystalline titanium ICDD file
00-044-1294295227 These x-ray diffractograms are similar to those for TiHA and TiSrHA

(Figure 5.7 (a) — (b)), showing orientation planes indicative of semi- crystalline titanium.
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Figure 5.18 X-ray diffractograms for HA and SrHA CaP sputter coatings on 24 hr etched titanium (a)
24eTiHA and (b) 24eTiSrHA with Miller index assignments labelled according to ICDD file
00-044-1294. Anatase (A) and rutile (R) phases also labelled
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5.3.4 SEM of Etched Titanium with CaP Thin Film Coatings

Figure 5.19 displays SEM images for 24eTiHA in both plane and 80° tilted angle views
to allow for better visualisation of the CaP coating on the etched titanium surface. The
distinctive ‘honeycomb’ pitting morphology previously observed for the underlying
24eTi surface (Figure 4.12) is still clearly visible across the sample surface. Nucleation
of the HA material is partially visible at x8k (Figure 5.19 (d)) but is much clearer in Figure
5.20 which shows this sample at x30k. At this magnification, nucleation of the material
across the surface and in the pitted areas is clearly visible, with the particles of the HA
clearly visible. As such, the HA has not altered the morphology of the surface but in fact
conformed to the underlying topography, as expected.

The corresponding SEM images for 24eTiSrHA are presented in Figure 5.21. At
x400 (Figure 5.21 (a)) the pitting morphology is not as prominent as it was in the
24eTiHA images nor the original 24eTi surface, but the lines and grooves that were seen
on the pristine Ti are still visibly present. Upon higher magnification
(Figure 5.21 (b) — (d)) nucleation of the SrHA material becomes apparent as there is what
looks to be ‘smoothing’ of the pitting features on this surface. The 80° tilted images
(Figure 5.21 (e) — (h)) show similarities to their equivalents for the 24eTiHA sample, with
the pitting visible across the surface. However, the 24eTiSrHA sample does show a
greater build-up of the nucleated coating material along certain parts of the sample surface
compared to that for 24eTiHA. Figure 5.22 depicts the x30k magnification image for

24eTiSrHA with the individual CaP particles visible across the surface.



Figure 5.19 SEM images for 24eTiHA showing normal planar views (a) — (d), and 80° tilt
side angle views (e) — (h) at magnifications of (a) x 400, (b) x 2.5k, (c) x 4.5k, (d) x 8k, (e) x
400, (f) x 2.5k, (g) x 4.5k and (h) x 8k
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Figure 5.20 SEM planar view image of 24eTiHA at x 30k magnification

Both the 24eTiHA and 24eSrHA samples show nucleation of the coating materials (HA
and SrHA) onto the etched sample surface. Both types of sample do still show a dominant
underlying ‘honeycomb’ pitted morphology, which is much more prominent for 24eTiHA
samples compared to 24eTiSrHA. Interestingly, a build-up of particles in certain sample
areas is evident on the 24eTiSrHA samples, both in the planar view images and the 80°

tilted images.
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5um’ R e S m
Figure 5.21 SEM images for 24eTiSrHA showing normal planar views (a) — (d), and 80° tilt
side angle views (e) — (h) at magnifications of (a) x 400, (b) x 2.5k, (c) x 4.5k, (d) x 8Kk, (e) x
400, (f) x 2.5k, (g) x 4.5k and (h) x 8k
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Figure 5.22 SEM planar view image of 24eTiSrHA at x 30k magnification
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5.4 HA and SrHA Coatings on Polycrystalline Titanium

Titanium surfaces created by RF magnetron sputtering from a pure titanium target have
been coated with HA and SrHA as a comparator for the 24 hr etched substrates. These
polycrystalline surfaces have been shown previously to extend the time taken for

dissolution of as-deposited sputtered CaP thin films coatings thereon?2°,

5.4.1 XPS of HA and SrHA Coatings on Polycrystalline Titanium
The XPS spectra for PolyTi250HA are displayed in Figure 5.23 with the WESS in Figure
5.23 (a) and the corresponding high-resolution plots for the C 1s, O 1s, Ca 2p and P 2p
regions shown in Figure 5.23 (b) — (e), respectively. The WESS shows the presence of
the HA thin film in the form of calcium (Ca 2p) and phosphorus (P 2p) signals, with the
absence of any titanium (Ti 2p) signal notable. This absence of titanium signals again
suggests that the coating is thicker than that of the inelastic mean free path of the
respective photoelectrons. Figure 5.23 (b) shows the C 1s region, where the lowest BE
peak was charge corrected to 284.8 eV for adventitious carbon, with the three remaining
peaks assigned to C-O, C=0 and O-C=0 seen at 286.1 eV, 287.6 eV and 288.6 eV
respectively. The O 1s region shows two peaks due to lattice bonding and hydroxide
bonding at 531.0 eV and 532.3 eV, respectively. The Ca 2p doublet in Figure 5.23 (d)
shows Ca 2pz. at 347.7 eV and Ca 2p1» at 351.1 eV. The P 2p region in Figure 5.23 (e)
shows P 2ps» and P 2p12 contribution to the doublet at 133.4 eV and 134.5 eV,
respectively. The C/O ratio calculated from these data is 0.74 which is much higher than
that for the TiHA, 24eTiHA, TiSrHA and 24eTiSrHA samples. The Ca/P value is 0.93,
which is again lower than that of TiHA and the expected 1.67 for HA.

Figure 5.24 (a) presents the WESS for the PolyTi250SrHA surface. The lowest
BE peak of the C 1s region in Figure 5.24 (b) is designated as due to adventitious carbon
at 284.8 eV and all other peaks charge corrected accordingly. The remaining three peaks
in this envelope are seen at 286.3 eV, 287.8 eV and 288.8 eV corresponding to C-O, C=0
and O-C=0 respectively. The O 1s region (Figure 5.24 (c)) has two discernible peaks at
531.0 eV and 532.3 eV which are as before, indicative of lattice bonding and hydroxide
bonding, respectively. The Ca 2p region (Figure 5.24 (c)) shows a doublet at 347.7 eV
and 351.3 eV assigned to Ca 2pz2 and Ca 2pu12, respectively. Figure 5.24 (e) shows the
P 2p region which is fitted to show P 2psz and P 2py2 at 133.9 eV and 135.8 eV,
respectively. The Sr 3p region (Figure 5.24 (insert within WESS)) presents a doublet
fitted for Sr 3ps2 at 269.9 eV and Sr 3py2 at 280.0 eV. The C/O ratio calculated here is
0.43, which is lower than that for TiSrHA but higher than that calculated for 24eTiSrHA.
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The Ca/P ratio is calculated to be 0.32 with a combined (Sr + Ca)/P ratio of 0.42 which
is higher than the 24eTiSrHA but lower than the corresponding ratios calculated for
TiSrHA. All XPS quantification for the PolyTi250HA and PolyTi250SrHA samples is
presented in Table 5.3.

Table 5.3 XPS quantification data (n = 9) for PolyTi250HA and PolyTi250SrHA with
standard deviation included

PolyTi250HA PolyTi2505rHA
Binding Atomic . Binding Atomic Total Atomic
. Total Atomic . .
Element | Energy concentration - Energy | Concentration | Concentration
Concentration %
(eV) % (eV) % %
C1s 284.8 24.04 £ 9.68 284.8 15.66 £3.03
286.1 3.85+1.09 286.3 1.80 £ 0.66
30.721£12.11 17.70£2.26
287.6 0.96+£0.55 287.8 0.18 £0.27
288.6 1.860.20 288.8 0.21+0.15
01s 531.0 23.593+£6.09 531.0 30.32+£2.68
41,69 + 6.63 41,17 +1.45
532.3 17.86 £ 1.07 532.3 10.67 £3.59
Ca2p 347.7 8.91+2.00 347.7 6.34 £ 0.58
13.25+£2.75 59.3810.81
3511 4.46 +0.86 351.3 2.86t0.31
P2p 133.4 413 +1.17 133.5 15.35 £0.54
14,24+ 3.23 28.99£0.33
134.5 8.99+2.05 135.8 5.67 £0.27
Sr3p - - 269.9 2.06 £0.40
2.76£0.50
- - 280.0 0.68 +0.14
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Figure 5.23 XPS spectra for PolyTi250HA showing (a) WESS, and high-resolution spectra for
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5.4.2 ToOFSIMS of HA and SrHA Coatings on Polycrystalline Titanium
Figure 5.25 shows the ToFSIMS positive ion spectrum for PolyTi250HA. lons due to

calcium, calcium hydroxide and various calcium phosphate groups are clearly present,
indicative of a CaP (HA) coating. The most dominant peaks are those for Ca" at 40 m/z
and CaOH" at 57 m/z. There is some surface contamination in the form of Na" at 23 m/z
and K* at 39 m/z, which as was the case previously thought to be from handling of the
samples. Various forms of calcium phosphate ions are present across the surface but there
is an absence of Ti*. The associated PolyTi250HA positive ion maps for Ca*, CaH*,
CaOH*, Ca,0*, CaPO,", CaPOs*, Ca,POs*, Ca,PO,*, CasPOs*and CasPOs* are provided in
Figure 5.26 and confirm that the CaP (HA) forms a continuous thin film layer across the

substrate surface.
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Figure 5.25 ToFSIMS positive ion spectrum for PolyTi250HA with positive ion signals

indicative of a CaP thin film labelled
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The ToFSIMS positive ion spectrum for PolyTi250SrHA is presented in Figure 5.27. As
seen before, calcium, calcium hydroxide and various calcium phosphate groups are the
main species present with some minor Na* and K" acquired contamination. Again,
calcium (Ca") and calcium monohydride (CaH") ions are present at 40 m/z and 41 m/z,
respectively. A signal for CaOH" is detected at 57 m/z and for Sr* at 88 m/z. The positive
ion maps for this surface are shown in Figure 5.28 and confirm the presence of a
continuous CaP (SrHA) thin film on the PolyTi250 sample surface.
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Figure 5.27 ToFSIMS positive ion spectrum for PolyTi250SrHA with positive ion signals
indicative of a CaP (SrHA) thin film labelled
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5.4.3 XRD of HA and SrHA Coatings on Polycrystalline Titanium
X-ray diffractograms for PolyTi250HA and PolyTi250SrHA are shown in Figure 5.29 (a)
and (b), respectively. The scan for PolyTi250HA (Figure 5.29 (a)) displays peaks at 26
= 35.1°, 38.3°, 40.1°, 43.3° and 53.0° which correspond to Miller index (hkl) orientation
in the 100, 002, 101, 101 and 102 planes, respectively. As before, these data correspond
to that of semi-crystalline titanium as described in ICDD file 00-044-1294205227,

Figure 5.29 (b) displays the spectrum graph for PolyTi250SrHA, with peaks at
20 = 35.1°, 38.2°, 40.0° and 52.7° which correspond to Miller Index (hkl) orientation in
the 100, 002, 101 and 102 planes, respectively. Again, these plane orientations correspond
to those in the ICDD file 00-044-1294 for semi-crystalline titanium.
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Figure 5.29 X-ray diffractograms for CaP (HA and SrHA) coatings on polycrystalline titanium (a)
PolyTi250HA and (b) PolyTi250SrHA, with Miller index assignments labelled according to ICDD
file 00-044-1294. Anatase (A) and rutile (R) phases also labelled
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544 SEM Analysis of HA and SrHA Coatings on Polycrystalline

Titanium
Figure 5.30 shows SEM images for PolyTi250HA samples, at both planar and 80° tilt
views with magnifications of x400, x2.5k, x4.5k and x8k, to allow for visualisation of the
CaP (HA) material on the polycrystalline titanium surface. These images bear a strong
resemblance to the PolyTi250 surface and the aTi surfaces seen previously. There are
some areas which seem to contain a build-up of the coating material and are particularly
prominent where lines or grooves occur on the surface. Figure 5.31 provides a higher
x30k magnification of this surface and allows for a clear indication of the growth of the
HA on this surface. However, individual particles of coating material seen previously
(TiHA and TiSrHA) are not present here. Overall, the coating material appears to have
better conformed to the underlying surface causing a ‘smoothing’ effect in certain areas.
Figure 5.32 (a) — (h) shows the corresponding planar image and 80° tilt image
views for PolyTi250SrHA at magnifications of x400, x2.5k, x4.5k and x8k. Once again
lines and grooves are dominant on this surface with these features visible across all of the
images. There are some areas where there is clear evidence of the coating material being
present, which as before, occurs specifically along the more dominant lines and grooves
of the surface. Figure 5.33 provides a x30k magnification image for this surface and

shows that the particles have amalgamated into denser regions of CaP.
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Figure 5.30 SEM images for PolyTi250HA showing normal planar views (a) — (d), and 80°
tilt side angle views (e) — (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k, (d) x8k, (e)
x400, (f) x2.5k, (g) x4.5k and (h) x8k
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Figure 5.31 SEM planar view image of PolyTi250HA at x30k magnification
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Figure 5.32 SEM images for PolyTi250SrHA showing normal planar views (a) — (d), and 80°
tilt side angle views (e) — (h) at magnifications of (a) x400, (b) x2.5k, (c) x4.5k, (d) x8k, (e)
x400, (f) x2.5k, (g) x4.5k and (h) x8k
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Figure 5.33 SEM planar view image of PolyTi250SrHA at x30k magnification
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5.5 Dissolution Studies of HA and SrHA Coatings on Pristine, Etched

and Polycrystalline Titanium
As stated earlier, sputtered CaP thin films are amorphous in the as-deposited state thereby
making them readily soluble in aqueous solution i.e. culture and bodily fluids. Factors
that can directly affect or alter the rate at which such thin film coatings dissolve include
any catatonic or anionic substitutions??® (as is the case in STHA), the porosity of the thin
film and the coating particle size'*®. In terms of indirect factors that can influence
dissolution, the topography of the substrate surface onto which the coating is deposited
also plays an important role. Specifically, the ability to create specific features on the
surface that can physically ‘entrap’ and protect the soluble CaP film from intimate contact
with the aqueous environment provides a means of slowing dissolution. This means that
some of the bioactive material should then be available to subsequently stimulate cell
response, in this case bone cells, thereon. Hence, in this work the ability of etched titanium
surfaces to maintain an appropriate quantity of sputter deposited CaP capable of
engendering enhanced cell activity after exposure to culture media is considered. The
nature of the CaP dissolution process on 24 hr etched titanium has been compared to that
of coatings on both the pristine and polycrystalline metal surfaces.

All substrates were subjected to a 7-day dissolution study by submerging them in
2 ml of cell culture medium and storing in an incubator at 37 “C with 5 % CO,. Samples,
in triplicates, were recovered from the media at day 1 and day 7 timepoints and analysed
by XPS, ToFSIMS and SEM. The presence or otherwise of the HA or SrHA coatings is

then used to qualify the various samples for subsequent bone cell culture studies.

55.1 XPS of CaP Coatings on Pristine, Etched and Polycrystalline
Titanium Surfaces After Exposure to Cell Culture Media
TiHA and TiSrHA

Figure 5.34 presents the typical WESS plots for TiHA (Figure 5.34 (a)) and TiSrHA
(Figure 5.34 (b)) after exposure to culture media for 7 days. Table 5.4 (a) presents the

XPS quantitative data for TiHA before the dissolution and after days 1 and 7 with values
before exposure to media included again here for convenience. The main peaks detected
are carbon (C 1s), oxygen (O 1s), calcium (Ca 2p) and phosphorus (P 2p), but
high-resolution plots are not presented here. There is also a sodium peak (Na 1s) present
which is assumed to have been deposited from the media. The C/O ratio for the sample

prior to exposure to media was 0.42 which rises to 2.47 at day 1 and 4.99 at day 7,
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indicating a significant increase in the amount of carbon present on the surface as a
function of exposure time. The Ca/P ratio is 0.99 pre-exposure which increases very little
after the 1-day exposure timepoint despite a significant decrease in the total amount off
calcium and phosphorus detected on the surface. At day 7, the Ca/P ratio has increased to
1.80 which is close to the stoichiometric value for HA (1.67) and both calcium and
phosphorus present on the surface have increased slightly. Interestingly, no signal for
titanium (Ti 2p) was detected in these post immersion samples. Hence, after 7-days
exposure there is a continuous CaP thin film present that masks the underlying substrate
chemistry.

