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Abstract

A metal/peptide interface was developed to nucleate hydroxyapatite from aqueous
solution. To achieve this, three different modifications were performed on polished Ti-
6Al-4V (MPT): 1) thermal oxidation (TO) at 500, 600, 700, 800 °C, 2) chemical
treatment with H202/HCI and 3) chemical treatment with H202/HCI followed by TO at
500, 600, 700, 800 °C. It was found that with the increase of the TO temperature the
topography increased and the composition of the surfaces changed, forming TiO2

crystals and increasing the Al2O3 content on the surface.

These changes affected locally the surfaces charge behaviour in acidic and alkaline
agueous environments that were clue to the electrostatic interaction between the
peptide, which presented positive and negative charged amino acids, and the surface.
The peptide adsorption was highest on the surfaces that was chemically treated and

thermal oxidised at 500 °C.

The peptide coating was confirmed on the surface by the change of the charge
behaviour in acidic and alkaline aqueous environments and its chemical composition.
In addition, the growth of hydroxyapatite (HA) was obtained on the peptide coated
surfaces confirming its bioactivity. Finally, it was shown that the surfaces with HA

presented a better cell adhesion than the other modified surfaces.
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Chapter 1

1.1. Introduction
Ti and its alloys are commonly used in the human body to replace and repair hard

tissue 12 for example in knees, hips 12, bone plates 2 and in the dental field for dental
roots 1, crowns and bridges 3. They are used because of their desirable mechanical
properties such as lower Young’s modulus compared with other implant materials, low
density and good corrosion resistance 3. However, Ti and its alloys present some
drawbacks such as poor tribological properties which induce high unstable friction
coefficients and low wear resistance 4%, In addition, these metals present lower
bioactivity compared with other materials such as bio-glasses or Ca/P ¢. Nowadays
these drawbacks are mitigated modifying the Ti surface "~ ,which is mainly formed by
titanium oxide (TiOx) 1912, and/or implementing coatings on the surface %134 with
materials such as Ca/P %, polymers 16, metal oxides (Al2O3 17, TiO2 18, ZrO. 19) and
biomolecules 2°. Hydroxyapatite (HA) bioactive coatings can be deposited using
plasma spray 2!, sputter 22, electrophoretic deposition, sol-gel deposition and
biomimetic deposition 23. Industrially, the most used technique to obtain the HA coating
is plasma spray 2?4 but some drawbacks such as crystal phase change 2° , and weak
bond strength between the coating and the metal interface 26 , which can lead to
delamination 27 and detachment of the coating 2, can decrease the bioactivity of the
implant and in some occasions induce implant failure 2*.0ngoing research focuses on
how to mitigate these drawbacks via biomimetic procedures such as precipitation
processes using simulated body fluid (SBF), a solution that simulates the salt
concentration of the blood plasma. SBF is a potential alternative due to that the process

is performed at physiological temperature (37 °C ) 2229 without crystal phase changes,



with a strong bonding between the metal and coating, and without delamination or

detachment of the HA coating over extended periods of time 0.

The objective in this project is the use of peptides on the surface that can work as an
interface to nucleate HA. The novelty of the approach required brings new challenges
such as the quantification of peptide coating, the selection of amino acid (aa) to be
used in the sequences, the peptide adsorption on the surface, the identification of
surface treatments prior peptide adsorption, the mechanism of interaction between
materials (peptide-Ti surface, peptide-HA formation) in aqueous environments, the

activity of the peptide after adsorption and the stability of the peptide coating.

In the literature many surfaces are functionalised with peptides covalently binding by
silanization 3-33 and grafted 34-3¢ techniques but there is a significant information gap
in the literature because there are few studies available detailing electrostatic peptide
binding on surfaces. Groups that work with electrostatic peptides have different
focuses including tracking of metal oxide nanoparticles 27, binding sites to
hydroxyapatite crystals 38 and development of biocompatible surfaces 3° however none
of these works make reference to the mechanism of interaction between the peptide
and the surface. In the literature there is only one leading study performed by Sano
and Shiba that suggests that the peptide segment RKLPDA adsorbed to TiO2 surfaces
could be due to electrostatic interactions produced between the positively and
negatively charged amino acids of the peptide sequence and the amphoteric TiO2

surface. 49,



The primary contribution of this thesis is to show the peptide coating adsorption on
TiO2 surface, derived from Ti-6Al-4V, while the peptide maintains the bioactive

nucleating hydroxyapatite capability.

1.2. Objective
The aim of this thesis was to present an innovative metal-peptide system that can be

used on the surface of Ti-6Al-4V for biomedical purposes such as bioactivity, defined
as the response of the biological species to the surface inducing the generation of a
binding between the living tissue and the implant material °. The approach followed to
develop the metal-peptide system is based on the use of peptides with ionic regions

which can interact electrostatically with the TiOx surface 4% in an agueous environment.

1.3. Background
The interaction between the metal and the peptide has been demonstrated in the

literature to improve with the modification of the native TiOx surface via H202 chemical
treatments 0. It is also extensively shown in the literature that in presence of TiO2
crystals (anatase and rutile) improves the adsorption of biomolecules 4-%°. Thus, these
chemical treatments and the necessary thermal treatments required to develop TiO2
crystals have been included as part of the work to build the metal-peptide system and

to enhance the adsorption of the ionic peptide on the modified surfaces.

1.4. Overview
Throughout the work, surfaces were analysed to understand which factors such as

composition, topography and electrostatic behaviour in aqueous solution was critical
to produce the optimal interaction between the surface and the peptide coating. In
addition, the stability of the peptide coating from the modified surfaces were evaluated

to understand under which conditions of pH, temperature and ionic strength the metal-



peptide system remains stable. On top of that, the peptide coated surfaces were
exposed to SBF to assess the formation of the biomimetic HA which at the same time
was an in vitro experiment to evaluate the bioactivity of the surface. Finally, because
modified surfaces were developed to interact with cellular bones, the biocompatibility
which is defined as: “the ability of the material to perform with and appropriate host
response in a specific situation” 46, was evaluated for all modified surfaces using a

cellular culture of human osteosarcoma cells (HOS).

1.5. Structure of the thesis
This research which this thesis reports is divided in 5 chapters, where each issue is

introduced, results are presented and discussed, and conclusions are drawn.

1.5.1. Chapter 3

Surface characterization to understand how the composition and topography of the

metal surface influences the adsorption of ionic peptides.