The XPS spectra for TiSrHA post 7-days exposure to culture media is presented
in Figure 5.35 (b) with the corresponding quantitative data shown in Table 5.4 (b). Again,
the spectrum shows signals from carbon (C 1s), oxygen (O 1s), calcium (Ca 2p) and
phosphorus (P 2p), with a peak now detected for strontium (Sr 3p) and a sodium peak
(Na 1s) is also again detected. Prior to dissolution the C/O ratio was 0.46 which rises to
3.85 at the 1-day timepoint and 4.38 after 7 days, indicating increasing carbon content
with exposure to media. The Ca/P and (Sr + Ca)/P ratios were originally 0.35 and 0.45,
respectively, increasing to 1.42 and 2.27 at day 1 and 2.67 and 1.84 at day 7, respectively,
with an associated decrease in the total calcium and phosphorus content. As was found
for the TiHA, no titanium signal was detected here after 7 days in culture media and so

there is still enough of a thin film present to mask the underlying substrate chemistry.
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Table 5.4 XPS quantitative data (n = 9) for (a) TiHA and (b) TiSrHA after exposure to cell culture
media with standard deviation included

(a) TiHA
Before Dissolution Day 1 Day 7
Element Total Atomic Concentration % Total Atomic Concentration % Total Atomic Concentration %
C1s 19.6513.54 69.32+£2.92 80.47 £4.58
01s 47.14+2.40 2810277 16,14 +3.53
Ca2p 16.53£0.28 1.13£0.03 2.15+0.63
P2p 16.68 +0.92 1.13+0.03 1.22 +0.84
Ca/p 0.99 1.00 1.80
(b) TiSrHA
Before Dissolution Day 1 Day 7
Element Total Atomic Concentration % Total Atomic Concentration % Total Atomic Concentration %
Cls 18.36 +3.17 J7.67 £0.65 80.23 £ 0.53
01s 40,07t 1.78 20.18+£1.53 18.31+0.74
Ca2p 10,03+ 103 0.94+£0.27 0.88x0.15
P2p 28.64 +2.16 0.66 +0.05 0.33+x0.14
Sr3p 2.90£0.58 0.56x0.62 0.28x0.07
ca/p 0.35 1.42 2.67
sr+Ca/P 0.45 2.27 1.84
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24eTiHA and 24eTiSrHA
A typical XPS WESS for 24eTiHA after 7-days exposure to cell culture media is

presented in Figure 5.35 (a). As before for the TiHA, the main peaks present are carbon
(C 1s), oxygen (O 1s), calcium (Ca 2p) and phosphorus (P 2p). Sodium (Na 1s) is also
present and is thought to be attributable to the culture media. Table 5.5 (a) shows the
quantitative XPS dissolution data gathered over the 7-day study for the 24eTiHA. Before
the dissolution study, the C/O ratio for this sample was 0.42 (the same as TiHA) which
rises to 2.83 at day 1 and 4.44 at day 7, indicating again a significant increase in the carbon
present on the surface post immersion. The original Ca/P ratio of 0.91 decreases to 0.78
after day 1 and is accompanied by a decrease in the total amount of calcium and phosphate
detected on the surface. At day 7 this Ca/P ratio has increased to 1.50, with both the
calcium and phosphorus content present on the surface now being slightly greater
compared to that seen at day 1. As was for the Ti and TiSrHA samples, no Ti 2p peaks
are observed here indicating that the coating thickness is greater than the inelastic mean
free path for these photoelectrons.

The corresponding WESS spectrum for 24eTiSrHA is shown in Figure 5.35 (b)
and the associated quantitative data in Table 5.5. As before, the peaks present here are
carbon (C 1s), oxygen (O 1s), calcium (Ca 2p) and phosphorus (P 2p), with the addition
of a strontium (Sr 3p) signal, as expected. Sodium (Na 1s) signals were again detected
here, attributed to the cell culture media. Initially this sample had a C/O ratio calculated
to be 0.33 (lower than that of the TiHA, TiSrHA and 24eTiHA samples) which at day 1
increases to 4.03, indicative of a large increase of carbon now being present on this
surface. At day 7, the C/O ratio increases again only slightly to 4.38. The original Ca/P
and Sr + Ca/P ratios were calculated as 0.31 and 0.40, respectively and increased to 1.44
and 2.39 at day 1, respectively. At day 7, the Ca/P ratio increases to 1.48 whilst the
(Sr + Ca)/P ratio decreases to 1.83, associated with a slight increase in calcium and
phosphorus but a decrease in strontium content. Again, there is no signal detected for
Ti 2p indicating that the thickness of the CaP thin film is still greater than their inelastic

mean free path.
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culture media
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Table 5.5 XPS quantitative data (n = 9) for (a) 24eTiHA and (b) 24eTiSrHA after exposure to cell
culture media with standard deviation included

(a) TiHA
Before Dissolution Day 1 Day7
Element Total Atomic Concentration % Total Atomic Concentration % Total Atomic Concentration %
Cis 15.77 £3.65 71.33£2.30 79.09£0.43
01s 4750+ 1.20 25.22£0.62 17.80 £ 1.00
Ca2p 15,59+ 2.20 1.04+0.29 199+ 0.67
P2p 17.15£1.13 1.3410.22 1.3310.3%
Ca/p 0.91 0.78 1.50
(b) 24eTiSrHA
Before Dissolution Day1l Day7
Element Total Atomic Concentration % Total Atomic Concentration % Total Atomic Concentration %
C1is 14.69 +0.97 73.32+1.82 8079+ 1.39
01s 44,43 £5.47 19.43 £ 2.67 17.83 £ 4.24
Ca2p 9.17£2.20 0.95+0.29 1.45+0.71
P2p 29.25+1.72 0.66 £ 0.05 0.98 £0.53
Sr3p 2.47 £0.88 0.63 £0.56 0.34£0.21
Ca/P 0.31 1.44 1.48
Sr+Cafp 0.40 2.30 1.83
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PolyTi250HA and PolyTi250SrHA

The XPS spectra presented in Figure 5.36 shows the WESS for (a) PolyTi250HA and (b)
PolyTi250SrHA after 7-days exposure to cell culture media. The associated quantitative
data are displayed in Table 5.6 (a) for PolyTi250HA and (b) PolyTi250SrHA. The spectra
for PolyTi250HA (Figure 5.36 (a)) show peaks for carbon (C 1s), oxygen (O 1s), calcium
(Ca 2p) and phosphorus (P 2p) and again showing the presence of sodium (Na 1s). The
C/O ratio for PolyTi250HA increases from 0.74 (the highest of all the original HA coated

samples) to 3.17 at day 1 due again to increased carbon present on the sample surface.
After 7-days exposure the C/O ratio decreases slightly to 3.05. Before dissolution the
Ca/P ratio for PolyTi250HA was 0.93 which is lower than the stoichiometric ratio of the
HA target material (1.67) and remains at this value after 1-day of exposure to media
despite there being a significant decrease in the calcium and phosphorus content on the
surface. At day 7, the Ca/P ratio increases slightly to 1.05 with a further decrease in
calcium and phosphorus surface content observed. Again, there is no titanium signal
detected in the XPS WESS, indicating that the thin film on this surface is still thicker than
that of the inelastic mean free path of Ti 2p photoelectrons.

The XPS WESS for the corresponding PolyTi250SrHA (Figure 5.36 (b)) shows
the main carbon (C 1s), oxygen (O 1s), calcium (Ca 2p) and phosphorus (P 2p) peaks,
with the addition of strontium (Sr 3p), as expected. Once again, sodium (Na 1s) is present
in the spectrum and again attributed to the cell culture media. In the case of
PolyTi250SrHA the original C/O ratio of this sample was calculated to be 0.43 and
increases significantly to 4.53 at day 1 and further to 5.11 at day 7, which once again
indicates increased carbon content on the surface. The Ca/P and combined (Sr + Ca)/P
ratios pre-dissolution were calculated as 0.32 and 0.42, respectively. After 1-day exposure
to culture media these both increased to 1.48 and 1.83, respectively, despite the loss of
calcium, phosphorus and strontium from the surface. The ratios both increase again to
1.54 and 1.88, respectively, after 7-days exposure with a slight increase in the total
calcium content observed but a decrease in the total strontium and phosphorus content.
As is the case with all of the samples investigated, no titanium signals were detected for
PolyTi250SrHA post immersion, indicating that there is a continuous thin film on this

surface that prevents the escape of the substrate photoelectrons.
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Figure 5.36 XPS WESS spectra for (a) PolyTi250HA and (b) PolyTi250SrHA after 7-days exposure to

cell culture media
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Table 5.6 XPS quantitative data (n = 9) for (a) PolyTi250HA and (b) PolyTi250SrHA after exposure
to cell culture media with standard deviation included

(a) PolyTi250HA
Before Dissolution Day1 Day7
Element Total Atomic Concentration % Total Atomic Concentration % Total Atomic Concentration %
Cils 30721211 73.3412.27 48.47+2.33
01s 41.69 1 6.63 23171 2.60 15.88 £ 1.72
Ca2p 13.29+2.75 1.68£0.25 1.3010.93
P2p 14,24 £3.23 1.81+0.27 1.23 £ 0.67
cafp 0.93 0.93 1.05
(b) PolyTi2505rHA
Before Dissolution Day1l Day7
Element Total Atomic Concentration % Total Atomic Concentration % Total Atomic Concentration %
Cils 17.70+ 2.26 80.79+1.39 80.80+ 1.56
0O1s 41.17 + 145 17.83t4.24 15.82£2.15
Ca2p 5.38+0.81 1.451+0.71 1.48 £ 0.66
P2p 28.99+0.83 0.98 £ 0.53 0.96 £ 0.41
Sr3p 2.76 £0.50 0.34+0.21 0321016
ca/p 0.32 1.48 1.54
Sr+CafP 0.42 1.83 1.88
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5.5.2 ToFSIMS of CaP Coatings on Pristine, Etched and Polycrystalline

Titanium Surfaces after Exposure to Cell Culture Media

TiHA and TiSrHA
ToFSIMS was utilised to further investigate the chemistry and integrity of the CaP (HA

or SrHA) thin films after 7-days exposure to cell culture media (spectra were not recorded
for samples at day 1). The positive ion spectrum for TiHA is provided in Figure 5.37 and
shows the presence of both organic and inorganic signals. Peaks assigned to Ca*at 40 m/z,
CaH™ at 41 m/z and CaOH* at 57 m/z are still detected. As seen in the XPS spectra (Figure
5.34 (a)), there is a higher carbon content on the surface after 7-days exposure and that is
supported here with high relative intensity peaks for carbon species including CoHs" at
29 m/z and CH3CO™ at 43 m/z. As for the original pre-dissolution sample (Figure 5.3),
there is an absence of a Ti* signal that would be expected at 48 m/z. The associated
positive ion maps showing the spatial distribution of the key ions detected in the spectrum
are provided in Figure 5.38. There is still a high coverage of both Ca* and CaH" ions
across the TiHA substrate surface, with small traces of Ti seen in the positive ion maps.
Overall, there would seem to be a significant decrease in the number of ions originating
from CaP on this surface after 7-days exposure to cell culture media which is consistent

with the XPS analysis.
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Figure 5.37 ToFSIMS positive ion spectrum for TiHA after 7-days exposure to culture media with

positive ion signals indicative of a CaP thin film labelled
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The positive ion spectra for TiISTHA at day 7 is presented in Figure 5.39. The most intense
peak in this spectra at 23 m/z corresponds to Na*. There are signals for Ca*, CaH" and
CaOH" detected at 40 m/z, 41 m/z and 57 m/z, respectively as well as an increase in
carbon species present including C2Hs*, C2Hs" and CHzCO™ at 27 m/z, 29 m/z and 43 m/z,
respectively. There is also a small signal for Sr* at 88 m/z. Again, no signal is detected
for Ti* at 48 m/z in the spectra. The corresponding positive ion maps are shown in Figure
5.40 and indicate that the distribution of the Ca* and CaH" ions are not homogeneous
across the surface, when compared to the TiSrHA pre-exposure or for TiHA after day 7
immersion. Small amounts of titanium are also noted here in the ion maps. Although Sr*
is detected in the corresponding maps there is a decrease in the amount present compared

to that for TiSrHA after 7 days in culture media.
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Figure 5.39 ToFSIMS positive ion spectrum for TiSrHA after 7-days exposure to culture media

with positive ion signals indicative of a CaP thin film labelled
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24eTiHA and 24eTiSrHA
The ToFSIMS spectra for 24eTiHA after 7-days exposure to cell culture media is

presented in Figure 5.41, with again both organic and inorganic signals detected. The
expected Ca*™ and CaH™ are present at 40 m/z and 41 m/z, respectively. Although the more
complex CaP ions seen in the original sample are much less intense, there is still an
appreciable calcium hydroxide ion signal at 57 m/z. Again, there is an increase in the
relative intensity of carbon species (as seen previously in the XPS data) including C2Hs"
at 27 m/z, CoHs" at 29 m/z and CH3CO™ at 43 m/z. The absence of Ti* at 48 m/z is also
noted here. The positive ion maps for this sample are provided in Figure 5.42 and indicate
a homogenous surface distribution of both Ca* and CaH*, similar to that seen for pre-
dissolution samples. Whilst there are no titanium signals present in the spectra, small

traces of titanium ions are noted in the positive ion maps.
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Figure 5.41 ToFSIMS positive ion spectrum for 24eTiHA after 7-days exposure to culture media

with positive ion signals indicative of a CaP thin film labelled
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Figure 5.43 displays the ToOFSIMS positive spectrum for the 24eTiSrHA samples at day
7. There are several clear similarities here with the data obtained for the HA coating on
the etched Ti (24eTiHA). However, the presence of Sr* ions is evident at 88 m/z. The
expected Ca* and CaH™ ions are detected at 40 m/z and 41 m/z, respectively. Calcium
hydroxide is again present at 57 m/z. Carbon species are present in the spectrum at high
relative intensities (as seen in the XPS data) including CoHs*, CoHs™ and CH3CO* ions at
27 m/z. 29 m/z and 43 m/z, respectively. The ion maps for this sample are shown in Figure
5.44 and indicate that the distribution of the calcium and calcium monohydride ions after
immersion in media for 7 days is less homogenous across the surface than it is for
24eTiHA. There are then indications that the underlying topography is beginning to
emerge. However, there is no titanium ion signal detected that would be expected at
48 m/z suggesting that although the distribution of the ions on the surface has decreased,
the thin film remaining at this point still masks the detection of the underlying titanium

substrate. Small traces of titanium are seen in the positive ion maps in Figure 5.44.
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Figure 5.43 ToFSIMS positive ion spectrum for 24eTiSrHA after 7-days exposure to culture

media with positive ion signals indicative of a CaP thin film labelled
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PolyTi250HA and PolyTi250SrHA
The ToFSIMS positive ion spectrum for PolyTi250HA is provided in Figure 5.45 and as
before, indicates the presence of Ca*, CaH" and CaOH™ ions at 40 m/z, 41 m/z and 57 m/z,

respectively, with the presence of carbon species at higher relative intensities for CoHs",
C2oHs™ and CH3CO" ions at 27 m/z, 29 m/z and 43 m/z, respectively. There is again no
signal detected at 48 m/z for titanium. This spectrum closely resembles that for the
original surface with the exception of the significant reduction of ion signal intensity for
the more complex CaP phases. The positive ion maps are provided in Figure 5.46 and
confirm that there is still a significant covering of calcium and calcium monohydride on

the PolyTi250 substrate surface, with small traces of Ti detected.
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Figure 5.45 ToFSIMS positive ion spectrum for PolyTi250HA after 7-days exposure to culture

media with positive ion signals indicative of a CaP thin film labelled
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The ToFSIMS spectrum for PolyTi250SrHA at day 7 is presented in Figure 5.47 and
shows similar features to those for the previous SrHA coated samples exposed to culture
media. Specifically, calcium, calcium monohydride and calcium hydroxide ions are
detected at 40 m/z, 41 m/z and 57 m/z, respectively and strontium is present at 88 m/z, as
expected. High relative intensity signals are present for Na* at 23 m/z and carbon species
CoHs", CoHs™ and CH3CO™ at 27 m/z, 29 m/z and 43 m/z, respectively. This increase in
carbon species after 7-days exposure is supported by the XPS data. Again, there is no
signal at 48 m/z for Ti" ions detected in the positive ion spectra. However, trace amounts
of Ti are seen in the corresponding positive ion maps, provided in Figure 5.48. These
maps also show that there are calcium and calcium monohydride ions present across the
complete surface area imaged. However, the distribution of these ions does not appear to

be as homogenous as seen in original samples.
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55.3 SEM Analysis of CaP Coatings on Pristine, Etched and

Polycrystalline Titanium Surfaces after Exposure to Cell Culture Media

TiHA and TiISrHA

SEM has been used to visualise the CaP thin film integrity on the various substrate

surfaces after 7-days exposure to cell culture media. The data for TiHA are shown in
Figure 5.49 (a) — (c) with the images from the original surfaces at the same magnification
provided in Figure 5.49 (d) — () for convenience of comparison. At x2.5k magnification
both the pre- and post-dissolution samples are similar with the dominant lines and grooves
visible on the surface in both cases. Upon higher magnification, at x8k and x30k, the post
dissolution samples present similar morphologies, with the post-dissolution samples
showing a higher build-up of coating material on the surface.

Figure 5.50 presents SEM images for the TiSrHA samples (a) — (c) post
immersion in cell culture media and (d) — (f) shows the original surfaces. The underlying
topography of processing lines and grooves are again visible in both sets of images. After
exposure to media for 7 days (Figure 5.50 (a) — (c)) there is a significant build-up of
additional material visible across the surface that is a consequence of the dissolution

process.
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Figure 5.49 SEM images in normal planar view for TiHA (a) — (c) after 7-day exposure to
cell culture media with original images reproduced in (d) — (f) at magnifications of (a) x2.5k,
(b) x8k, (c) x30k, (d) x2.5k, (e) x8k, and (f) x30k
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Figure 5.50 SEM images in normal planar view for TiSrHA (a) — (c) after 7-day exposure to
cell culture media with original images reproduced in (d) — (f) at magnifications of (a) x2.5k,
(b) x8k, (c) x30k, (d) x2.5k, (e) x8k, and (f) x30k
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24eTiHA and 24eTiSrHA
SEM images for 24eTiHA at day 7 are seen in Figure 5.51 (a) — (c) with the originals

presented again in Figure 5.51 (d) — (f) to allow direct comparison. At a magnification of
x2.5k, clear differences can be seen between the two samples. Although the dominant
underlying topography can be seen in both samples, there is clearly a build-up of material
across the sample surface after exposure to media. This build-up becomes more visible
as the magnification is increased and occurs predominantly in the pitting morphology
across the surface that has been caused by the etching process.

The corresponding SEM images for 24eTiSrHA post immersion in media for
7 days are provided in Figure 5.52 (a) — (c) with the originals again shown in (d) — (f) for
comparison. As was found for the 24eTiHA, the etched morphology of the substrate is
still evident after contact with the culture media, with a build-up of additional material
across the surface. Again, this occurs predominantly along the lines and grooves, as well

as the pitted morphology across the surface.
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Figure 5.51 SEM images in normal planar view for 24eTiHA (a) — (c) after 7-day exposure

to cell culture media with original images reproduced in (d) — (f) at magnifications of (a)
x2.5K, (b) x8k, (c) x30Kk, (d) x2.5k, (e) x8k, and (f) x30k
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Figure 5.52 SEM images in normal planar view for 24eTiSrHA (a) — (c) after 7-day exposure to
cell culture media with original images reproduced in (d) — (f) at magnifications of (a) x2.5k, (b)
x8K, (c) x30Kk, (d) x2.5k, (e) x8Kk, and (f) x30k
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PolyTi250HA and PolyTi250SrHA
The SEM images in Figure 5.53 compare the PolyTi250HA after 7-day exposure to cell

culture media (a) — (c) and the original samples (d) — (f) for comparison. Again, there is
a build-up of additional material on the surface after exposure to the cell culture media
for 7 days which is predominantly present at the lines, groves and on the rougher areas
on the sample surface.

Finally, the equivalent for PolyTi250SrHA are provided in Figure 5.54 for post
7-day exposure to cell media (a) — (c) and the original samples (d) — (f), for convenience
and to allow for direct comparison. As per the previous PolyTi250HA samples, there is
little change here after exposure to media except for the build-up of additional material

along the predominant lines and grooves on the sample surface.
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to cell culture media with original images reproduced in (d) — (f) at magnifications of (a) x2.5k,
(b) x8k, (c) x30Kk, (d) x2.5k, (e) x8k, and (f) x30k
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Figure 5.54 SEM images in normal planar view for PolyTi250SrHA (a) — (c) after 7-day exposure
to cell culture media with original images reproduced in (d) — (f) at magnifications of (a) x2.5k,
(b) x8Kk, (c) x30k, (d) x2.5k, (e) x8k, and (f) x30k
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5.6 Discussion

The aim of the work presented in this chapter was to investigate the chemistry and
microstructure of sputter deposited calcium phosphate (CaP) coatings (HA and SrHA) on
titanium coupons that had been chemically etched for 24 hrs (24eTi), and to determine
how these surfaces respond when exposed to cell culture media (at 37 °C) for 7 days. In
order to better understand the nature and scale of the response of the 24eTiHA and
24eTiSrHA samples to media, data have also been obtained for the same CaP coatings on
the titanium sheet material (Ti) as a pristine control and also on polycrystalline titanium
sputter deposited at 250 W (PolyTi250) as a comparator surface. The chemistry of the
various surfaces before and after exposure to media has been determined by XPS and
ToFSIMS and their initial as-deposited amorphous nature confirmed by XRD (original
samples only). Changes to the corresponding microstructure after exposure to media has
then been examined by SEM.

Chemical investigation (XPS and ToFSIMS) of the CaP coatings (HA or SrTHA)
on the 24eTi surfaces indicated the presence of both calcium and phosphorus ions, with
the elimination of any titanium ion signals in both cases, indicating that they are at least
100 nm thick (Chapter 3.3.5). XPS quantitative data showed a higher phosphorus than
calcium content for 24eTiHA, leading to an almost 1:1 stoichiometric ratio. The
24eTiSrHA surface yielded much lower calcium content, some but not all of which is due
to the substitution of the Sr ions for the Ca ions in the HA lattice!#"?2°2%_This lower than
expected Ca/P ratio for both HA and SrHA coatings is attributed to the energetics
encountered during the sputtering process producing thin films in the as-deposited
amorphous state that are known to be calcium deficient'?>23L, However, it should also be
noted that when such thin films are deposited onto rough surfaces the variation in
distribution across the various features makes it difficult to accurately measure the Ca/P
ratio. Therefore, the values calculated here are used only as a guide and in a sample-to-
sample comparative manner. The 24eTiHA and 24eTiSrHA samples had a relatively low
average carbon contribution to the XPS spectra. Moreover, the standard deviation
calculated for the XPS quantitative data from HA and SrHA coated surfaces showed little
variation, indicating that the coating chemistry is continuous across the sample surfaces.
The TiHA and TiSrHA samples both showed similar chemical composition to the
24eTiHA and 24eTiSrHA coated samples, indicating the presence of calcium and
phosphorus as well as oxygen and a relatively low carbon content. Once again, there were

no titanium signals detected for either sample suggesting that the coating was thicker than
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that of the electrons inelastic mean free path. The Ca/P ratio of the TiHA surface was
again found to be an almost 1:1 stoichiometric ratio. As seen for the 24eTiSrHA, the
TiSrHA displayed a decrease in calcium content, with a rise in phosphorus content and
the addition of a strontium signal. By comparison, PolyTi250HA samples showed a
higher amount of carbon on the sample surface compared to that for both the TiHA and
24eTiHA samples. The calcium and phosphorus present on this surface where found to
be at lower concentrations that that of both the 24eTiHA and TiHA, but still presented a
Ca/P ratio close to that of the previous 1:1 stoichiometric ratio of the previous HA coated
samples. The relative carbon content present on the PolyTi250SrHA is at a level similar
to that seen for the 24eTi, 24eTiSrHA, TiHA and TiSrHA samples. As seen for the other
SrHA coated substrates, the calcium content is much lower than that of the phosphorus,
thought to be partially attributable to the presence of strontium. Again, all of the surfaces
coated with a CaP thin film (HA or SrHA) showed no titanium signals in the XPS
acquisition, suggesting that these coatings were thicker than the inelastic mean free path
of the titanium photoelectrons (i.e. coating thickness in the region of 50 to 100 nm)?32:2%3,
Original thickness of the coatings was estimated to be 111 nm (Chapter 3.3.5). However,
this is an estimate and it is expected that film thickness will vary slightly across the
surface dependant on any topography present. Overall, all substrates, except for
PolyTi250HA, showed a similar chemical composition, with calcium, phosphorus,
carbon and oxygen present on the surface.

The XRD spectra for all of the coated titanium substrates confirmed that the CaP
coatings (HA and SrHA) are as expected, in the amorphous phase. No signals indicative
of the presence of a CaP coating were observed in the x-ray diffractograms, with the peaks
present indicative of semi-crystalline titanium, noted previously in Chapter 42%°. These
results are as expected due to the deposition process used for these thin films coatings and
their as-deposited amorphous state*>234235,

Further chemical investigation of the 24eTiHA and 24eTiSrHA surfaces was
carried out using ToFSIMS. In this regard, only positive ion spectra were recorded to
identify the presence of the main ions indicative of the CaP thin films?*¢-2%, Mapping of
the distribution of these ions confirmed that a continuous CaP thin film was created in
both cases. A high calcium content in the surface region of 24eTiHA is again confirmed
by the presence of various calcium phases that are not as evident in the 24eTiSrHA. The
24eTiSrHA spectra show the addition of strontium signals, as expected. No signals for
titanium were detected on the 24eTiHA nor the 24eTiSrHA positive ion graphs. However,

trace amounts of titanium are present in the positive ion maps of the 24eTiSrHA. Low



182

amounts of sodium are seen to be present in all of the ToFSIMS spectra and are attributed
to low level contamination acquired during handling of the samples. By comparison, the
positive ion spectra for TiHA show a lower relative calcium content compared to that of
the 24eTiHA but with various calcium phases present. The corresponding positive ion
maps indicate a continuous CaP thin film has been deposited across the surface. The
TiSrHA sample shows the presence of calcium ions with the addition of strontium ions,
but the more complex calcium phases seen for the 24eTiHA and TiHA are absent here.
The positive ion maps for this sample again indicate a continuous thin film on the surface
of the substrate. As seen in the 24eTiHA and TiHA positive ion spectra, the presence of
calcium ions and various calcium phases were again detected for the PolyTi250HA
surface. The corresponding positive ion maps are, as before, indicative of a homogenous
and continuous CaP coating across the substrate surface. The PolyTi250SrHA spectra
shows similarities to those for 24eTiSrHA and TiHA, but with fewer calcium phases
observed than for the HA coated samples. As expected, signals assigned to strontium ions
are detected. Hence, when comparing the data for the 24eTiHA with those for TiHA and
PolyTi250HA, no significant differences in the spectra or positive ion maps are
noticeable. This is the same when comparing the SrHA coated samples, which all show a
decrease in the amount of calcium phases present, and the addition of strontium into the
spectra. The positive ion maps for all of the CaP coated substrates (HA and SrHA) show
a homogenous and continuous thin film coating across the surface, with no underlying
titanium detected. These data, taken in tandem with the XPS results, confirm the lower
calcium content of the SrHA coated samples. The trace amounts of Ti seen in the positive
ion graphs for the samples, particularly the SfHA coated samples, are thought to be due
in part to the roughened underlying surface causing the CaP coating (HA or SrHA) to be
thinner in parts.

Previous work carried out at Ulster University on sputter deposited CaP thin films
have involved a number of substrate surface conditions. For example, McLister?®
sputtered CaP films at 50 W for 9 hrs onto (1) glass, (2) a polycrystalline titanium
interlayer sputtered onto glass and (3) titanium nanotube surfaces. The calculated Ca/P
ratio for these CaP coated substrates was close to the stoichiometric 1.67, typical of
stoichiometric HA. Similarly, McCafferty'®created sputter deposited CaP thin films on
(1) glass and (2) a sputtered titanium interlayer on glass at 150 W for 10 hrs, both of
which exhibited a Ca/P ratio of ~1.75 — 1.83. Although there are key differences in the
sputter conditions used in these previous studies and those employed here which may lead

to the differences in the Ca/P ratio values, these are not thought to be the main influence.
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Rather, as mentioned earlier, it is suggested here that the titanium (sheet) substrate
morphology that is present here causes the XPS data to be unreliable for these calculations
as compared to the smooth glass base surface utilised in the earlier studies. Hence, it is
not the case that the CaP stoichiometry is necessarily lower than might be expected but
rather that the pronounced surface roughness of the samples examined here causes
shadowing effects that suggest a 1:1 Ca/P ratio.

The microstructure of the various CaP coated titanium sample surfaces was
visualised using SEM. These images confirmed that the layers sputtered from HA or
SrHA targets conform to the underlying morphology of the substrates, as hypothesised.
A build-up of material is visible along these distinctive topography features, i.e. lines and
grooves present on the surface. In the case of 24eTi, the CaP layers clearly conformed to
the ‘honeycomb’ pitted morphology on the etched titanium surface. Interestingly, higher
magnification images for 24eTiHA suggest that there are areas where the CaP material
has coalesced as ridges on this surface. This form of build-up of material is not obvious
in the SEM images of the Ti and PolyTi250 surfaces with HA coatings, even though the
underlying Ti pristine surface markings are still seen in all SEM images. The TiSrHA
sample shows a similar form of thin film growth on the surface, with the underlying
topography visible and evidence of the coating occurring predominantly at these surface
features. The PolyTi250HA sample showed similarities to TiHA, with coating build-up
mainly at surface features, when compared to that of the uncoated PolyTi250. This was
also the case for PolyTi250SrHA, which shows less build-up as seen for the other
samples.

To confirm if chemical etching of the Ti surface will allow for partial retention of
the CaP material, samples were immersed in aqueous media along with pristine and
polycrystalline titanium, shown previously to be capable of this type of behaviour?®169.239,
In this regard, the chemistry of the CaP coated (HA and SrHA) samples was again
characterised by XPS and ToFSIMS, and the associated microstructure by SEM after
7-days immersion in cell culture media at 37 °C. After 1-day in solution, the majority of
the CaP on the 24eTiHA surface had dissolved, as indicated by a reduction in the calcium
detected by XPS, with an associated decrease in phosphorus and oxygen content also
noted. There was also a large increase in carbon content present on this surface. After
7-days immersion in media the oxygen levels had further decreased with a slight increase
in the relative carbon, calcium and phosphorus surface content thought to be due in part
to reprecipitation of the CaP thin film, as well as protein adhesion occurring (Chapter
2.7.1). The presence of sodium was also noted in the XPS WESS of 24eTiHA at this time
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point. For the 24eTiSrHA sample, XPS quantitative data after day 1 of immersion
indicated a steep increase in surface carbon content, with a significant decrease in oxygen,
calcium and phosphorus content, as well as a decrease in the strontium detected. After
7-days in cell culture media, both the calcium and phosphorus concentrations increased
coupled with a further decrease in strontium and oxygen content. Interestingly, despite
the low calcium and phosphorus concentrations in the XPS data for both the 24eTiHA
and 24eTiSrHA at day 7, no titanium signals were detected across these surfaces. This
suggests that whilst parts of the film had dissipated and the CaP concentration had
decreased significantly, there were still enough remnants of the CaP thin film present to
mask the detection of the underlying substrate. By comparison, TiHA showed a similar
response to 24eTiHA over the duration of the immersion study, with a decrease in oxygen,
calcium and phosphorus content on the surface, but a significant increase in carbon. The
TiSrHA illustrated a similar significant increase in carbon from days 1 to 7, whilst
oxygen, calcium, phosphorus and strontium all showed a decrease over the 7-days. As
before, no titanium signals were detected after 7-days immersion in the aqueous solution.
The PolyTi250HA sample showed a significant increase in carbon content on the surface
after 1-day immersion in cell culture media, with the oxygen, calcium and phosphorus
contributions all exhibiting a large decrease in relative concentrations, as seen for
previous samples at this time point. The carbon content on PolyTi250HA decreases after
7-days, unlike the increase that was seen for 24eTiHA, 24eTiSrHA, TiHA and TiSrHA
samples, whilst the oxygen, calcium and phosphorus concentrations in this case all show
the expected further decrease after 7-days in cell culture media. The corresponding
PolyTi250SrHA sample showed a significant decrease in oxygen, calcium and
phosphorus content on the substrate surface after 1-day in the aqueous solution, with
again an increase in carbon. After 7-days in cell culture media, little change was found in
the relative concentrations of carbon, oxygen, calcium and phosphorus present on this
sample surface. As was the case for the previous samples, no titanium signals were
present after 7-days for PolyTi250HA or PolyTi250SrHA.