According with the literature the modification of the native TiOx by H202 solutions
present the formation of titania gel layer (TGL) that shows porous structure 4%, On
the other hand, the thermal oxidation (TO) in air forms TiOz2 crystals (anatase or rutile)
which also changes the surface topography %%5!. These compositional and
topographical changes on the TiOx surface can interfere in the interaction of the peptide
with the surface. Surfaces modified by TO, TGL, and a combination of both (TGL-TO)
were characterised to assess under which condition the surface adsorbs the ionic
peptide. In this chapter, the characterization and differences of the modified Ti-6Al-4V

surfaces by TO, TGL, and TGL-TO are shown.



1.5.2. Chapter 4

Surface characterization of the modified metals in the presence of acidic and alkaline
unbuffered aqueous solution (aq) to understand the charge properties and

consequences for adsorption of the peptides.

The adsorption of biomolecules such as peptides, proteins, ions and cells on the
implant surface is always performed in aqueous environments 4%52-54 under certain
conditions of temperature, pH and ionic strength. The pH plays an important role on
the surface properties, because depending on the pH value the metal oxide can
present positive, neutral or negative charges °° due to protonation or deprotonation of
surface moieties. This determines under which condition the peptide will bind to the
surface. For TiOx the zero charge or isoelectric point (IEP) can be between pH 4 and
6 %657 . At pH < IEP the surface presents positive charges, whereas at pH > IEP the
surface presents negative charges. The TO, TGL, and TGL-TO modified surfaces are
studied with different pH solutions in this chapter to evaluate how the pH response of

the surface is altered following the modifications.

1.5.3. Chapter 5

Adsorption of peptides onto modified metal surfaces to evaluate which surface

treatments promote adsorption of the ionic peptides.

The peptide that will be used in this study presents charged and uncharged amino
acids (aa), the charged aa are expected to bind electrostatically to the TiO2 surfaces

and nucleates HA. The peptide sequence (Ti-HA-pep) is shown in Figure 1.



.........................................

5-FAMKKLPDAKKLPDAEEEEEEEE

5- Carboxyfluorescein Lysine; acld

_____________________________________________________________________________________

Leucme Proline AIanlne » Glutamic acid

Fluorophore TiO, motif HA motif
dye

Figure 1. Peptide sequence presenting the amino acids and their charge at pH 7.4,
together with their motif functionality.

The TiO2 motif present on the Ti-HA-pep is designed based on the peptide sequences
RKLPDA (minTBP-1) (where R is arginine) studied by Sano and Shiba 4° which
presented an electrostatic interaction with TiO2 surfaces. This peptide aptamer
presents an electrostatic interaction mechanism with the TiOz at pH 7.5 that interact
simultaneously on the amphoteric TiO2 surface in two points, one with the positively

charged aa R and the other with the negatively charged aa D .

The HA motif present on the Ti-HA-pep sequence contains multiple glutamic acid (E)
which presents negative charges due to the COOH moiety that induces the formation

of HA via simulated body fluid (SBF) %8-61

The purpose of this chapter is to evaluate which surface modification performed by TO,

TGL and TGL-TO presents an optimal interaction with the Ti-HA-pep.

1.5.4. Chapter 6

Characterization of the metal surface post-adsorption of peptide, as obtained in

Chapter 5, to evaluate the presence of the ionic peptides.



The Ti-HA-pep adsorbed on the TiO2 under the mechanism described previously is
expected to have the HA-binding motif rich of glutamic acids on the surface. This motif
could influence the pH response of the surface due to the protonation and
deprotonation of the COOH moieties of the glutamic acid 2. In this chapter, the
presence of peptides on the surfaces is evaluated with the changes of the surface

charge in acidic and alkaline environments.

1.5.5. Chapter 7

Surface characterization to evaluate the stability of the adsorbed peptide on Ti modified

surfaces and the bioactivity of peptide coated surface.

Adsorption of peptides and proteins in solid surfaces is presented under certain
conditions of pH, temperature and ionic strength 3. However, these conditions can be
modified presenting changes of adsorbed peptides ® that leads to a different
configuration of the peptide on the surface or even to the desorption of the peptide 2.
In this chapter, the Ti-HA-pep coating of the optimally coated sample is analysed at
different pH, temperatures and ionic strengths to evaluate how these factors can affect

the adsorption of the peptides on the surface.

The HA formation via SBF on surfaces is a signal of bioactivity 30-61.65-68 gand therefore
the formation of HA on the optimal peptide coated and uncoated Ti-6Al-4V modified

surface is assessed in this chapter.

The adhesion of mammalian cells on surfaces is a process that involves the formation
of a whole system of proteins that include extracellular proteins, cytoskeletal proteins,
integrins, and cadherins ¢°. According to the literature to promote the adhesion process

it is necessary that the surface presents a topography 7°, chemistry and surface



charges "! that could lead to the cellular proliferation and differentiation 72 that induces
bone healing and regeneration 3. Evaluation of the cellular adhesion was performed
for all modified surfaces to assess how the topography and composition alter the cells

adhesion, and these studies can be found in Chapters 3 and 7.



Chapter 2

Materials and methods
2.1. Introduction

The techniques used in this study for the characterization of surfaces in each stage

are shown in Figure 2. The reason for them to be used are explained below.

Adsorption of peptides and nucleation of hydroxyapatite on titanium oxide surfaces
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Figure 2: Ti-6Al-4V surfaces modifications and characterisations performed for each

modification.

Scanning electron microscopy (SEM), atomic force microscopy (AFM) and
interferometry were used in this study to characterise the topographical changes on
the surfaces after the mechanical, thermal and chemical treatments. With this set of
techniques is possible to identify micro and nano scale differences on the surface. The
limitation of interferometry is that when the surfaces present heterogenous composition

the measurement change due to the differences on the reflective index. The limitation



of AFM is that when the surface presents larger topographical alterations than the
probe size is not possible to measure all the areas expose on the surface. The
limitation of the SEM is that to measure the topography changes requires extensive
running time and sampling that can be performed by other techniques e.g. profilometry,

AFM.

To identify the structures of the hydroxyapatite (HA) and the structure of the cells
adhered on the surface the SEM was used due to the need to observe the cellular

extension spread on the surface at the submicron level.

Raman spectroscopy and X-ray diffraction (XRD) were used in this study to identify the
formation of TiO2 crystals on the surface after the thermal treatment and calcium
phosphates crystals after the surface immersion in simulated body fluid (SBF). Both
techniques should be used in a complementary way because of their limitations. The
XRD setup even at small angles present the limitation to measure crystals at the
surface level. To complement the measurement and to determine the presence of the
crystals in the surface, Raman spectroscopy was used to identify the vibration modes
of the atoms in the given arrangement. Nonetheless, the use of both techniques

presents a limitation when the thickness of the layer is less than 100 nm.