The increase in carbon can be attributed to the adhesion of proteins (Chapter 2.7.1)
which have been found to increase surface carbon contributions®1%° The increase in the
calcium and phosphorus contributions measured via the XPS quantitative data at day 1
and day 7 may be explained by the process of reprecipitation of these ions onto the
substrate surface due to an increased degree of saturation of these elements in the
surrounding static environment'?312°_ As discussed in Chapter 2.7.1, salt electric bilayers

can form on the surfaces when in aqueous environments, leading to a protective layer
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which could slow the dissolution of the CaP film from the surface. Overall, these data
suggest that the 24eTi and Ti substrates provide the most effective morphology to retain
residual CaP (HA) compared to that of the PolyTi250 samples. The SrHA coated surfaces
show the highest amount of dissolution of CaP occurs after 1-day in cell culture media
with the increase after 7-days being the lowest of the samples studied here, thereby
confirming that the SrHA films dissolve more quickly than HA films in aqueous solution.
However, as before, these data indicate that whilst there has been a significant loss of
calcium and phosphorus present on all of the coated surfaces, there is still a continuous
thin film coating that is preventing the detection of the underlying titanium substrate.
Further chemical characterisation of samples after immersion in cell culture media
was also evaluated by ToFSIMS. The positive ion spectrum for 24eTiHA after 7-days in
aqueous solution shows calcium and calcium hydroxide present but a noticeable loss of
several other calcium phases. However, despite this decrease in calcium concentration,
titanium ions are still not detected in the positive ion spectra, with only trace Ti detected
in the positive ion maps. This suggests that there is a still a continuous CaP thin film on
the surface at this time point. There is also an increase in organic signals detected in the
spectra which is consistent with the high carbon content that was detected in the
corresponding XPS data. The positive ion maps for these samples confirm that there is
indeed still a continuous CaP thin film coating on the surface. The positive ion spectra
for the 24eTiSrHA after 7-days in dissolution presents a spectrum similar to that for the
24eTiHA. Calcium and calcium hydroxide are again present, as well as organic and
sodium contamination. Signals assigned to titanium ions are once again absent from this
spectrum and suggesting that there is still a continuous CaP thin film on this surface.
However, the corresponding positive ion maps observed indicate that there are areas of
lower relative calcium intensity than that of other areas across the surface. By comparison,
the positive ion spectrum for TiHA after 7-days in cell culture media resembles that for
the 24eTiHA at the same time point, i.e. there is a notable absence of various calcium
phases that are seen pre-dissolution, but calcium and calcium hydroxide are still present
on the surface. There is again an increase in the carbon and sodium ions detected, with
titanium once again absent from the spectrum, suggesting that there is still a continuous
coating present on the surface. The TiSrHA positive ion spectrum shows similarities to
that for 24eTiSrHA, with calcium, calcium hydroxide, organic carbon and sodium species
once again detected, as well as strontium ions. Again, the corresponding positive ion maps
indicate areas with much lower calcium coverage than that of other areas on the surface.

This is indicative of the more pronounced dissolution of the thin film coating at particular
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areas on the surface. However, there is still no titanium signal present in the spectra which
again indicates that although there has been significant loss in the calcium content on the
surface, there is still a thick enough coating across the surface which prevents the
detection of the underlying titanium substrate. The positive ion spectrum for
PolyTi250HA after 7-days immersion is like that seen for the corresponding 24eTiHA
and TiHA substrates at the same time point, i.e. there is calcium, calcium hydroxide,
sodium and carbon detected on the surface, with the notable absence of titanium. As
before, the positive ion maps for PolyTi250HA at 7-days show a continuous coating
across the surface. By comparison, the maps for the PolyTi250SrHA sample indicate that
the coating has undergone more dissolution than that seen for the 24eTiSrHA and TiSrHA
after 7-days in media. This can be explained by the expected faster dissolution of the
SrHA coatings that occurs when the larger strontium ion substitutes for the calcium in
HA, thereby ‘stretching’ the ionic lattice, making it more susceptible to dissolution when
placed in aqueous solution*22%:240,

The data here suggest that whilst all substrates indicate that there is still a
continuous coating present after 7-days in aqueous solution, there is evidence that some
have undergone dissolution more readily than others. This is particularly evident for the
24eTiSrHA, TiSrHA and PolyTi250SrHA surfaces. The 24eTiHA and the TiHA samples
both exhibit higher amounts of residual calcium after 7-days, as confirmed by the XPS,
compared to that of the PolyTi250HA. Both the XPS and ToFSIMS data suggest that
there is an increased presence of carbon and sodium on all of the surfaces after immersion
in media. Low levels of sodium contamination are expected from handling of the samples
and are most evident in ToFSIMS, which is sensitive to very low levels. However, the
increased sodium from days 1 to day 7 is thought to be attributable to the cell culture
media utilised here, which has sodium bicarbonate in the solution®*!. Likewise, the
increased carbon contribution is deemed to be due to the organic component of the media
and protein adsorption on the sample surfaces. Therefore, it is suggested that the
interaction of the substrate with the surrounding environment has led to the deposition of
both sodium and carbon on the surface over the 7-days dissolution. Moreover, Diez-
Escudero et al.'?8 found that the incorporation or ‘doping’ of carbonate ions with CaP can
decrease the solubility of the thin film in agueous media and so this may also play a role
in the dissolution behaviour observed here. Overall, when comparing the chemistry of the
HA coated samples after immersion in media, the TiHA and 24eTiHA samples display
similar amounts of CaP retention, with an increase in calcium content from days 1 to days

7 and little change in the phosphorus content. The PolyTi250HA sample showed a
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decrease in CaP content across the 7-days study, with no increase measured between days
1 and 7. On the other hand, when comparing the SrHA coated samples, both the
24eTiSrHA and PolyTi250SrHA show the highest retention after 7-days, with the
TiSrHA showing the lowest value.

SEM imaging of the 24eTiHA and 24eTiSrHA surfaces after 7-days immersion
in cell culture media indicated that both displayed a build-up of material across the
surface, thought to be due to reprecipitation of the dissolved CaP material. It is suggested
that the underlying ‘honeycomb’ pitted morphology is the cause of the build-up ridges of
material on this surface. At high magnification, particles can be seen on the as-deposited
CaP film. The SEM images for the 24eTiSrHA surface after exposure to media suggests
that this surface undergoes less reprecipitation of coating material, as supported by the
lower CaP concentration seen in the related XPS and ToFSIMS data. By comparison,
images for TiIHA after 7-days in cell culture media indicate that there is a lower build-up
of coating material than that seen for 24eTiHA, with the most of it concentrated here in
areas along the surface features (lines and grooves) present. The TiSrHA sample exhibits
a similar build-up of material which is again concentrated along the lines and grooves
visible on the surface. The PolyTi250HA, after 7-days immersion, also display this
reprecipitated CaP material. However, there is less precipitated material than that seen for
the 24eTiHA and TiHA samples. This lower amount of surface reprecipitation is again
supported by the XPS and ToFSIMS data. In contrast, PolyTi250SrHA display a higher
build-up of material on the surface after 7-days in cell culture media, again concentrated
on the surface features present. The XPS and ToFSIMS data are again indicative of there
being significant retention of CaP material on these surfaces.

Overall, these data show that the 24eTi substrate has a surface chemistry with
properties that are similar to native titanium. The addition of a bioactive element in the
form of a CaP coating (HA or SrHA) has been successfully undertaken by sputter coating.
A study of the dissolution of this as-deposited CaP layer shows that the 24eTi surface
morphology is capable of retaining both HA and SrHA derived thin films
post-dissolution. Moreover, the CaP retention noted on these surfaces was higher than
that on either the Ti or PolyTi250 substrates. This preservation of the bioactive CaP
material after 7-days is of particular interest for enhancing cell interactions thereon, as no
annealing step was necessary to slow the dissolution of the thin film. This is particularly
important as high processing temperatures can lead to degradation of the mechanical
properties of the substrates®!°%, Previous work carried out at Ulster University?82%160 has

evaluated how CaP thin film coatings on flat surfaces (i.e. glass substrates) will dissolve
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almost immediately after immersion in aqueous solution. However, the addition of the
roughened morphology created by chemically etching titanium substrates has been shown
here to slow the dissolution of the CaP thin film. It should be noted that unlike in the case
of the work on glass, all of the substrates employed in this thesis have a degree of surface
roughness which is thought to contribute to the preservation of the CaP coating
throughout. Yokota et al.'?® sputtered an as-deposited amorphous CaP thin film onto
titanium screws which were tested in vivo. It was found that the amorphous CaP thin film
was still present after 1-week implantation in vivo. However, it was found to be absent
after further evaluation at weeks 2 and 4. This supports the findings in this thesis, where
the CaP thin films (approximately 0.111 um thick) are still seen to be present after 7-days
immersion in aqueous solution.

As an outcome of the results discussed here, it is further hypothesised that the
partial dissolution of CaP coatings (HA or SrHA) on the 24eTi substrate will prove
beneficial to cell interactions thereon, due to an increase in the local concentration of both
Caand P ions in the surrounding environment, leading to enhanced bioactivity®?21?°, In
particular, the presence of strontium has been shown to provide enhanced cellular
response at low concentrations®”-242-24 and so its availability is of special interest. It is
also thought that the underlying roughened topography of the chemically etched surfaces
(24eTi) will also contribute to an elevated cell response. Hence, to investigate the nature
and scale of these biological responses, a series of in vitro bone cell culture studies have
been designed and implemented. As presented in the next chapter, this work seeks to
understand how the ‘controlled’ dissolution of the CaP thin films on 24eTi direct affects
cell response in comparison to the behaviour of the same cells on CaP coated pristine and

polycrystalline titanium substrates.



189

Chapter 6: In Vitro Evaluation Calcium Phosphate Coatings on

Etched Titanium

6.1 Introduction

Cells are known to respond to the physical and chemical cues that they encounter directly,
or in some cases indirectly, in their environment. Previous studies have shown that bone
cells respond positively to surface chemistries and morphologies in which the features
have a degree of offset orientation. In addition, the presence of bioactive elements on such
surfaces can lead to positive effects such as enhanced propagation and differentiation and,
under the correct conditions, impart antimicrobial effects. However, it is also clear that
negative effects including the inhibition of certain cellular processes and even cell death
can occur, depending on the nature of the chemical species present and their respective
concentrations. This chapter reports the results of an in vitro study of U-2 OS bone-like
osteosarcoma cells on chemically etched titanium with and without an as-deposited
calcium phosphate (CaP) coating (HA and SrHA). Based on the findings from the
characterisation studies presented in Chapter 5, the data obtained for the etched samples
(24eTi) have been compared to that obtained for the equivalent pristine (Ti) and
polycrystalline titanium (PolyTi250) substrates. The cell culture work is grouped into
three separate but intercorrelated studies: Cell Study A provides baseline data from a
7-day study of U-2 OS cells on Ti, 24eTi and PolyTi250 substrates; Cell Study B
evaluates the day 3 response of U-2 OS cells to CaP coated (HA and SrHA) Ti, 24eTi and
PolyTi250 substrates, and Cell study C comprises a more considered appraisal of the
response of U-2 OS cells to CaP coated (HA and SrHA) Ti, 24eTi and PolyTi250
substrates over a 28-day period. Cell studies A and B utilise the MTT assay as a measure
of the metabolic rate of those cells removed from each of the substrates at each time point.
The PicoGreen™ assay was employed to measure the DNA concentration present from
cells that were attached to the substrate surfaces at the same time points. Cell counting
was also undertaken using DAPI staining of the cell nuclei to allow for visualisation of
cells directly attached to the various surfaces. Finally, SEM imaging of adhered cells was
used to give an indication of their morphology and how this reflects the cellular response
to these various surfaces. In addition, Cell Study C measured the total protein
concentration from cells that had been present on each substrate surface, as well as
specifically measuring for ALP as an indication of differentiating osteoblast activity. The
various samples evaluated in this chapter are as described previously and abbreviated as

follows:
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e Ti— Titanium control

e 24eTi— 24 hr etched titanium

e PolyTi250 — 250 W polycrystalline titanium

e TiHA — Titanium with HA thin film

o 24eTiHA — 24 hr piranha etched titanium with HA thin film

e PolyTi250HA — 250 W polycrystalline titanium with HA thin film

e TiSrHA — Titanium with SrHA thin film

o 24eTiSrHA — 24 hr etched titanium with SrHA thin film

e PolyTi250SrHA — 250 W polycrystalline titanium with SrHA thin film

6.2 Cell Study A — 7-Day Evaluation of Uncoated Substrates

As indicated above, an evaluation of the response of U-2 OS cells to the Ti, 24eTi and
PolyTi250 substrates was undertaken in Cell Study A to provide baseline data and as a
way to better gain a basic understanding of how each of the different topographies

influence the initial stages of cell response.