X-ray photoelectron spectroscopy (XPS) was used in this study to identify the chemical
changes on the surfaces for Ti, Al, V, O, C, N, Ca and P after the thermal treatments,
peptide adsorption and hydroxyapatite (HA) growth. The limitation on this technique is

that any contamination on the surface sample can alter highly the results.
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Dynamic contact angle (DCA) and AFM-force distance curves (AFM-FDC) were used
in this study to identify the charge behaviour under aqueous environments of surfaces
that were mechanically, thermally and chemically treated. Surfaces with peptide
coating were also analysed under these techniques to identify the charge changes due
to the coating. The limitation is that both techniques require smooth and homogenous

surfaces.

Fluorescence microscopy was used in this study to identify the adsorbed peptides on
the surface because the peptide sequence presents a fluorophore dye that helps to
track them on the surface. The limitation of this technique is that it is only possible to
determine the presence of peptides and not their quantity because intensity
measurement changes generated by a possible decay or protonation of the

fluorophore.

2.2. Ti-6Al-4V surface modifications by chemical and thermal treatments
Titanium alloy medical grade plate with 1.6 mm thickness, Ti-6Al-4V ELI ASTM F136-

2002a (Titanium Industries UK Ltd, UK) was used in this project. The chemical
composition of the plate according with the mill test certificate (attached in Appendix

1) is shown in Table 1.

Table 1. Chemical composition of Ti-6Al-4V ELI ASTM F136-2002a.

Chemical composition (% w/w)

Residual
element

Ti Al V Fe C N O H Each Total

Top >88.854 6.42 412 0.03 0.02 0.02 0.13 0.006 <01 <04
Bottom >88.864 6.38 4.14 0.04 0.02 0.02 0.13 0.006 <0.1 <04
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The Ti-6Al-4V plates were processed to obtain the modified surfaces and the

procedure is summarised in Figure 3. The detail of the procedure is explained below.

| Procedure of elaboration of Ti-6Al-4V surfaces ‘

Struers grinding
and polishing

> procedure as
described in
Table 2

Mounting samples ‘

Cutsamples 10X, | oot | in bakelite and
10 mm using > 400 SIiC " bolishi [
guillotine ! poising ‘

mechanically

| from the bakelite using
tape to protect the
sample surface

\| Dismount the sample ‘

Clean samples with

}» dH,0, acetone and Clean with acetone

_| and soft tissue any
excess of tape or
bakelite

Etching at 80 °C with
H,0,8.8M+0.1 M
HCI after clean with
dH,0

Figure 3: Schematic flow diagram to elaborate of Ti-6Al-4V surface modification.

Dy samplesiat21 °G |, dH,0 in a ultrasonic [«

nalr bath in cycles of 15
min each

Thermal oxidation at
500, 600, 700 and
800 °C

e Ti-6Al-4V were cut in 10 X 10 mm by guillotine.

e Polished with 400 SiC paper until the surface is planar.

e Samples were mounted in bakelite (CAS No. 9003-35-4) for grinding and

polishing (Struers, USA) following Struers protocol shown in Table 2.

Table 2: Struers protocol for Ti-6Al-4V mechanical polishing.

Struer’s disks MD-Piano MD-Largo MD-Chem
Suspension/lubricant Water DlaPro (Diamond 9 OP-S (colloidal silica
Hm) 0.04 pm + 10 % viv
H202 (30 %)
rpm 300 150 150
Force (N)/ specimen 15 20 20
Time (min) Until plane 5 15
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e After the smooth polishing, the Ti-6Al-4V surfaces were protected with insulating
tape (3M, USA) and dismounted from bakelite using a hammer until the bakelite
was broken. Large residuals of bakelite on the plate were taken out by polishing
them until the plates were free of bakelite.

e All surfaces were acetone (CAS No. 67-64-1, analytical grade EMSURE)
cleaned and dried with a soft cellulose tissue paper (Tork, Sweden) until visible
bakelite and residual tape were taken out from the plate in both surfaces.
Surfaces that presented visible scratches or deformations at this point were

discarded.

e Once the surfaces were visibly cleaned, a deeper cleaning procedure with
ultrasonic and cycles of 15 min with deionised water (dH20), acetone and dH20
were performed in individual glass vessels for each sample. When the cycle
was completed, samples were air dried at room temperature 21+2 °C.

e Chemical modification and thermal oxidation on polished obtained surfaces are
explained below.

2.2.1. Chemical treatment

The chemical solution was prepared with H202 30 w/w % (CAS No. 7722-84-1) (=9,53
M) and 1M HCI, prepared from HCI 32 w/w % (product No. 100319, Merck Millipore,
USA), in a clean glass flask. The final concentration of H202 was 8.8 M and for HCI
was 0.1 M (colour less). Cleaned and dried Ti-6Al-4V samples in individual glass
covered vessels of 20 mL were reacted with 10 mL of the previous mix H202/ HCI at
80 °C in an oven (Pickstone, UK) for 30 min. After the 30 min of reaction the reagent

was discarded and the Ti-6Al-4V plate was rinsed with dH20. Surfaces were allowed
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to air dry at 21+2 °C and were kept in the desiccator (Thermo Fisher scientific, UK) for

further procedures.

2.2.2. Thermal oxidation in air

Ti-6Al-4V plates with and without chemical treatment were placed into alumina boats
and thermally oxidised in an air furnace (Lenton, UK) at different temperatures: 5005,
6005, 700+5 and 800+5 °C. When the oven reached the setpoint temperature, the
samples were introduced in the oven for 1 h, as is shown in Figure 4 (that was counted
when the oven reach the target temperature after been opened to introduce samples).
Samples were taken out from the oven after 1 h and left at 21+2 °C to cool to room
temperature. Ti-6Al-4V plates were kept in sterile 24-well polystyrene plates (product

No. 353226, Corning, Inc., USA) from in the desiccator for further procedures.

Equilibrium until Ty, @

Samples out
L mpesied

Tfmal 11

Temperature (°C)

1
1
1
1
1
1
1
1
1
1
1
|
I
1
1

Sles in !

When Tj,q is reached After 1 hin Tg,

Time

Figure 4: Schema of samples’ introduction and removal from the oven, and time of
oxidation.
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2.3. Peptides
Peptide sequences (5-FAM)-KKLPDAKKLPDAEEEEEEEE (Ti-HA-pep), abbreviations

and named as shown in Table 3, were synthesised by ProteoGenix (France) with 95.34
purity (preparation, HPLC and MS are shown in Appendix 2). A fluorescence dye was
used to quantify and monitor the peptides in the liquid and on the surfaces. Peptides

were used no light condition to prevent the damage of the fluorophore.

Table 3: Peptide sequences one letter code and fluorescence dye name.

Abbreviation Name
5-FAM 5-Carboxyfluorescein
K Lysine
L Leucine
P Proline
D Aspartic acid
A Alanine
E Glutamic acid

2.3.1. Quantification of peptide in solution
An absorbance curve of the fluorescence dye 5- FAM (CAS No. 72088-94-9, 99 %

purity), was performed to find the molar absorption coefficient from the Beer-Lambert

law, shown in Eqg. 1.

A =elC Eq. 1

Where: A = absorbance

€ = molar adsorption coefficient (L/mol * cm)

L = path length (cm)
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C = concentration (mol/L)

5-FAM was dissolved in phosphate buffer saline (PBS), prepared from tablets (product
No. P4417, Sigma-Aldrich, USA) dissolved in dH20 and adjusted the pH 7.4, using
acidic solution of HCL 0.01 M previously prepared with HCL 32 % w/w and/or alkaline
solution of NaOH 0.01 M previously prepared with pure pellets of NaOH (CAS No.
1310-73-2, pure), measured with a pH meter (Hanna, Italy). The absorbance curve
was performed in a Helios -y UV-visible light spectrophotometer (Thermo Fisher
Scientific, UK) at a wavelength of 492 nm, that was the maximum emission peak of 5-

FAM when it was exposed to UV-Vis wavelengths (190 — 700 nm), shown in Figure 5.

0.7 1
0.6
0.5
0.4
0.3

0.2

Absorbance (a.u.)

0.1

0.0

'Ol T T T T T T T T T T T
200 300 400 500 600 700
A (nm)

Figure 5: Absorbance spectrum for 5-FAM in PBS at pH 7.4, measured using UV-Vis

spectrometry.

The absorbance curve was run for 6 concentrations of 5-FAM, shown in Table 4 .
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Table 4: Concentration and absorbance of 5- FAM at 492 nm.

5-FAM (uUM) Abs 492 nm (a.u.)
2.0 0.130
4.0 0.265
8.0 0.502
12.5 0.780
25.0 1.430
40.0 2.138

A graph where concentration is on the x-axis and absorbance on the y-axis was
sketched, and a linear fitting was obtained, shown in Figure 6, using a first order
polynomial y = a + bx . The y-axis intersection point (a ) is 0 and the slope (b) is 53.42
mM. Solving for Eq. 1 b = ¢l and knowing the path length (1 cm) the peptide

concentration can be obtained when the absorbance is measured.

Equation y=a+b*x

Pearson's r 0.99834
Adj. R-Square 0.99602
Value u
2 1 Slope 0.05342 //
e
—
: e
@ p
-
3 /
c e
@
2 14
(@]
%)
o ]
<
0 T I . .
0 20 40

Concentration (uM)

Figure 6: Data and linear fitting from the 5-FAM concentration and absorbance
measured at 492 nm.
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Peptides were dissolved in PBS at pH 7.4 until it was possible to measure the
absorbance at 492 nm (between 0.2 and 2). The dilution involved a dilution factor which

was included in the calculation of the peptide concentration.

2.3.2. Ti-6Al-4V dip coating with peptides
Ti-6Al-4V treated surfaces were dip coated with Ti-HA-pep 10 puM in PBS at pH 4.

Each treated Ti-6Al-4V plate was introduced in a well of sterile 24-well plates with 1
mL of the Ti-HA-pep solution for 1 h at 21+2 °C. After 1 h the liquid was discarded from
the wells. The Ti-6Al-4V plates were rinsed with dH20 and left at 21+2 °C in air until

dried for further characterisation.

2.3.3. Immersion of peptide treated surfaces in unbuffered aqueous solution,
phosphate buffer saline and saturated simulated body fluid

Ti-6Al-4V chemically treated, then thermally oxidised at 500 °C (TGL-TOso0 °c) and dip
coated with Ti-HA-pep (TGL-TOsoo sc-pep) were immersed in unbuffered aqueous

soluition (aqg), PBS and saturated simulated body fluid (SBF X 1.5).

The unbuffered (aq) solution was prepared with dH20 and adjusted to pH 5 and pH 7.4
using NaOH 0.01 M, and/or HCL 0.01 M. PBS was prepared from tablets before
mentioned (Section 2.2.1) and pH adjusted to pH 5 and pH 7.4. with NaOH 0.01 M
and/or HCI 0.01 M. SBF X 1.5 was prepared using two solutions (cationic and anionic

) reported by Demnati et al. "4, shown in Table 5.
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Table 5: Salt content for SBF X 1.5.

SBF X 1.5

Cationic solution (500 mL)

Anionic solution (500 mL)

Reagents Amount CAS No. Reagent  Amount CAS No.
NaCl 40149 7647-14-5 NaCl 40149
KCI 0.23 ¢ 7447-40-7 Na2S0a4 0.07 g 7757-82-6
K2HPO4
CaClz 0.44 ¢ 10043-52-4 3H20 0.35¢g 16788-57-1
MgCl2 HCL
6H20 0.31g 7791-18-6 (Am) 19.5 mL -
until pH
HCI (1M) 19.5mL -- TRIS 7.4
Tris” until pH 7.4 77-86-1 NaHCO3? 0.35¢g 144-55-8

"Tris: tris(hydroxymetyl)aminomethane.

aNaHCOs3: added when both solutions were mixed.

The SBF X 1.5 solution was prepared in clean glass beaker of 1,000 mL where 250
mL of dH20 was poured, heated to 37 °C on a magnetic hot plate stirrer (IKA,
Germany). Salts were introduced individually, in turn, until dissolved. Each solution
(cationic and anionic) was adjusted at pH 7.4 and kept at 5 °C until used. When the

two solutions were mixed, NaHCO3s was added and the pH was adjusted to pH 5 and

pH 7.4.

TGL-TOs00 °c -pep samples were deposited individually in 24-well plates with 1.5 mL of
the solution at each pH and it was incubated at room temperature 21+2 °C and at 37

°C in an oven (Gallenkamp, UK) for 1, 3, 6, 24, 48 and 72 h. In total 72 plates were

characterized before and after the immersion.
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2.4. Apatite formed via saturated simulated body fluid

TGL-TOs00°c and TGL-TOso00°c-pep samples were immersed in SBF X 1.5 (preparation
before mentioned in Section 2.2.3) using polypropylene sterile conical base centrifugal
tubes of 50 mL volume (BD falcon™, USA). The volume of SBF X 1.5 was calculated

according Eq. 2 reported by Kokubo and Takadama ©°.

V.= S,/ C Eq. 2

Where: Vs = volume of SBF (mL)
Sa= apparent area of the immersed surface (mm?)

C= constant of value 10 (mL / mm?)