6.2.1 Cellular Metabolic Activity

The MTT assay data for U-2 OS cells exposed to the Ti, 24eTi and PolyTi250 native
substrate surfaces after 1, 3 and 7 days in culture are presented in Figure 6.1. The
absorbance data presented is an indication of the viability of the cells as a measure of their
metabolic rate and show there is a statistically significant difference between the values
obtained for cells on Ti and on 24eTi, with the etched samples showing an elevated
response at all three time points: P < 0.0001 = **** at days 1 and 3 and P < 0.001 = ***
at day 7. A comparison between the PolyTi250 and Ti samples indicates no statistically
significant difference at day 1. However, significant values of P < 0.001 = *** at day 3
and P < 0.05 = * at day 7 were calculated. A comparison of the 24eTi with PolyTi250
shows P < 0.01 = ** at day 1 but no statistically significant difference at days 3 and 7.
These data therefore suggest that the cells on the PolyTi250 surface have a lower initial
response (day 1) with a lower absorbance for metabolic activity measured when compared
to the 24eTi samples but that by day 3 the cell response on each surface is similar, with
both showing elevated levels of absorbance when compared to those from the cells on the

Ti control substrate surface.
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Figure 6.1 MTT absorbance values for U-2 OS cells cultured on Ti, 24eTi and PolyTi250
substrates at days 1, 3 and 7 with statistically significant difference (P > 0.05=ns, P < 0.05 =
* P<0.01 =** P <0.001 =***and P <0.0001 = ****) for 24eTi and PolyTi250 when
compared to Ti
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6.2.2 DNA Quantification

Figure 6.2 shows the Pico Green DNA quantification data for the substrates of interest at
each of the three timepoints over the 7-day study, with measured concentrations given in
nanograms per millilitre (ng/ml). The day 1 data shows that there is no statistically
significant difference between the 24eTi and PolyTi250 substrates when each is
compared to the Ti control. In addition, there are no distinct statistically significant
differences between the 24eTi and PolyTi250 substrates when compared directly to each
other. At day 3 all substrates show a statistically significant increase in DNA
concentration when compared to the day 1 results and a statistically significant difference
recorded between Ti and 24eTi (P < 0.001 = ***), with the Ti showing a higher value for
DNA concentration. However, there is no statistically significant difference between the
measurements obtained from cells on the Ti and PolyTi250 samples. A statistical
difference of P < 0.05 = * was determined when comparing 24eTi to PolyTi250 with the
higher concentration calculated for the PolyTi250. At day 7, a statistically significant
increase in DNA concentration was again observed across all samples compared to the
earlier timepoints, with 24eTi samples showing the greatest increase when compared to
the other samples (P < 0.01 = **). When compared to Ti, PolyTi250 showed a value of
P < 0.05 = *, indicative of a DNA concentration higher than that of the Ti control. A
comparison of 24eTi to PolyTi250 gave a value of P < 0.05 = * with the 24eTi presenting
the highest positive increase at day 7. The PolyTi250 samples showed a similar response
to that for Ti at all 3 timepoints with no statistically significant difference detected until
day 7 where P < 0.05 = * was calculated, indicative of PolyTi250 having a higher response
than Ti. Overall, these data suggest that whilst the 24eTi samples initially have a lower
DNA concentration than the other samples, they have the largest value by day 7. By
comparison, the PolyTi250 and Ti samples show a steady increase in the measured DNA

concentration from days 1 to 7 with no discernible difference determined between them.
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Figure 6.2 DNA concentration values for U-2 OS cells cultured on Ti, 24eTi and PolyTi250
substrates at days 1,3 & 7 with statistically significant difference (P > 0.05=ns,P <0.05=*,P
<0.01 =** P <0.001 =*** and P < 0.0001 = ****) for 24eTi and PolyTi250 when compared
to Ti
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6.2.3 Metabolic Activity Normalised to DNA Concentration

In order to allow clearer visualisation of the cellular metabolic rate according to the cell
density present, MTT results (Chapter 6.2.1) were normalised to cell number according
to the DNA concentration at the particular timepoint (Chapter 6.2.2). Figure 6.3 shows
the normalised data, and a clear trend is visible across all three substrates. Whilst the
24eTi samples appear t display the higher values, no significant difference is calculated
for 24eTi and PolyTi250 at days 1,3 or 7 when compared to Ti. At each timepoint, no

significant difference is seen when comparing 24eTi and PolyTi250.
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Figure 6.3 Normalised cell metabolism to DNA concentration values for U-2 OS cells cultured
on uncoated substrates at days 1, 3 & 7 with statistically significant difference (P > 0.05 = ns,
P<0.05=*P<0.01=**P<0.001=***and P <0.0001 = ****) for 24eTi and PolyTi250

when compared to Ti
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6.2.4 Cell Nuclei Staining using DAPI
Figure 6.4 shows the fluorescence microscopy images of DAPI stained U-2 OS cell nuclei
on (a) Ti, (b) 24eTi and (c) PolyTi250 substrate surfaces at days 1, 3 and 7. There is a
clear trend observed from day 1 to day 7, with an increase in the number of cell nuclei
over time evident across all samples. At day 1, the images indicate that all substrate
surfaces have cells present with no clear visible difference in the numbers on each.
Average cell coverage reported as the number of cells/cm?, for the surfaces after 1 day in
culture indicate that Ti has the lowest coverage (11.92 + 11.10) with 24eTi
(23.31 + 23.30) and PolyTi250 (37.12 + 25.30) showing significantly more cell coverage
than this control surface. The day 3 substrate surfaces all show a significant increase in
the number of blue nuclei staining present compared to that seen on the substrate surfaces
atday 1. Again, the numbers of nuclei on each type of surface is similar. At day 3, average
cell coverage (cells/cm?) calculated for Ti was 46.29 + 30.91, 24eTi was 39.47 + 20.66
and PolyTi250 was 57.05 + 18.23. By day 7 the cell numbers of cell nuclei have increased
again with the cells appearing to show areas of ‘clumping’, most especially on the 24¢eTi
and PolyTi250 surfaces. Average cell coverages after 7-days in culture have increased to
84.46 £ 10.72 for Ti, and 47.09 + 27.96 for 24eTi but have now decreased to
42.57 + 15.54 for PolyTi250. In general, the numbers of cells that are present on the
various substrates at each timepoint are consistent with the trends that were seen
previously for the MTT and DNA data (Figure 6.1 - Figure 6.3, respectively).

When using the ImageJ cell counter plugin, cell numbers display a similar trend.
At day 1 Ti cell numbers were averaged at 522.67 + 398.33, with 24eTi (326.67 + 165.62)
and PolyTi250 (402.17 = 143.70) displaying lower cell counts but lower standard
deviation. Day 3 numbers show an increase across all samples, as expected, with
PolyTi250 giving the highest cell count (2097.83 + 1034.87), with 24eTi (1610 + 360.33)
and Ti (1512.50 £ 513.01) displaying lower cell counts but a lower standard deviation.
Day 7 displays a decrease in numbers for both the PolyTi250 (1510.67 + 434.16) and
24eTi (728 £ 648.58) but an increase for Ti (1744.50 + 629.0).
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Figure 6.4 Fluorescence images of DAPI stained U-2 OS cells (x10 objective lens) on (a) Ti, (b) 24eTi
and (c) PolyTi250 surfaces at days 1,3 and 7
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6.2.5 SEM Imaging of Adhered Cells

SEM images at days 1, 3 and 7 for adhered U-2 OS cells on (a) Ti, (b) 24eTi and (c)
PolyTi250 surfaces are presented in Figure 6.5. The cells on the Ti substrates at day 1 are
primarily concentrated towards the centre of the image and comprise a mixture of both
flattened and rounded morphologies, with rounded cells appearing to be more commonly
present. Filopodia can be seen spreading from the cells to the substrate surface. In
comparison, cells on the 24eTi sample are generally flatter in the centre of the image with
a few rounded cells observed towards the periphery. The cells on this etched sample also
show filopodia spreading to the surface as well as indications of cell elongation. The
PolyTi250 substrate appears to have fewer cells present across the surface with the
majority that are present located in the centre. There appears to be a greater number of
rounded cells present on this substrate with more spacing between them as compared to
others, although some cell flattening is also observed here. At day 3, the cells present on
all of the surfaces have primarily a flattened morphology with less evidence of any with
a rounded shape being observed. The amount of lamellipodia and filopodia present has
increased significantly in all cases with indications of cell elongation across substantial
regions of the surfaces with some areas where the commencement of cell splitting is
occurring. Although the cell numbers present on the 24eTi sample at day 3 appear to be
lower than that for the Ti sample, there are areas of visible cell ‘clumping’ on this surface.
The cell numbers on PolyTi250 appear to be higher than those on both the Ti and 24eTi
and are primarily found in the centre, with only a few cells migrating towards the edges
when compared to the other two samples. The flattened cells in the centre of the sample
are closely packed with filopodia emanating from these cells to the surface. At day 7, all
three substrates show a further increase in cell numbers as well as more cell spreading
and increased filopodia. The Ti samples show an increase in the number of rounded cells
present with some areas of cells raised off the surface evident here. Cell stretching and
elongation, as well as stretching of the filopodia is also evident. Similar types of cell
morphology are present on 24eTi, although there appears to be more areas of empty space
observed between them when compared to the Ti control. The flattened and clumped cells
present here are mainly in the centre with more rounded cells migrating outwards from
the centre to the edges. Once again, cell elongation and stretching is observed, as well as
an increased presence of stretched filopodia. The PolyTi250 substrate follows a similar
pattern to that seen for both the Ti and 24eTi samples with areas of cell ‘clumping’
spreading outwards from the centre of the sample. Filopodia are once again present with

cell stretching and elongating observed and have lamellipodia stretching from cell to cell.
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Figure 6.5 SEM planar view images (x 2.5k magnification) for fixed U-2 OS cells on (a) Ti, (b)
24eTi and (c) PolyTi250 substrates at days 1, 3 and 7
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6.3 Cell Study B — Day 3 Evaluation of Calcium Phosphate Coated

Substrates

As previously described, Cell Study B evaluates cell response of sputter coated CaP (HA
and SrHA) on the various titanium substrates at day 3. An MTT assay of cell metabolic
activity, a PicoGreen™ DNA quantification assay, DAPI cell nuclei staining and SEM
imaging of adhered cells have once again been performed. The key objective here is to
understand how U-2 OS cells respond to these bioactive coatings on Ti, 24eTi and
PolyTi250 substrate surface morphologies. As well as providing a comparison between
the uncoated and coated substrates, differences between cell response to the HA and

SrHA coating chemistries were assessed.

6.3.1 Cellular Metabolic Activity
The MTT assay data for U-2 OS cells exposed to TiHA, 24eTiHA and PolyTi250HA

substrate surfaces at day 3 are shown in Figure 6.6. As before, the absorbance data
provides an indication of the viability of the cells as a measure of their metabolic activity.
The results show that there is no statistically significant difference between the
absorbance values for cells on TiHA when compared to 24eTiHA (P = 0.8451), nor is
there any statistically significant difference when the value for TiHA is compared to that
for PolyTi250HA (P = 0.6335). In addition, there is no statistically significant difference
when 24eTiHA is compared to PolyTi250HA (P > 0.9999). When comparing the HA
coated samples to the uncoated samples there is no statistically significant difference
between Ti and TiHA (P =0.3287), 24eTiHA (P = 0.9943) or PolyTi250HA (P = 0.9999).
However, there is a statistically significant difference in the values for 24eTiHA when
compared to 24eTi (P < 0.0001 = ****) with the higher absorbance measured for the
uncoated substrate. In addition, when comparing the PolyTi250 with the PolyTi250HA
there is also a statistically significant difference (P < 0.0001 = ****) with the uncoated

substrate once again having an increased absorbance value
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Figure 6.6 MTT absorbance value for U-2 OS cells cultured on HA coated substrates at day 3
with statistically significant difference (P > 0.05 = ns, P < 0.05 = *, P < 0.01 = **,
P <0.001 =*** and P < 0.0001 = ****) for 24eTiHA and PolyTi250HA when compared to
TiHA
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Figure 6.7 shows the results obtained from the MTT assay of U-2 OS cells exposed to
TiSrHA, 24eTiSrHA and PolyTi250SrHA substrate surfaces. Once again, there is no
statistically significant difference between the absorbance values for cells on TiSrHA
when compared to those on 24eTiSrHA (P = 0.5538). Likewise, no statistically significant
difference is observed when TiSrHA is compared to PolyTi250SrHA (P = 0.9659) nor
between 24eTiSrHA and PolyTi250SrHA (P = 0.9950). On comparing the SrHA coated
substrates to that of the uncoated substrates at day 3, there is no statistically significant
difference when Ti is compared to TiSfHA (P = 0.7984), 24eTiSrHA (P > 0.9999) or
PolyTi250HA (P > 0.9999). However, when 24eTi is compared to 24eTiSrHA there is a
statistically significant difference (P < 0.0001 = ****) with the higher result obtained for
the 24eTi substrate. Comparing PolyTi250 with PolyTi250SrHA gives a statistically
significant difference (P < 0.0001 = ****) with the higher result obtained for the
PolyTi250 substrate.

There is a statistically significant difference (P < 0.01 = **) between TiHA and
TiSrHA, with the higher result obtained for the TiHA substrate value. There is no
statistically significant difference between TiHA and 24eTiSrHA (P = 0.5153) or
PolyTi250SrHA (P = 0.1029). Comparison of 24eTiHA with 24eTiSrHA shows no
statistically significant difference (P = 0.9998), nor is there a statistically significant
difference between PolyTi250HA and PolyTi250SrHA (P = 0.9015). Albeit, in general
there is no statistically significant difference between the HA and SrHA coated samples
when compared to their uncoated counterpart but the TiSrHA samples exhibited the
lowest absorbance values when compared to all the other samples. Both the HA and STHA
coated substrates gave absorbance values similar to those for the native Ti, 24eTi and
PolyTi250 surfaces at day 1 (Figure 6.1) suggesting that at day 3, the cells on HA and
SrHA coated surfaces are responding at a similar rate to that of their uncoated counterpart.
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Figure 6.7 MTT absorbance values for U-2 OS cells cultured on SrHA coated surfaces at day 3
with statistically significant difference (P > 0.05= ns, P < 0.05 = *, P < 0.01 = **,

P <0.001 =*** and P < 0.0001 = ****)
to TiSrHA

for 24eTiSrHA and PolyTi250SrHA when compared
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6.3.2 DNA Quantification

Figure 6.8 shows the DNA quantification data obtained from U-2 OS cells cultured on
each of the HA coated substrates at day 3, with the concentrations given in nanograms
per millilitre (ng/ml), along with measurements previously obtained for their uncoated
counterparts for direct comparison. The values for TiHA show no statistically significant
difference when compared to 24eTiHA (P = 0.9948) or PolyTi250HA (P = 0.0731)
substrates. When comparing 24eTiHA to PolyTi250HA a statistically significant
difference (P < 0.01 = **) is obtained with the higher DNA concentration measured for
the 24eTiHA substrate. Despite there being no statistically significant difference between
PolyTi250HA and TiHA, the former exhibited the lowest DNA concentration
measurements, with 24eTiHA showing the highest values. Comparing the HA coated
samples with their uncoated counterpart indicates a statistically significant difference
between Ti and TiHA (P < 0.001 = ***), 24eTiHA (P < 0.01 = **) and PolyTi250HA

(P <0.0001 = ****) with the uncoated Ti having higher concentration values.
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Figure 6.8 DNA concentration values for U-2 OS cells cultured on HA coated substrates at day 3
with significant difference (P > 0.05 =ns, P < 0.05 =*, P <0.01 =**, P < 0.001 = *** and
P < 0.0001 = ****) for 24eTiHA and Polyi250HA when compared to TiHA
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Figure 6.9 displays the DNA concentration measurements for the TiSrHA, 24eTiSrHA
and PolyTi250SrHA coated substrates at day 3 along with measurements previously
obtained for their uncoated counterparts for direct comparison. There is a statistically
significant difference between the values for TiSrHA when compared to 24eTiSrHA
(P <0.0001 =****) put no statistically significant difference for TiSTHA when compared
to PolyTi250SrHA (P = 0.3826). However, there is a statistically significant difference
when 24eTiSrHA is compared with PolyTi250SrHA (P < 0.0001 = ****), The DNA
concentration for the SrHA coated samples compared to that for the uncoated samples at
day 3 show no statistically significant difference between Ti and TiSrHA (P = 0.1414),
or PolyTi250SrHA (P = 0.9999). However, a statistically significant difference is
observed when Ti is compared to 24eTiSrHA (P < 0.0001 = ****), When comparing
24eTi to 24eTiSrHA there is a statistically significant difference (P < 0.01 = **) with
24eTi exhibiting the higher value. In addition, comparison of PolyTi250 and
PolyTi250SrHA gives a statistically significant difference (P < 0.0001 = ****) with the
PolyTi250 having the highest value.