Samples were immersed for 1, 2, 3, 4, 5, 8 and 15 days in 10 mL of SBF X 1.5 at pH

7.4. The SBF X 1.5 solution was replaced every 2 days in the remaining samples.

Samples were taken out from the centrifugal tube and were rinsed with dH20 and left
at 21+2 °C until dried. When samples were dried, they were stored in 24-well plates in

a desiccator until further analysis.

2.5. Cell adhesion test

Human osteosarcoma cell (HOS) line was obtained from the European Cell Culture
Collection (catalogue No. 87070202). Cells were maintained at 37 °C in air containing
5 % v/v COz2. The liquid medium was in Dulbecco’s modified eagle’s medium (DMEM)

supplemented with 10 % (v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/mL
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penicillin, 100 pg/mL streptomycin and 1 % (v/v) non-essential amino acids. Cell
cultures were confirmed free from Mycoplasma sp. contamination using the EZ-PCR

mycoplasma detection kit according to the manufacturer’s instructions.

Cells were sub-cultured into 24-well plates at a cell density of 2x10 # cells/cm? and left
for 24 hours to attach to the test surfaces. The following day the medium was removed
and the cells washed with PBS (2 mL). Cells were fixed with neutral buffered formalin
pH 7.0 at room temperature (21+2 °C) for 15 min, washed with PBS (2 mL) and then
finally washed with 100 % ethanol and allowed to air dry at room temperature. All

samples with the immobilised cells were kept for further characterization.

2.6. Surface characterisation

Surface characterisation techniques used for modified surfaces are summarised in
Figure 2. Metal surfaces after polishing, chemical treatment and/or thermal oxidation
were characterised in dry environment by: scanning electron microscopy (SEM), X-ray
diffraction (XRD), Raman spectroscopy, atomic force microscope (AFM),
interferometry and X-ray photoelectron spectroscopy (XPS), and involving an aqueous

media environment by: AFM - force distance curves and dynamic contact angle (DCA).

After the addition of the peptide coating the surfaces were characterised by:

fluorescence microscopy, XPS, AFM-force and distance curves and DCA.

The apatite layer was characterised in dry environment by SEM, XRD, Raman and
XPS. The method principles and conditions for all characterisation techniques are

described below in this section.
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2.6.1. Scanning electron microscopy (SEM)
Method Principle

The scanning electron microscope (SEM) is a microscope that uses electrons to
produce an image. Electrons are generated, accelerated and conducted to the
specimen through an arrangement of anodes, micro-scale holes and magnets that
generate a focused electron beam that hits the specimen, a SEM equipment diagram
is shown in Figure 7. As a result, signals from the specimen such as Auger electrons
(AE), secondary electrons (SE), back scattered electrons (BSE) among others are
produced. The images in SEM are formed by the detection of SE which are converted
to an image in the screen. The scanning is performed from left to right and top to bottom

until the area is covered producing a micrograph.

(| — electron gun

electron beam
B /AN
113

s .I\\
& CUINN R . occelerating anode
focusing magnet

to screen control

scanning magnet

backscattered electron\ ¥
detector 8

X-ray detector

secondary electron detector
sample

Figure 7: SEM schematic "°.
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Experimental
SEM micrographs were obtained using JSM-7000F SEM (JEOL, Japan) using an

electron voltage of 20 kV. Micrographs were imaged at different magnitudes. Analysed
samples were immobilised in aluminium stubs with carbon conductive adhesive tabs.
Samples which presented non-metallic surfaces, such as the apatite coating and
surfaces with immobilised cells, were gold coated using a SC7640 sputter coater

(Polaron, UK).

2.6.2. X-ray diffraction (XRD)
Method principle
The crystalline structure of solids can diffract X-rays due to the similar size of the

wavelength and the spacing between atoms in a crystal (=1 A). When X-rays reflect on
the material at certain angle (B) some of the X-rays scatter from atoms close to the
surface and others scatter from atoms deeper than the surface atoms in a solid
arrangement of atoms. This diffracted X-rays produce a constructive interference that
satisfies Bragg’s law, shown in Figure 8. This law relates the wave length (A) to the

incident angle and the spacing lattice of the crystal sample.
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Figure 8: Diagram depicting Bragg's law for X-ray diffraction in solids. “Adapted from
reference 76 ”.
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Incident X-rays are generated by a cathode X-ray that hit the sample at certain angle
(8) producing the reflected X-rays which are detected and processed, a XRD diagram
is shown in Figure 9. The scan is perfomed for various 20 generating a pattern
(difractogram). The diffraction peaks are then typically identified by referencing a pre-

existing database.

Figure 9: XRD schematic. “Adapted from reference 77 “.

Experimental
XRD diffractograms were obtained using a D8 Advance XRD (Bruker, Germany) with

Bragg Brentano mode at 26 between 20-60 ° analysed using a step size of 0.02 °
(integration time, 10 s/step). The X-rays were generated by a copper tube (A =0.15418
nm). The obtained data were analysed using Match software (Crystal Impact,

Germany).
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2.6.3. Raman spectroscopy
Method principle

Raman spectroscopy is a technique used to identify molecules through the inelastic
scattering of photons. After the photon interaction with the molecule, a rotational or
vibrational state of the molecule can be detected by the change of the energy between
the scattered photon and the incoming photon. This photon energy difference is known
as inelastic or Raman scattering. Photons that present the same incoming energy,
which are the great majority after the scattering, are known as elastic or Rayleigh

scattering. Both Raman and Rayleigh scattering are shown in Figure 10.

E; Excited electronic state

A g 4N Virtual energy state
Excitation energy

- - 4
Vibrational 3
energy 2
\ 4 states 1
IR absorbance _ A\ V Eg 0

Rayleigh  Stokes / Anti-Stokes AE=E,

Scattering Raman Scattering

Figure 10: Rayleigh and Raman photon scattering 8.

The photon source for Raman spectroscopy is commonly a monochromatic laser that
illuminates the sample. The electromagnetic radiation from the illuminated spot is

collected and filtered from the elastic scattering photons. The remaining collected
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radiation is dispersed in a detector and recorder for analysis, a diagram of Raman

spectroscopy is shown in Figure 11. The obtained spectrum is processed using a

database or compared against a spectrum obtained using a high purity sample.

sample
Pl Q@ Y faser

filter B

diffraction
grating

Experimental

scattered
light

Raman scattered
light

Figure 11: Raman spectroscopy schematic 8.

Raman spectra were obtained using a LabRAM HR 800 Raman microscope (Horiba

Jobin Yvon, Japan) using a laser source of wavelength 532 nm (green). The analysed

areas were 60 um X 70 um and the data was acquired for 45 s (in 3 different areas).

The data was analysed by LabSpec 5 software (Horiba, Japan).

2.6.4. Atomic force microscope (AFM)

AFM is a technique used to measure surface structures (imaging) at the nano- and

microscale, and intramolecular forces (force-distance curves). Both modes of analysis

were used in this study and are explained below:
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2.6.4.1. Imaging
Method principle

The AFM image is obtained by the measurement of small forces between the atoms
or molecules of the measurement material (cantilever) and the interested surface
material when are close enough to detected them. A cantilever is fixed at one end, and
remains free in the other to interact with the surface. When the flexible cantilever is
close enough to the surface of interest, repulsion and attraction forces can be

measured by the deflection of the cantilever, shown in Figure 12.

Fixed end

Free end

Cantilever
deflection

|\\ Force interaction

Figure 12: Deflection of the cantilever due to a force detection. “ Adapted from
reference 7°”.

The deflection of the cantilever is detected by a laser beam that reflects from the
cantilever onto a position-sensitive photodetector. Thus, when the cantilever deflection
changes from the initial position, the angle of the reflected laser beam changes, and
the reflected spot on the photodetector moves from the initial position; the effect is
represented in Figure 13. The cantilever typically scans a sample 'book-wise’, from left

to right, line-by-line, and gradually moving from the top to the bottom of a scan window.
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An image from the deflection of the cantilever as a function of position across the

sample.

. Detection laser

(<l
Quadrant
photodiode

Cantilever deflection

Sample _ 3 'V;Amachon »orArepulﬂon

Figure 13: Diagram of the detection of the cantilever deflection in AFM. “Adapted from
reference 7°”.

Experimental
Images were obtained using a NanoWizard Il AFM (JPK instruments, UK) operating in

intermittent contact mode at 18 ‘C and a relative humidity of < 40 %. Rectangular
pyramidal-tipped Si cantilevers (PPP-NCL, Windsor Scientific, UK) were employed
(nominal length and width were 225 ym and 38 pum respectively; their nominal tip
diameter was <10 nm). The nominal frequency of the first resonant mode was 190 kHz.
A tip velocity of 10 um/s was employed when scanning across the sample surface.
Each image was composed of 512 x 512 pixels, and took approximately 20 min to
acquire. Images were analysed using JPK Data Processing software (JPK
Instruments, UK) and Scanning Probe Image Processor software (Image Metrology,

Denmark).
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2.6.4.2. Force- distance curve
Method principle
The AFM force -distance curves are obtained by the deflection of the cantilever and in

this mode the cantilever is used as a spring. From Hooke’s law in Eq. 3.

F=—kx Eq. 3

Where: F = force (N)
k = spring constant (N/m)
x = length of extension/compression (m)

The restoring force of a spring is proportional to the deforming distance of the spring,

effect shown in a spring and in a cantilever in Figure 14.

Spring Cantilever

— T g

e Pom—— Cantilever spring
constant k

Cantilever J':

Hooke's Law: deflection 5|

-y —

Force from
F cantilever spring

Fl

Figure 14: Hooke's law applied to a spring and a cantilever. “Adapted from references
80 and 81 “
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The AFM force - distance curves from the cantilever deformation are recorded when

the cantilever is approaching and retracting from the surface of interest. The curves

and the sequence steps of the deflection are shown in the Figure 15.

1.

2.

3.

Approach of the cantilever to the surface (hon-contact)

Jump to force when the cantilever starts the contact with the surface

Contact of the cantilever with the surface in the approach and retract curve
Cantilever maintains in contact with the surface due to the adhesive forces
between the cantilever and the surface

The cantilever is pulled away from the surface.

s annnamannnnn approach
& . — Febract

Cantilever deflection

Z position

Figure 15: Diagram of the force distance curves in the AFM &,

Measured forces are shown in Figure 16. Out-of-contact repulsion force (Frep) IS

measured in the first peak from right to left of the approaching curve, the height of the

triangle that is formed in the peak from the origin to the highest part of the peak until

the signal is stable in the approach curve is measured as the force. The jump to force
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(Far) is measured in the minimum point of the approach curve and the pull-off force
(Fpo) is measured in the minimum point of the retract curve. The pull-off energy (Wpo)

is calculated from the area under the retract curve.
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Figure 16: Measured forces in the force distance curves obtained by AFM.

Experimental
Acquisition of adhesion data was performed using a NanoWizard Il AFM (JPK

Instruments, UK) employing a CellHesion module (JPK Instruments, UK), operating in
force spectroscopy mode at 18 °C. The sample and cantilever were immersed in acidic
and alkaline, using dH20 and pH adjusted with NaOH 0.01 M and HCI 0.01 M at pH 3,
5, 7 and 9, contained within a clean glass Petri dish. Samples were immobilised using

double-sided Shintron adhesive tape (Agar Scientific, UK).
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Rectangular Si cantilevers with hemispherical-tips (SD-Sphere-CONT-M-10,
NanoWorld, Switzerland) were employed (nominal length and width were 450 pm and
50 um respectively; nominal tip diameter was 2 um). Their nominal spring constants

were 0.2 N/m, and were calibrated according to the method reported by Bowen et al.®?

The laser beam was positioned onto the cantilever, followed by thermal equilibration,
typicallyfor around 10-15 min, until the vertical deflection signal was constant. Data
were acquired by driving the fixed end of the cantilever at a velocity of 3 um/s towards
the sample surface, whilst monitoring the deflection of the free end of the cantilever. A
maximum compressive load of 20 nN was applied to the surface during data
acquisition. Vertical deflection and z-axis displacement data were recorded at a
frequency of 10 kHz. A grid of 100 force-displacement curves were acquired for each
sample/liquid combination, equally spaced over an area of 100 um x 100 um. Force-
displacement data were analysed using JPK Data Processing software (JPK

Instruments, UK).

2.6.5. White Light Interferometer
Method principle

The white light interferometer measures the difference of surface structure between
the reference surface and the test surface. The interferometry components are the light
source, the beamsplitter, the reference and the test surface. The beam light is split in
two beams of the same frequency and travel in different paths, one interacts with the
reference surface and the other with the test surface. When both beams recombine, a
constructive or destructive interference takes place creating a fringe patter (bright
fringe is constructive and dark fringe is destructive), shown in Figure 17. Pattern

differences are associated with the difference in the path length which are associated
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with the differences of the surface morphology (tilt and shape) between the reference

and the test surface.

AN

27 N\ NN
\/ \/

Light
propagation

Intensity distribution
of fringes

Destructive interference

Figure 17: Fringe pattern from constructive and destructive interference. “Adapted
from references 8 and 7.

The combined techniques of the microscope together with the interferometry, shown
in Figure 18, provide detailed information about the areal topography with different

textures on the surface.
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Figure 18: Interferometry microscope schematic 6.