Comparing TiHA to TiSrHA shows a statistically significant difference
(P <0.0001 = ****) with TiSrHA giving the higher value. There are also statistically
significant differences when comparing TiHA with 24eTiSrHA (P < 0.05 = *) and
PolyTi250SrHA (P < 0.0001 = ****), In addition, comparison of 24eTi with 24eTiSrHA
gives a statistically significant difference (P < 0.01 = **), and 24eTi gives a statistically
significant difference when compared to PolyTi250SrHA (P < 0.001 = ***), with the
uncoated etched substrate giving the higher value in both cases. Although the highest
values appear to come from TiSrHA and PolyTi250SrHA, there is no statistically
significant difference for these substrates when compared to that of the Ti control. The
24eTiSrHA substrates presents the lowest DNA concentration at day 3, with no
statistically significant difference (P > 0.05) when compared to the PolyTi250HA

substrate.
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Figure 6.9 DNA concentration values for U-2 OS cells cultured on SrHA coated substrates at
day 3 with statistically significant difference (P > 0.05 =ns, P <0.05 =*, P < 0.01 = **,

P <0.001 =*** and P < 0.0001 = ****) for 24eTiSrHA and PolyTi250SrHA when
compared to TiSrHA
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6.3.3 Metabolic Activity Normalised to DNA Concentration

As stated previously in Chapter 6.2.3, the MTT data collected for HA and SrHA coated
samples at day 3 was normalised using the DNA concentration to allow a clearer
visualisation of the cellular metabolic rate according to the cell density present at the
timepoint. Figure 6.10 displays the normalised data for HA coated samples. No
significant difference (P > 0.05) is noted when comparing the 24eTiHA and
PolyTi250HA to TiHA, as well as when comparing the 24eTiHA with PolyTi250HA.
Comparing the HA coated substrates to their uncoated counterparts, no significant

difference (P > 0.05) is calculated at day 3 for any of the substrates.
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Figure 6.10 Normalised cell metabolism to DNA concentration values for U-2
OS cells cultured on HA coated substrates at day 3 with significant difference
(P>0.05=ns,P<0.05=* P <0.01 =**P<0.001="***and P < 0.0001
= ****) for 24eTiHA and Polyi250HA when compared to TiHA
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Figure 6.11 displays the normalised data for the SrHA coated samples. There is a
significant difference (P < 0.05 = *) when comparing the 24eTiSrHA samples with the
TiSrHA but no significant difference (P > 0.05) when comparing PolyTi250SrHA with
the TiSrHA samples. No significant difference is calculated between 24eTiSrHA and
PoluYi250SrHA samples. No significant differences (P > 0.05) are calculated when the
uncoated substrates are compared to the SrHA coated substrates. When comparing the
SrHA to their HA counterparts there is a significant difference (P < 0.001 = ***) when
comparing the TiHA and TiSrHA samples. No significant difference (P > 0.05) is
calculated between 24eTiAH and 24eTiSrHA samples. PolyTi250HA compared to
PolyTi250SrHA gives a significant difference (P < 0.05 = *).
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Figure 6.11 Normalised cell metabolism to DNA concentration values for
U-2 OS cells cultured on SrHA coated substrates at day 3 with statistically
significant difference (P > 0.05=ns,P <0.05=*P<0.01 =** P <
0.001 = *** and P < 0.0001 = ****) for 24eTiSrHA and PolyTi250SrHA

when compared to TiSrHA
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6.3.4 Cell Nuclei Staining using DAPI

Figure 6.11 shows DAPI stained U-2 OS cell nuclei on (a) TiHA, (b) 24eTiHA and (c)
PolyTi250HA surfaces at day 3. All these substrates clearly show a high level of blue
staining across the surface, thereby indicating the presence of a high number of cells.
Visually the 24eTiHA samples show an elevated cell amount with little spacing when
compared to that for PolyTi250HA and TiHA. The positive cell response indicated here
Is consistent with the MTT and DNA data reported previously. After 3 days in culture the
average number of cells per cm? was measured using ImageJ to count pixels and produce
histograms for all samples. Cell numbers on TiHA was calculated as 43.16 £ 9.72, with
both 24eTiHA (80.05 + 11.28) and PolyTi250HA (65.58 + 14.53) eliciting higher cell
coverage values and 24eTiHA showing the highest coverage across the surface. When
using the ImagelJ cell counter plugin, cell numbers display the same trend, with HA coated
samples presenting the higher coverage. Cell numbers for TiHA at day 3 were averaged
at 1779 £ 416.50, with 24eTiHA (2727.17 + 493.59) and PolyTi250HA (2639 + 709.65)

eliciting higher cell counts.

The DAPI staining of U-2 OS nuclei on SrHA coated substrates is presented in
Figure 6.12. Both the 24eTiSrHA and PolyTi250SrHA substrates have the lowest cell
coverage when compared to TiSrHA. On comparing to the HA substrates (Figure 6.11)
there is a substantial difference in cell nuclei numbers with considerable decline on StTHA
substrates. The average cell coverage measurements (cells/cm?) after 3 days in culture
were 3.53 + 3.80 for TiSrHA, 0.81 = 0.89 for 24eTiSrHA and 0.69 + 0.50 for
PolyTi250SrHA. Using the ImageJ cell counter plugin, cell numbers for SfHA coated
samples again display the same trend, with TiSrHA having the highest coverage (87.17 +
113.31). Cell numbers for 24eTiSrHA at day 3 were averaged at 32 = 47.24 and
PolyTi250HA averaged at 10.67 £ 9.22.
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Figure 6.11 Fluorescence images of DAPI stained U-2 OS
cells on (a) TiHA, (b) 24eTiHA and (c) PolyTi250HA

surfaces at day 3
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Figure 6.12 Fluorescence images of DAPI stained U-2 OS
cells on (a) TiSrHA, (b) 24eTiSrHA and (c) PolyTi250SrHA

surfaces at day 3
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6.3.5 SEM Imaging of Adhered Cells

SEM images obtained for U-2 OS cells on (a) TiIHA, (b) 24eTiHA and (c) PolyTi250HA
at day 3 are presented in Figure 6.13. The HA coated substrates show an abundance of
cells across the surfaces. The cells observed on the TiHA substrate are spread across the
sample surface and comprise a mixture of both flattened and rounded morphologies.
There are some lamellipodia between cells and filopodia reaching from the cells onto the
substrate surface. By comparison, cells on 24eTiHA are generally more flattened and
concentrated in the centre of the image with a few rounded cell bodies observed towards
the periphery. This sample also shows lamellipodia and filopodia spreading from cell to
cell and onto the coated surface with some cell stretching visible. By comparison, the
PolyTi250HA substrate appears to have fewer flattened cells across the surface, with the
majority having a more rounded cell body morphology. There are lamellipodia and
filopodia present, with some areas of cell clumping visible.

SEM images of U-2 OS cells on (a) TiSrHA, (b) 24eTiSrHA and (c)
PolyTi250SrHA at day 3 are presented in Figure 6.14. In general, when comparing the
SrHA coated substrates with those for their equivalent HA coated counterparts there are
notably less cells present across all surfaces which is consistent with the findings from
the DAPI stained nuclei images (Figure 6.12). At day 3, cells on TiSrHA are concentrated
towards the edges of the substrate and comprise a mixture of both flattened and rounded
morphologies with pronounced cell bodies. Filopodia and cell stretching are visible. The
cells on 24eTiSrHA are more sparsely distributed and fewer in number in comparison to
TiSrHA. The cells are more round in shape, concentrated towards the substrate edges and
filopodia are present. The cells on PolyTi250SrHA are spread across the substrate. Once
again, more cells are concentrated at the substrate edges. The cells are round and flat in

shape, and lamellipodia and filopodia are visible.



212

Figure 6.13 SEM planar view images (x 2.5k magnification) for U-2 OS cells on (a) TiHA, (b) 24eTiHA and
(c) PolyTi250HA surfaces at day 3
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b)

24eTiSrHA and (c) PolyTi250SrHA surfaces at day 3
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6.4 Cell Study C (28-day Evaluation CaP Coated Titanium Substrates)
As described previously in Chapter 3.5.6 and 3.5.7, measurements from ALP and BCA
total protein content assays were obtained from U-2 OS cells cultured on both HA and
SrHA coated 24eTi, Ti and PolyTi250 substrates over 28 days. Figure 6.15 shows ALP
concentrations from U-2 OS cells cultured on HA coated substrates over 28 days in
nanograms per millilitre (ng/ml). These data suggest that at day 7 cells on TiHA express
higher ALP than those of the other HA coated substrates, with 24eTiHA and
PolyTi250HA eliciting a similar response to one another. An increasing trend in the
values exists from day 7, to 21 and then measurements decrease for all substrates at day
28 to measurements similar to those at day 14. On comparing TiHA to 24eTiHA, there is
no statistically significant difference at day 7 (P = 0.9979), day 14 (P = 0.9831), day 21
(P >0.9999) or day 28 (P = 0.6821). The same outcome exists on comparing TiHA with
PolyTi250HA at day 7 (P = 0.7726), day 14 (P = 0.9702), day 21 (P = 0.9994) and day
28 (P = 0.4196). Finally, there is no statistically significant difference found between
24eTiHA and PolyTi250HA: day 7 (P = 0.9507), day 14 (P = 0.6836), day 21 (P > 0.9999)
and day 28 (P = 0.9977).

Figure 6.16 shows the ALP concentrations from U-2 OS cells cultured on SrHA
coated substrates over 28 days in ng/ml. Both TiSrHA and PolyTi250SrHA show a
general increase in ALP concentration from day 7 to 21 before the value decreases at day
28. However, while 24eTiSrHA shows elevated concentrations at day 7 and 14, they
decrease at day 21 and 28 to concentrations lower than those for TiSrHA and
PolyTi250SrHA at the same timepoints. There is no statistically significant difference
between TiSrHA and 24eTiSrHA at day 7 (P = 0.7417) and 14 (P > 0.9999). After 21
days, there is a decrease in the concentration for 24eTiSrHA (P <0.01 = **), and a further
decrease after 28 days (P < 0.001 = ***). There is no statistically significant difference
between TiSrHA and PolyTi250SrHA at day 7 (P = 0.9616), day 14 (P > 0.9999) or day
21 (P = 0.7344). However, after 28 days there is a statistically significant difference
between these substrates (P < 0.05 = *). There is no significant difference between
24eTiSrHA and PolyTi250SrHA at day 7,14, 21 and 28 (P = 0.2400, P =0.9997,
P =0.1541 and P = 0.8893, respectively).
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Figure 6.15 ALP concentrations for U-2 OS cells after 7, 14, 21 and 28 days in culture with HA
coated titanium substrates showing significant difference (P >0.05=ns, P <0.05=*, P <0.01
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Figure 6.16 ALP concentrations for U-2 OS cells after 7, 14, 21 and 28 days in culture with SrHA
coated titanium substrates showing significant difference (P > 0.05=ns, P <0.05=*, P <0.01 =**
P < 0.001 = *** and P < 0.0001 = ****) for 24eTiSrHA and PolyTi250SrHA when compared to
TiSrHA
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Comparing the ALP measurements from cells cultured on SrHA coated substrates to those
for TiHA, there is no statistically significant difference at days 7, 14 and 21 (P = 0.7428,
P=0.1771and P = 0.7122, respectively). After 28 days in culture, there is a statistically
significant difference (P < 0.05 = *) between the values for these samples, with the
TiSrHA displaying the highest value. Although the average ALP values for 24eTiSrHA
at days 7 and 14 are higher than those for TiHA, there is no statistically significant
difference at these or subsequent 21-day and 28-day time points. Comparing the TIHA
and PolyTi250SrHA indicates no statistically significant difference across any of the four
timepoints. In the case of the 24eTiHA and 24eTiSrHA, there is a statistically significant
difference at days 7 and 14 (P < 0.05 = * in each case) but no statistically significant
difference between these samples at day 21 and day 28, despite a higher value being
recorded from the cells on the 24eTiHA at these later time points. Finally, no statistically
significant difference was found for ALP values from cells at any of the timepoints when
comparing PolyTi250HA and PolyTi250SrHA.

Figure 6.17 displays the BCA whole cell protein concentration values measured
from U-2 OS cells cultured on HA coated samples at each of the four timepoints over the
28-day period in micrograms per millilitre (ug/ml). All of the HA coated samples show a
general increase in BCA across each timepoint, with PolyTi250HA displaying the highest
increase from day 7 to day 28. No statistically significant difference is seen between TiHA
and 24eTiHA across days 7,14, 21 and 28 despite TiHA seeming to have a higher value.
A lack of statistically significant difference is also observed when comparing TiHA and
PolyTi250HA samples at days 7,14 and 21. However, at the 28-day time point the
difference in the BCA measurements is now statistically significant (P < 0.0001 = ****)
with the PolyTi250HA showing a pronounced increase in total cell protein concentration.
Similarly, when comparing 24eTiHA to PolyTi250HA, there is no statistically significant
difference until day 28 (P < 0.001 = ***) with PolyTi250HA again having the higher
value.

The corresponding BCA assay data for the SrHA coated substrates across the
28-day study are presented in Figure 6.18. All STHA coated substrates display an increase
from day 7 to day 28, with 24eTiSrHA samples showing the lowest values across all four
time points. The TiSrHA samples elicit the highest values after the 28-days in culture.
After 7-days in culture there is no statistically significant difference between the BCA
values for TiSrHA and 24eTiSrHA nor between the TiSrHA and PolyTi250SrHA. A
statistically significant difference (P < 0.05 = *) is seen between TiSrHA and 24eTiSrHA

at day 14 with TiSrHA having the higher concentration. However, there is no significant



217

difference between the values for TiSrHA and PolyTi250SrHA at any time point. There
is a statistically significant difference between TiSrHA and 24eTiSrHA at day 21
(P <0.0001 = ****) only, but TiSrHA and PolyTi250SrHA exhibit no statistically
significant differences at any time point. At day 28, the statistically significant difference
between the TiSrHA and 24eTiSrHA remains at P < 0.0001 = **** with the 24eTiSrHA
eliciting a lower concentration. There is no statistically significant difference between
TiSrHA and PolyTi250SrHA. Consideration of comparison between 24eTiSrHA and
PolyTi250SrHA indicates that there is no statistically significant difference at days 7 and
14, but after 21 days there is at a value of P < 0.01 = ** which then further increases to
P <0.0001 = **** at day 28.
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Figure 6.17 BCA whole cell protein concentrations for U-2 OS cells after 7, 14, 21 and 28 days
in culture with HA coated titanium substrates showing significant difference ( P > 0.05 = ns, P
<005=* P <001=**P<0.001==**andP < 0.0001 = ****) for 24eTiHA and
PolyTi250HA when compared to TiHA
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Figure 6.18 BCA whole cell protein concentrations for U-2 OS cells after 7, 14, 21 and 28 days
in culture with SrHA coated titanium substrates showing significant difference (P > 0.05 = ns, P
<0.05=%* P<0.01=%*P<0.001=%**andP < 0.0001 = ****) for 24eTiSrHA and
PolyTi250SrHA when compared to TiSrHA

Comparing the BCA values from cells cultured on the TiHA and TiSrHA samples at days
7, 14 and 21 indicates that there are no significant differences (P = 0.9987, P = 0.9999
and P = 0.2466, respectively). However, after 28 days there is a statistically significant
difference between the values expressed on these surfaces (P < 0.0001 = ****) In
general, the TiSrHA samples have higher measured BCA values than the TiHA samples
throughout the 28-day study but is only significantly different at day 28. No statistically
significant difference is found between the TiHA and 24eTiSrHA at days 7 and 14, but
statistically significant values are calculated at day 21 (P < 0.0001 = ****) and day 28
(P <0.005 =***), The TiHA and PolyTi250SrHA surfaces show no significant difference
at days 7, 14 and 28. However, a statistically significant difference (P < 0.05 = *) was
observed for this surface at day 21. Comparison of 24eTiHA with 24eTiSrHA shows no
statistically significant difference at days 7 and 14, but at days 21 and 28 a statistically
significant difference (P < 0.0001 = ****) is found for both time points. When comparing
PolyTi250HA and PolyTi250SrHA, no measurable significant difference is calculated at
days 7, 14 and 21 but after 28 days there is a statically significant difference between
them (P < 0.0001 = ****)_ Although the PolyTi250HA samples show a significant
increase in the value for BCA concentration, no statistically significant difference is found
between it and values for the 24eTiHA and PolyTi250HA samples.
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6.5 Alizarin Red Staining

Alizarin red staining of the U-2 OS cells after culturing for 28 days on the various surfaces
was utilised to visualise any indication of mineralisation that might be present as a
consequence of maturation. As described in Chapter 3.5.8, this technique stains areas
within the cells that contain calcium, resulting in a reddish/brown colouration within
optical micrographs. Cells seeded onto tissue culture plastic were also stained as a control.