Experimental
Images were obtained using a MicroXAM interferometer (Omniscan, UK) and white

optical light was used. Regions of dimensions 432 x 321 um were analysed. Six regions
were recorded per sample in non-overlapping areas. Scanning Probe Image Processor
software (Image Metrology, Denmark) was employed for image analysis, providing 3D
rendering of the surface topography of the surface, and statistical analysis of surface

roughness

2.6.6. X-ray photoelectron spectroscopy (XPS)
Method principle

X-ray photoelectron spectroscopy (XPS) is a technique used to identify the elements
and the chemical state of the elements on the surface. The ejection of the core

electrons from the surface is performed when photons of large energy (X-rays) are
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absorbed by the system (under high vacuum or ultra-high vacuum), shown in Figure

19.

vacuum

‘ = electron detected in experiment

XPS

Figure 19: XPS diagram of the core ejection electron by X-ray photon. "Adapted from
reference 8.

In XPS the kinetic energy of the ejected electron (Ey;,etic) IS Obtained and the binding

energy of the ejected electron (Epnqing) Can be calculated from Eq. 4.

Ebinding = Ephoton — (Ekinetic + D) Eqg. 4

Where: Epinqing= binding energy of the ejected electron (eV)
Epnoton = binding energy of the X-ray photon
Erinetic= Kinetic energy of the ejected electron

@= workfunction is a value that dependence of the material and the spectrophotometer.
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The binding energies of the ejected core electrons are related to the elements and

therefore it is possible to obtain information about the surface chemistry.

The XPS principal components are shown in Figure 20. Mainly composed by the
photon source, electron lenses, analyser for the kinetics energies and the detector that

count the electrons. The obtained information is in the form of a spectrum.

Analyser for
kinetic energies

Photon source
X-ray tube

XPS spectrum

Detector

=T

e ¢ - Photoelectrons

Surface sample o 4 P
Binding energy (V)

Figure 20: XPS schematic. “ Adapted from reference 8”.

Experimental
The composition and titanium oxidation states of the surface was investigated using X-

ray photoelectron spectroscopy (XPS). Analysis was performed using a k-alpha X-ray
Photoelectron Spectrometer (Thermo Fisher Scientific, UK), operating a microfused,
monochromated Al ka X-ray source with a spot size of 400 um and a power of 36 W.
The step size in order to obtain individual peaks was 0.1 eV, whereas 0.4 eV was used

for the acquisition of a full spectrum between 1349.2 eV and -10.8 eV binding energies
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(BEs). The vacuum pressure in the analysis chamber was < 10° mbar. Three non-
overlapping regions were measured for each sample. Data were fitted using the
Gauss-Lorentz function method was used for background subtraction. CasaXPS

software was used for data processing.

2.6.7. Fluorescence microscope
Method principle

The fluorescence microscope is used to produce images that contain fluorophores. A
fluorophore can emit light after an excitation with a different wave length, 5-FAM

excitation and emission wavelengths are shown in Figure 21.
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Figure 21: Excitation and emission of 5-FAM fluorophore .

The fluorescence microscope has a light source that is filtered according to the
excitation wavelength and it is directed to the sample that excites and emits with a
different wavelength. A combination of the emitted and the illuminated light is obtained
from the sample but the illuminated light is filtered before reaching the detector allowing

only the detection of the emitted light. A schematic of a fluorescence microscope is
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shown in Figure 22. The emitted light from the sample is processed and a fluorescence

image is obtained.

detector

ocular 5 %
emission filter

=

dichroic mirror
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light source

excitation filter

objective

specimen

Figure 22: Fluorescence microscope schematic .

Experimental
Images were obtained using a DM6000 Leica microscope (Leica, Germany). A blue

filter (excitation range 450-495 nm) was used due to the fact that the maximum
excitation of 5-FAM is at 495 nm. The emission of 5-FAM is at 519 nm. Imaged areas
were of 1280 um X 957 um and the exposure time was 1 s. Three non-overlapping
areas of each sample were acquired. Images fluorescence intensity were measured

by ImageJ software (NIH, USA).
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2.6.8. Dynamic contact angle titration
Method principle

The contact angle technique gives information about the wettability of a solid when a
liquid drop is in contact with the surface. A liquid vapour interface is found when a drop
is deposited on a solid, the schema of the liquid droplet and the interfaces with the

vapour (V), solid (S) and liquid (L) phases are shown in Figure 23.

Solid

Figure 23: Schematic of a liquid drop on a solid surface.” Adapted from reference °1”.

The equation that relates the interfaces of the three phases when a liquid drop is on a

surface is Young’s equation (Eq. 5)

Ysv — VYsL = YLy €0sf¢ Eqg. 5

The dynamic contact angle (DCA) is a measurement where the boundaries of the three
phases are moving, that can be obtained by the change of drop volume, method shown
in Figure 24. Advancing contact angle (maximum value in the static contact angle) and
receding contact angle (minimum value in the static contact angle) can be measured
using the dynamic contact angle. The difference between the advancing and receding
contact angle results in the contact angle hysteresis that is related to the topography

and chemical differences of the surface.
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Figure 24: Dynamic contact angle by drop volume changes (advancing and receding
angles). “ Adapted from reference %2”.

The contact angle titration at different pH according with the literature suggests that
Ysy and y,, present small variation ®* and therefore the information obtained by the

titration can be attributed by the y5; predominant by the ionization of flat solid surfaces.

Experimental
DCA data was obtained using a Theta OneAttension optical tensiometer (Biolin

Scientific, Sweden). Contact angle data was measured in triplicate (3 different
samples) with acidic and alkaline solutions, using dH20 and pH adjusted with NaOH
0.01 M and HCI 0.01 M at pH 3, 5, 7 and 9. The drop size was 2 uL and the rate of
volume change was 0.5 pL/s. Data was analysed with a curve Young-Laplace fitting,

using OneAttension software (Biolin Scientific, Sweden).
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Chapter 3

Titanium oxide formed by thermal oxidation of polished Ti-6Al-4V and H202/HCI
chemically treated followed by thermal oxidation of polished Ti-6Al-4V to
induce bioactivity

3.1. Introduction

Ti-6Al-4V is widely used in orthopaedics and dental fields because its desirable
properties such as good strength, toughness, low density, good corrosion resistance
and Young’s modulus closer to bone compared with other metal alloys -9, In addition,
TiOx forms on the surface confer bioactive to Ti-6Al-4V 9798, This bioactive property is
attributed to the amphoteric behaviour of TiOz in aqueous solution that leads to the
surface adsorption of ions present in physiological media, such as Ca?* and PO43 9°-
101 “promoting bonelike apatite formation 1%, inducing cell adhesion, proliferation and

maturation 101,103,

3.1.1. Titanium surface modifications

Mechanical, chemical, physical and biochemical methods are widely used to increase
bioactivity in TiOx surfaces 7299104105 These modifications change the initial surface
properties of TiOx layer including composition, topography and roughness *. Both
chemical treatment with H202 /HCI 4249106107 gnd thermal oxidation (TO) 45 are

widely used to increase the bioactivity of Ti implant surfaces.