As expected, no staining occurred of cells grown on the tissue culture plastic (data
not shown). Figure 6.19 (a) — (i) shows the optical micrographs for stained U-2 OS cells
on (a) Ti, (b) 24eTi, (c) PolyTi250, (d) TiHA, (e) 24eTiHA, (f) PolyTi250HA, ()
TiSrHA, (h) 24eTiSrHA and (i) PolyTi250SrHA samples at day 28. Clearly the Ti and
24eTi surfaces (Figure 6.19 (a) — (b)) show the greatest amount of red staining indicating
the presence of substantive calcium typically associated with bone cell mineralisation.
The PolyTi250 surface (Figure 6.19 (c)) has some areas of red staining from cells on the
surface but it is significantly less than that seen for both Ti and 24eTi.

The TiHA and 24eTiHA samples (Figure 6.19 (d) — (f)) display dense areas of red
staining which are smaller and more spread out when compared to the more localised
intense red staining of cells on PolyTi250HA.

The SrHA coated samples (Figure 6.19 (g) — (i) display the least amount of red
staining across the respective surfaces. The TiSrHA samples shows staining similar to
that on the pristine Ti sample with red colouration spread across the surface. The
24eTiSrHA show little to no red staining across the sample surface while the

PolyTi250SrHA sample has localised areas of dense red staining.
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Figure 6.19 Optical micrographs showing Alizarin red staining of U-2 OS cells after 28 days in cell
culture on (a) Ti, (b) 24eTi, (c) PolyTi250, (d) TiHA, (e) 24eTiHA, (f) PolyTi250HA, (g)TiSrHA, (h)
24eTiSrHA and (i) PolyTi250SrHA samples
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6.6 Discussion
The data presented in this chapter seeks to investigate the capabilities of the chemically
etched (24eTi) surfaces to interact with bone cells in vitro, compared to that of the pristine
control (Ti) and the comparator (PolyTi) samples. Dalby et al.?” have discussed in detail
how the interplay between cells and surface features plays a key role in their subsequent
response. Whereas, their studies have addressed how modified surfaces can influence key
aspects of differentiation, the effects that augmentation with a soluble bioactive
component has not yet been considered in detail. Hence, the work reported here provides
new insight into how the combination of pronounced surface morphology and a liable
calcium phosphate coating can affect cell interactions thereon. An initial evaluation was
carried out on the uncoated substrates to understand how their respective chemistry and
microstructure affected U-2 OS cell response. The MTT assay, which measures the
amount of tetrazolium salt reduced by the mitochondria of the cells removed from the
surface?l7245246 has been used here to compare the viability of cells cultured on the
various surfaces of interest for various periods of time. Given that other enzymes that are
present in the cells can also reduce this salt?!®, the results are only considered here as an
estimation of the number of viable cells on each surface. The PicoGreen™ assay, which
provides a direct measurement of the DNA from viable cells removed from the sample
surfaces?!8247:248 js subject to less variation and so has been used here to give a better
indication of the number of cells present on each substrate at a given timepoint. Hence,
the data from the MTT and PicoGreen™ assays has been considered here in combination
to allow for a better evaluation of the various results obtained. In addition, DAPI staining
of U-2 OS cell nuclei has been employed as a means of directly measuring the number of
cells on each surface at each time point. The nature of cell-surface and cell-cell
interactions has been studied by SEM imaging of adhered cells on all surfaces. As
previously stated, it is hypothesised in this work that the 24eTi samples will elicit an
elevated cell response compared to pristine Ti due to the high degree of offset roughness
that is created on the substrate by the chemical etching process. In order to better qualify
the scale of this effect, the cell response to 24eTi was compared to that on PolyTi250, a
surface that has been shown previously to support enhanced bone cell response in vitro.
The MTT and PicoGreen™ assay measurements for U-2 OS cells exposed to 24eTi
and Ti samples in a 7-day culture study (Cell Study A) showed statistically significant
differences, with more viable cells detected on the etched titanium than on the control
surface. No statistically significant differences were found for MTT measurements

obtained between the 24eTi and PolyTi250 after 7-days. However, there was a statistical
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difference in the PicoGreen™ measurements when comparing the values for 24eTi and
PolyTi250, with the 24eTi eliciting the higher response. The normalised MTT to DNA
data for the uncoated substrates showed a decreasing trend over the 7-days of average cell
metabolic activity per attached cell. This decreasing trend over the 7-days can be
explained by the consumption of the resources available as cells proliferate, namely
surface area and nutrients. A comparison of the number of DAPI stained cell nuclei and
SEM imaging of fixed cells on the various titanium surfaces confirmed that the 24eTi
samples has similar numbers of cells present to both the Ti and PolyTi250 surfaces.
Moreover, the U-2 OS cells on the etched substrate had a mostly flattened morphology
while those on the Ti and PolyTi250 surfaces exhibited a predominantly more rounded
shape. Hence, these data suggest that chemical etching of the titanium sheet material
produces surface features (chemical and topographical) that directly promote a higher
degree of bone cell propagation and cell-surface interactions thereon as compared to those
on the pristine Ti or PolyTi250 surfaces.

A key consideration in this work is the ability of the etched titanium surface
features to support calcium phosphate (CaP) coatings, created by sputter deposition from
hydroxyapatite (HA) or strontium substituted hydroxyapatite (SrHA) targets, in a way
that engenders an enhanced cell response due to the presence of these known bioactive
agents?422492%0 To determine the initial (early stage) effects of such coatings a 3-day cell
culture study was carried out (Cell Study B), the results of which were then used to prime
a longer 28-day study. It is known that the addition of strontium into the HA lattice can
be beneficial in appropriate (relatively small) concentrations to enhance in vitro
osteoblast response!4’:14%251.252 previous work carried out with the commercial STHA
material used here indicates that the actual substituent concentration can be lower than
that expected and it has also been reported that the final concentration in sputter deposited
coatings is typically lower than that of the original substitution concentration in the
target34>47:224 Hence, the concentration of the Sr ions in the STHA coatings applied here
is assumed to be well below the level that has been seen to lead to any negative effects
on bone cells. Therefore, it is hypothesised herein that chemically etched titanium
surfaces coated with a SrHA thin film can promote an earlier onset of cellular processes
as compared to that seen for uncoated substrate surfaces.

An evaluation of U-2 OS cells cultured on CaP coated substrates 24eTi substrates
for 3-days (24eTiHA and 24eTiSrHA) was carried out using the MTT assay, PicoGreen""
assay, DAPI cell nuclei staining and SEM imaging of adhered cells (Cell Study B). As
before, these data were compared with those attained for the TiHA/TiISrHA and
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PolyTi250HA/PolyTi250SrHA samples. In addition, these results correlate with those
from the cells on the uncoated substrates (24eTi, Ti and PolyTi250). Whilst U-2 OS cells
on all CaP coated (HA or SrHA) substrates elicited a positive response, the MTT and
PicoGreen™ values were found to be lower than those obtained for the uncoated
substrates. The MTT measurements at day 3 for the HA coated samples showed no
statistically significant differences between the 24eTiHA, TiHA and PolyTi250HA
surfaces. The day 3 PicoGreen™ measurements again showed no statistically significant
difference between the 24eTiHA and TiHA samples (despite the value for 24eTiHA
appearing to show a higher response than TiHA). However, there was a statistically
significant difference noted when comparing 24eTiHA and PolyTi250HA, with the
etched surface displaying the higher value overall. The normalised data showed no
significant difference between the samples when compared to the TiHA .Subsequent cell
counting via DAPI cell nuclei staining indicated that whilst all the HA coated surfaces
had presented high levels of cells after 3-days in culture, 24eTiHA showed the highest
overall coverage (cell/cm?) when compared to that for both the TiHA and PolyTi250HA
surfaces, with the TiHA surfaces having the lowest cell coverage after 3 days in culture.
The 24eTiHA sample also showed higher levels of cell coverage across the surface than
that seen for the 24eTi surfaces which suggests that after 3-days in culture media, the
presence of HA has a positive influence on cell response?°>?2°, SEM imaging of adhered
cells shows that those on the 24eTiHA sample exhibited a mostly flattened cell
morphology. By comparison, cells on the TiHA surface had both rounded and flattened
morphologies and those on PolyTi250HA exhibited mostly rounded cell bodies. By
comparison, the MTT measurements from U-2 OS cells on the SrHA coated samples at
day 3 show no statistically significant differences between 24eTiSrHA and TiSrHA, or
24eTiSrHA and PolyTi250SrHA. It should also be noted that, whereas the MTT
measurements for 24eTiSrHA and PolyTi250SrHA are lower than those from the
equivalent uncoated (24eTi and PolyTi250) surfaces, there was a statistically significant
difference between the coated and uncoated counterparts. Likewise, the corresponding
PicoGreen™ measurements for the SrTHA coatings showed values that are much lower
than those recorded for the HA coated substrates and the corresponding uncoated samples.
The reason for this lower MTT and PicoGreen™" response is evident when comparing the
images for the DAPI stained cell nuclei which show a very significant decrease in
coverage on all SrHA coated surfaces. The TiSrHA sample shows the highest cell
coverage followed by 24eTiSrHA and PolyTi250SrHA, respectively. This behaviour is
further confirmed by SEM imaging of adhered cells where TiSrHA again showed the
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highest number cells present on the surface, with evidence of flattening apparent,
PolyTi250SrHA had slightly less cell coverage with those present having a similar
morphology to those on TiSrHA but with less cell spreading. The 24eTiSrHA surface had
the least number of cells for this set of samples with those present having more rounded
cell bodies sparsely spread across the substrate surface. In the context of the objectives of
this work, the SrHA coated samples did not elicit the type of early stage cell response that
might originally have been expected, but rather present a slower response than that of
both the HA coated and uncoated samples. Whilst the normalised data for the SrHA
coated substrate showed a significant difference between the TiSrHA and the 24eTiSrHA,
the corresponding DAPI and SEM suggest a lower attachment of cells on the surface
compared to that of the TiSrHA.

It is recognised that the effects of a bioactive CaP (HA or SrHA) coating on bone
cell differentiation may only be seen after more than 21 days in culture®#200.2532%4 Hence,
a 28-day culture study was employed to measure ALP and BCA activity of cells on the
coated 24eTi substrates with the values again compared to those from Ti and PolyTi250
(Cell Study C). When looking at the ALP results, all substrates (HA and SrHA coated)
showed an increase in the values measured across days 7, 14 and 21, with a decrease then
observed for all of the surfaces after 28-days. No statically significant differences where
measured when comparing the HA coated substrates to each other. There is a similar trend
for the SrHA coated substrates, with again no statistically significant difference noted
between these samples at days 7 and 14. However, after 21-days the 24eTiSrHA and
PolyTi250SrHA samples showed a decrease in the concentration of ALP measured.
Moreover, 24eTiSrHA showed statistically significant differences at days 21 and 28 when
compared to the TiSrHA, with the latter exhibiting higher values. Hence, the TiSTHA
samples elicited the highest expression of ALP compared to that of either 24eTiSrHA or
PolyTi250SrHA. Overall, there was no statistically significant difference between the
ALP values measured at day 21 and day 28 for the various HA and SrHA coated samples.
The BCA total protein concentrations values were found to increase for all CaP coated
(HA and SrHA) samples across the 28-day culture period, with the lowest value noted for
24eTiSrHA, which is consistent with earlier findings (Cell Study B) in that there are lower
numbers of cells on this surface. After 28-days in culture both the 24eTiHA and
PolyTi250HA samples exhibited higher total protein concentrations compared to that
observed for TiIHA, with statistically significant differences noted for both. At days 7, 14
and 21, all HA coated surfaces elicited similar BCA measurements. By comparison, the

TiSrHA surface exhibited the highest total protein concentration after 28-days in cell
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culture, with statistically significant differences noted for this value and those from both
24eTiSrHA and PolyTi250SrHA.

Alizarin red staining solution was employed here to investigate the presence (or
otherwise) of calcium deposits in the U-2 OS cells, indicative of cell mineralisation?°2%
having occurred on the various surfaces after 28-days in cell culture. All three uncoated
substrate surfaces (Ti, 24eTi and PolyTi250) exhibited red areas of stained cells across
the respective surfaces, suggesting that the U-2 OS bone-like cells have undergone
differentiation by day 28, with calcium present on these uncoated surfaces due to the
associated mineralisation. The 24eTi surface showed the most intense amount of localised
red staining and PolyTi250 the least for this set of samples. The HA coated substrates
also showed positive staining for calcium deposits, with the 24eTiHA surface displaying
the densest areas of red, followed in intensity by TiHA and PolyTi250HA, respectively.
By comparison, the 24eTiSrHA samples showed little or no staining, which is consistent
with U-2 OS cells on the 24eTiSrHA coated substrate having the lowest ALP values
across the 28-days. Whereas, there are localised areas of low intensity red staining visible
for PolyTi250SrHA and TiSrHA, any red staining is barely detectable om 24eTiSrHA
suggesting a lack of differentiation and subsequent mineralisation of U-2 OS cells on the
etched surface after 28-days in culture. The U-2 OS osteosarcoma cells utilised for this
thesis have been found previously to show a preference to attach to roughened surface
morphology!™*?'* For example, Mutreja et a.I**® found that there was a higher degree
of cell spreading evident on uncoated titanium substrates but the cells that were present
showed a better initial cell response when there were CaP (HA) coatings on these
substrates. Brugge et al.?®” also found that U-2 OS cells attached more readily to
roughened substrates when compared to smoother surfaces. However, there are generally
conflicting results in the literature detailing the performance of U-2 OS cells in vitro.
Several studies have found that these cells express proteins and markers that are similar
to those from native osteoblast cells?*42%8, However, it has also been found that U-2 OS
cells can exhibit low basal ALP activity and inhibited mineralisation when compared to
other human osteosarcoma cell lines, such as MG-63 and Saos-2 cells®’. The culture
studies carried out here (Cell Study C) found that low but positive concentrations of ALP
were present across the 28-day study. In addition, positive calcium staining associated
with their mineralisation was found on all surfaces except 24eTiSrHA.

Overall, the uncoated substrates present higher values associated with cell activity
than those measured for the HA coated samples. However, comparing the DAPI stained

cell nuclei and SEM images of cells adhered to the 24eTi and 24eTiHA samples indicates
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that there is a clear difference not only in the cell coverage, but in the morphology of
those cells present, with the 24eTiHA surface exhibiting a higher cell coverage with
flattened cell bodies that are spread across the surface. In this regard, surfaces that
encourage increased cell adhesion tend to show enhanced propagation3l112:200.259
However, although higher in number, these cells may not differentiate as efficiently when
compared to surfaces that initially exhibited fewer attached cells but have improved
differentiation at later time points. By comparison, PolyTi250HA and TiHA samples
displayed higher cell coverage than the associated uncoated substrates, with both rounded
and flattened cell bodies present on both of these surfaces, as evident from the alizarin
red staining image analysis. Whilst the 24eTi did present intense areas of red staining, the
corresponding 24eTiHA showed much denser areas of red staining. This suggests that the
residual CaP (HA) coating present during the culture period enhanced the expression of
ALP and the subsequent mineralisation of cells present on this HA coated substrate. By
comparison, the CaP (SrHA) coated substrates elicited a much lower cell response than
those on both the CaP (HA) coated and uncoated substrates. As indicated previously,
fluorescent images for the DAPI stained nuclei and SEM images for adhered cells on
these surfaces showed very low numbers of flattened and rounded cells, as well as sparse
spreading of cells across the surface. The supporting alizarin red staining for the STHA
coated substrates further supports this analysis, with the staining present on these surfaces
lower than that of the HA coated samples, and similar to that of the uncoated substrates,
with no red staining observed for 24eTiSrHA after 28-days in culture. This much lower
cell response could be due, in part, to the higher solubility of the SrHA, as observed in
Chapter 5, wherein the STHA coated samples were found to exhibit the lowest CaP content
after 1 and 7-days immersion in aqueous solution. This high solubility and release of ions
into the surrounding environment can have an adverse on the attendant cellular response.

In summary, the results obtained here indicated a general trend for cellular
adhesion and proliferation as follows: Uncoated Substrates > HA Coated
Substrates > SrHA Coated Substrates. Moreover, a general order of bioactivity for the
various surfaces studied (as per the cell response measured herein) follows a general trend
of: HA Coated Substrates > Uncoated Substrates > SrHA Coated Substrates. Hence,
within the limitations of the various data sets attained here, the 24eTi substrates were
found to elicit the most positive results in respect to U-2 OS response, due to the nature
of the surface roughness created!%177:184260 The in vitro results presented in this thesis
suggest that the ‘honeycomb’ pitted features present on the 24eTi surface promote

enhanced cell interaction when compared to that of the Ti and PolyTi250 surfaces.
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Chapter 7: Thesis Conclusions and Recommendations for
Future Work

7.1 Conclusions

The main aim of this thesis was to evaluate the ability of a chemically etched titanium
surface to control the dissolution of as-deposited sputtering CaP coatings (HA or STHA)
in a manner that delivers a residual bioactive response thereon. This was achieved through
the delivery of several objectives, as described in Chapter 1.2. It has been found that
chemical etching of titanium sheet coupons by exposure to piranha solution
(H2S04/H20.) for 24 hrs provides a roughened surface with a ‘honeycomb’ pitted
morphology (24eTi). Chemical characterisation confirmed that these substrates exhibited
a similar chemistry to that of the pristine titanium (Ti). As expected, annealing of both
the pristine and sputtered titanium was found to reduce the carbon present on the surface
whilst increasing the titanium and oxygen content due to the increase in the surface oxide
thickness. This increase in the surface oxide led to ‘smoothing’ of the morphology present
on the surface. It was therefore determined that the extra processing step of thermal
annealing was not warranted and that only the unannealed pristine titanium would act as
a control for this thesis. A number of titanium substrate topographies that have been
previously studied in respect to controlling CaP coating dissolution were considered as
comparators for eTi. Specifically, radio frequency (RF) magnetron sputter deposited
polycrystalline titanium (PolyTi) substrates and titania nanotubes created by
electrochemical anodisation (TiNT) which have both shown previously to have surface
properties that can work effectively with CaP thin films?®3145115  gSputter deposited
substrates created with a titanium target power of 250 W (PolyTi250) were found to
exhibit similar surface chemistry to that of the chemically etched titanium (24€Ti), as well
as the pristine titanium control (Ti). The sample to sample repeatability of titania
nanotubes was difficult to maintain due to the loss of fluorine in the electrolyte!®®,
Therefore, the PolyTi250 substrate were selected as the comparator surface.

Due to its capability to allow for sputtering of both conducting and insulting
materials, RF magnetron sputtering was also used to deposit CaP thin films from
hydroxyapatite (HA), and strontium substituted hydroxyapatite (SrHA) powder targets
onto the various substrates of interest to this thesis. The relevant published literature has
described how RF magnetron sputtering gives very good adherence between the substrate
and the target material, leading to a homogenous and continuous thin film that conforms

well to the underlying substrate topography?°11>160200 By comparison, plasma sprayed
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coatings that are used commercially to coat orthopaedic implants tend to be thicker and
take on their own morphology rather than mimicking that of the substrate?6263,

Previous work carried out at Ulster University has detailed the ability of these CaP
thin films to direct cell response in vitro?>!1>1% Typically, these sputter deposited CaP
thin films are thermally annealed to enhance their crystalline structure and thus reduce
dissolution that occurs when in aqueous solution. However, for this work the thin film
CaP coatings (HA and SrHA) were left in the as-deposited amorphous state so as to
achieve a partially soluble thin film that will deliberately release ions into the surrounding
biological environment that have the potential to invoke an osteoinductive response,
while still retaining remnants of CaP on the substrate surface topography that are capable
of engendering an osteoconductive bioactive response!?2129:264,

Extensive characterisation of the titanium substrate surfaces with and without CaP
coatings (HA or SrHA) has been carried out. XPS analysis indicated that all titanium
substrates had a similar surface chemistry where carbon, oxygen and titanium were
detected with no other unexpected signals. It is also confirmed that the sputter deposited
CaP coatings (HA and SrHA) formed a continuous thin film on each substrate, with no
underlying titanium detected in any of the positive ion spectra graphs. However, trace
amounts of titanium were found to be present in the positive ion maps for SrTHA samples.
This general lack of titanium signals suggests that these thin films are continuous across
the surfaces but may be thinner in places due to the underlying surface roughness. The
XPS spectra for the CaP (SrHA) coatings also confirmed the presence of strontium (Sr
3p), albeit at a lower concentration than that of the powder target material. The
corresponding ToFSIMS analysis of the substrates indicated high calcium and calcium
phases present on the surface and also confirmed the absence of any signals from titanium
in spectral data from the CaP coatings (HA and SrHA) on these surfaces, whilst again
confirming the presence of strontium ions in the spectrum for the SrHA coated samples.
It was notable from the XPS and ToFSIMS analysis that SfHA coated substrates exhibited
the lowest calcium content. Strontium substitutes for calcium in the hydroxyapatite
lattice, therefore reducing the calcium content?®22%% This implies that the STHA coating
will be more soluble in aqueous solution due to the higher atomic radius of the strontium
ion (Sr?*) when compared to that of the calcium ion (Ca?*), i.e. this increase in ion size
distorts the ionic lattice and thus suggests the lattice may be more suspectable to break
down when placed in solution®2232%4 X-ray diffractograms for the CaP coated (HA and
SrHA) substrates confirmed that as expected, these as-deposited thin films were in the

amorphous state, with no peaks for HA or SrHA detected. The peaks that are present
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represent Miller Indices corresponding to the ICDD file 00-44-12942%5227 for
semi-crystalline titanium. The microstructure of the various sample surfaces was
visualised here using SEM. The images obtained confirmed that all the titanium substrates
had the lines and grooves on the surface attributed to processing. In addition, the
chemically etched samples (24eTi) exhibited a roughened ‘honeycomb’ pitted
morphology across the surface. The SEM images for as-deposited CaP coatings (HA and
SrHA) indicated that they do indeed conform to the underlying morphology of the
chemically etched (24eTi), control (Ti) and comparator (PolyTi250) substrate surfaces.
The distinctive ‘honeycomb’ pitted morphology of the 24eTi substrate was visible on
both the 24eTiHA and 24eTiSrHA samples along with the lines and grooves, attributed
to the processing of the titanium coupons. At high magnification, both the 24eTiHA and
24eTiSrHA images suggested that individual particles of the CaP material nucleate and
grow on the surface features in a way that produces ridges of CaP (HA and SrHA) in
these areas. These individual material particles were not observed on the related TiHA,
TiSrHA, PolyTi250HA and PolyTi250SrHA samples, which did show the underlying
(line and groves) core features.

It is well known that as-deposited sputtered CaP coatings (HA) on smooth flat
surface (e.g. glass) will dissolve almost instantly when placed in aqueous solution?:1°,
Therefore, it was hypothesised here that these as-deposited amorphous CaP coatings (HA
or SrHA) would be mostly resorbed into the surrounding environment after 7-days in
aqueous solution. It was further hypothesised that the topography of the 24eTi substrates
would have the capability to retain an appreciable amount of the CaP material (HA or
SrHA) after 7-days immersion in solution, due to the higher surface area and the physical
keying of thin film materials into these features. To test this, dissolution studies of the
CaP coated (HA and SrHA) substrates in cell culture medium at 37 °C with 5 % CO>
were carried out over a 7-day study. As expected, a significant proportion of the CaP
coatings (HA and SrHA) were indeed found to dissolve after 1-day immersion in aqueous
solution as indicated by XPS data which showed an associated decrease in calcium,
phosphorus and oxygen content present on the surfaces. However, after 7-days in cell
culture media there was a degree of reprecipitation of calcium and phosphorus onto some
of the surfaces, as evaluated with ToFSIMS positive ion mapping, with the highest
amount found on the 24eTiHA surface. Conversely, the SrHA coated substrates showed
the highest loss of calcium and phosphorus concentration on the surface, and thereby had
the lowest retention of CaP of all the substrates studies. This latter observation reflects

the higher solubility of SrHA compared to HA. However, interestingly there were no
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titanium signals detected on any of the CaP coated (HA or SrHA) substrates after 7-days
exposure to aqueous cell media, which suggests that in all cases, there is still a form of
homogenous, continuous thin film CaP present across the substrate surfaces. As discussed
previously in Chapter 2.7.1, it is believed that formation of a salt electric bilayer has
formed between days 1 and 7 of dissolution. This bilayer protects the remaining CaP (HA
or SrHA) thin film from further dissolution, as well as encouraging the reprecipitation of
calcium and phosphorous ions. The increase of carbon content seen across all samples
after 7-days was thought to be attributable to protein adhesion to the sample surfaces
during the submersion in aqueous cell media. When comparing the three SrHA coated
substrates with each other, both the 24eTiSrHA and PolyTi250SrHA showed similar
coating retention whilst the TiSrHA showed the lowest overall CaP (SrHA) material at
7-days exposure to media. These data indicate the topography of the etched titanium is
indeed capable in retaining the more soluble SrHA at a level that is at least as good as
that on the sputtered polycrystalline morphology.

The influence that the etched surface morphology and residual Cap coating
chemistry has on a bone cell model in vitro has been investigated with particular emphasis
on the ability of an offset orientated surface roughness to provide for a higher cell
response due to the availability of the bioactive CaP contribution. An initial in vitro
evaluation of U-2 OS cells on the uncoated titanium substrates over a 7-day study
exhibited positive results for all sample types, with again the highest values obtained for
the 24eTi surface, as reflected in the both the MTT and PicoGreen™ assays. SEM imaging
of adhered cells on the various substrates indicated that those on the 24eTi surface
exhibited a mostly flattened cell morphology whilst those on both the Ti and PolyTi250
exhibited both flat and rounded cell bodies on the surface. These data suggest that U-2
OS cells on the etched morphology are more actively engaged with the surface features.
A subsequent investigation of U-2 OS cellular response to the CaP coated (HA and SrHA)
substrates at day 3 found that there was a higher cell attachment and proliferation on the
HA coated surfaces, with the 24eTiHA surface showing evidence of elevated activity.
The SrHA coated samples exhibited values that were similar to those recorded for the
equivalent HA coated samples, but likewise were generally lower in value that that of the
uncoated counterparts at the same time point. However, when comparing the DAPI
images obtained for the HA coated substrates and their uncoated counterparts, the HA
coated substrates, particularly the 24eTiHA, show an increase in cells/cm? than that of
the uncoated counterparts. Notwithstanding, the corresponding DAPI images for the

SrHA coated surfaces indicate a low cell number and low cell coverage on these surface
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when compared to both the HA coated and uncoated counterparts, with the
PolyTi250SrHA exhibiting the lowest cell coverage per cm?. The SEM images of adhered
cells on the 24eTiHA surface showed mostly flattened cells, with a higher number of cells
on the surface. The corresponding TiHA and PolyTi250HA surfaces exhibited cells with
both flat and rounded cell bodies, similar to those seen on the uncoated counterparts, but
again indicated a higher cell number than on the uncoated counterparts. Contrary to these
HA surfaces, the SrHA surfaces exhibited few, sparsely spread cells across all SfTHA
coated substrates, with the 24eTiSrHA and PolyTi250SrHA exhibiting the lowest cell
presence. The lack of cells on all SfHA coated samples, as compared to those seen on the
uncoated substrates, suggests that this surface is so unstable during the culture period that
cells are unable to attach and proliferate in numbers representative of the underlying
substrate.

A 28-day culture study of U-2 OS cells on the CaP coated (HA and SrHA) surfaces
was investigated, with the expression of alkaline phosphatase (ALP) and total whole
protein biocinchonic (BCA) at days 7, 14, 21, and 27 used to assess the potential
bioactivity of the surfaces and their ability to promote differentiation. All of the CaP
coated substrates exhibited a positive ALP trend from days 7 — 21, which reflects
stimulation of the U-2 OS cells, whilst the BCA increased across all of the time points
out to 28-days.

Alizarin red staining was applied to the U-2 OS cells on the uncoated and CaP
coated (HA and SrHA) samples after 28-days in culture as a means of determining if they
have excreted calcium, as expected during differentiation. All of the substrates, with the
exception of the 24eTiSrHA, exhibited areas of positive red staining across the surface.
The 24eTiHA exhibited the densest areas of red staining, whilst the 24eTi also displayed
spread out dense areas of red staining across the surface. The lack of appreciable staining
of cells on the SrHA coated samples supports the proposition that these surfaces are
inherently unstable such that they prevent cell attachment.

Overall, the data obtained from the experimental studies carried out here suggest
there is a general trend of cellular attachment of U-2 OS cells to the substrate types as
follows: HA coated substrates > uncoated substrates > SrHA coated substrates. The
uncoated 24eTi had high levels of attachment, whilst the 24eTiHA showed the highest
coverage and calcium excretion. When comparing the 24eTi and 24eTiHA surfaces, the
clear difference in cell numbers present and their surface coverage are notable, with the
24eTiHA exhibiting higher cell coverage and the most ‘bone-like’ cell morphology**2%°,
Therefore, is it concluded that the trend in bioactivity of the various surface types is as
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follows: HA coated substrates > uncoated substrates > SrHA coated substrates.

To the best of the authors knowledge, this is the first time that the bioactivity of
chemically etched (24 hrs in piranha solution) titanium substrates with an as-deposited
amorphous CaP coating (HA and SrHA) has been investigated in respect of their ability
to promote bone cell maturation. The pitted ‘honeycomb’ morphology created on the
titanium can clearly retain enough of the HA thin film to elicit an enhanced effect in vitro.
Even though a sputter deposited SrHA coated can also be created on this surface and is
significantly retained for up to 7-days in aqueous solution, its inherent solubility creates
an environment that dramatically reduces cell adhesion and proliferation. However,
although there is clear evidence provided here that chemically etched titanium can
provide many of the surface feature attributed attained via more complex, expensive and
time-consuming process, further investigation is needed here to assess the possible in vivo
capabilities of these surfaces in the context of orthopaedic implant therapies and devices.

7.2 Recommendations for Future Work

Based on the conclusions from the work presented here, a number of areas for future

studies are suggested, as follows;

e A long-term dissolution evaluation of the 24eTiHA in cell culture media to
understand when the thin film is completely dissipated from the surface

e A 28-day U-2 OS culture study with a PCR evaluation of osteocalcin (OCN) and
osteopontin (OPN) to establish their early stage response to 24eTiHA surfaces

e A 28-day U-2 OS culture study with a PCR evaluation of osteocalcin (OCN) and
osteopontin (OPN) to establish their early stage response to uncoated 24eTi

surfaces and allow comparison to values obtained for 24eTiHA surfaces

e A 28-day ALP/BCA study and PCR evaluation of osteocalcin (OCN) and
osteopontin (OPN) on 24eTi and 24eTiHA seeded with mesenchymal stem cells,
cultured in normal media and osteogenic media, to provide an insight into how
these cells respond to the topography presented by the etched surfaces in long

term culture and if the supplemented media is necessary

e Mirror finish polishing to the titanium surface to remove lines and grooves before
chemically etching to investigate if the acquired surface chemistry and
morphology is similar to those of the current 24eTi and what differences are

notable
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Subsequent in vitro evaluation of mirror polished chemically etched titanium
surfaces to evaluate and compare cellular response to these particular surfaces in

regard to the response from the 24eTi and 24eTiHA

Investigation into low annealing temperatures of CaP coatings (HA and SrHA) in
combination with the chemically etched 24eTi surfaces to slow the rapid

dissolution in aqueous media, particularly to control the unstable SrHA coatings

Evaluation of other substituted HA materials, such as zinc or magnesium, or
co-substituted HA materials to be sputtered onto the chemically etched surfaces
and their subsequent response in aqueous media before further evaluation in

culture

Investigation of chemically etched titanium alloy surfaces and how the subsequent
surface chemistry and morphology compares to that of the chemically etched pure
titanium (24eTi)
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