The composition of the native TiOx surface is primarily TiOz2in amorphous phase 108109
but it has been shown that crystal phases (anatase and rutile) on the surface present
more bioactivity than only amorphous phase 4468110 and therefore these phases are
more desirable. A method commonly used for the crystallisation of amorphous TiO:2 is
thermal oxidation. During this method, the crystal phase formation is highly dependent

on the temperature, and in Figure 25 the phase diagram of TiO2 1! is shown. In
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addition, according with the literature the TiO2 layer formed below 500 °C presents
amorphous and anatase phases 49112, at 550 °C presents rutile and anatase phases
51112113 and above 800 °C presents rutile phase 4°1. Therefore, both anatase and

rutile TiO2 phases can be obtained by thermal oxidation.
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Figure 25: Phase transformation of TiO2 crystals 1.

Chemical surface modifications are performed on Ti alloy surfaces to change their
topography, composition, and charge density 13112114115 QOne approach to modify
these surfaces chemically is to use H202 in aqueous solution. This modification
produces a titania gel layer (TGL) rich in OH- with nano and micro porosity %4°
desirable for the adsorption of ions, peptides, and proteins, and the promotion of cell
adhesion 54103116 The bioactivity of TGL formed on Ti surfaces was shown by Wang

et al. 2 and by Lee etal. 17,
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The nano- and micro-topography of a surface can generally influence and enable cell
adhesion and proliferation, synthesis of proteins, formation of the extracellular matrix
(ECM), mineralization of ECM, cell maturation and bone formation 8. It has been
reported, that TiOx surface modifications with granular and/or porous textures below
cell size, can positively influence cell adhesion 14119120 |n addition, rough surfaces
lead to the formation and deposition of hydroxyapatite that intervene as anchorage for
collagenous fibres produced by bone cells or osteoblasts 1°t. Deligianni et al. 121
studied the interaction between human bone marrow cells and Ti-6Al-4V surfaces of
different roughness and noticed that rougher surfaces present better interaction with
the serum protein and fibronectin which are responsible for the binding of ECM

components such as collagen, compared with smoother surfaces.

3.1.2. Adsorption of biomolecules on titanium oxide

As mentioned above, TiO2 exhibits amphoteric behaviour in agueous solutions leading
to ion adsorption as well as adsorption of proteins and peptides in aqueous solution
122,123 gpecifically, adsorption of small peptides on TiO2 surfaces is very useful for
applications such as biocompatibility 24, drug delivery, biosensing and diagnostics 12°
which are desirable for dental and orthopaedic fields. Recent studies on how phage
interact with TiO2 surfaces showed that a hexapeptide sequence RKLPDA has high

electrostatic affinity with TiO, 40.126-128

Biomolecules can interact in the nucleation, crystallization and composition of
inorganic crystals '2° found in biological systems such as bone, teeth and shell 1%,
Some small domains of proteins present the repetition of amino acids which are
associated with the nucleation of these inorganic crystals ?°. For example, in bone

sialoprotein (BSP) continuous small domains of polyglutamic acid are found to be
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involved in the nucleation of hydroxyapatite (HA) 31. Considering the behaviour of the
polyglutamic acid domain for the nucleation of HA and the electrostatic interaction of
Ti binders with TiOx surfaces, a peptide sequence that includes both active motifs was

designed to be used in this study.

3.2. Objective

The aim of this part of the project was to develop different surfaces in composition,
roughness and topography to understand how these factors can influence the
adsorption of ionic peptides on Ti-6Al-4V surfaces. Two main modifications were
performed on polished Ti-6Al-4V. Thermal oxidation (TO) at 500, 600, 700, and 800
°C and chemical modification by H202 /HCI followed by thermal oxidation (TGL-TO) at
500, 600, 700 and 800 °C. Both techniques were shown by literature to increase the
adsorption of biological material such as proteins and peptides on TiOx surfaces.
However it is not yet reported how the surface variations can affect the adsorption of
ionic peptides and therefore the characterization of the surfaces will help to understand

which factors have more influence in the peptide adsorption.

3.3. Topography and composition of native titanium oxide from polished Ti-
6Al-4V and titanium oxides formed by thermal oxidation on polished Ti-
6Al-4V

3.3.1. Specific objective

The objective of this section was to evaluate the topography and composition of the
native Ti-6Al-4V and the modified Ti-6Al-4V surfaces by TO at different temperatures
to understand how the changes can influence the ionic peptide adsorption. In addition,
the biocompatibility of the above mentioned surfaces was assessed to show how the

modifications affect the cellular adhesion on the surfaces.
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3.3.2. Results

TiOx obtained after polishing and thermal treatment were characterized to identify and,
where possible, quantify surface topography and roughness, surface crystal phases,

and surface chemical composition. The TiOx analysed was:

1) Native TiOx on polished Ti-6Al-4V (MPT).
2) Polished Ti-6Al-4V thermally oxidised for 1 h in air at 500, 600, 700 and 800

°C (TOs00-800 °C).

Adhesion cell test was performed on all surfaces with osteoblast- like cells human

osteosarcoma (HOS) to evaluate biocompatibility.

3.3.2.1. Topography and composition of native titanium oxide from polished
Ti-6Al-4V

3.3.2.1.1. Surface Topography of native titanium oxide from polished Ti-6Al-4V

Ti-6Al-4V plates were mechanically polished on one face until a mirror-like finish was
achieved. Scanning electron microscopy (SEM) and force microscopy (AFM) were

used to characterize the surface topography.

A SEM micrograph of MPT surface is shown in Figure 26a. The micrograph shows two
colour contrasts suggesting differences in electron reflectivity, and hence composition
of the surface. To further visualize any difference in topography AFM analysis was
performed. Figure 26b shows the AFM image with distinct heights. The measurement
of the surface average roughness (Ra) is 0.7 nm and the root mean square (Rq) is 2.1

nm.
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Figure 26: Topography of MPT surfaces by a) SEM micrograph and b) AFM image (10
X 10 pum).

3.3.2.1.2. Surface crystal phases and chemistry composition of native titanium
oxide from polished Ti-6Al-4V

X-ray diffraction (XRD) was used to analyse the surface crystal phase composition,
and X-ray photoelectron spectroscopy (XPS) was used to analyse the chemical

composition of the surface.

The XRD diffractograms of MPT surface is shown in Figure 27. The a Ti (JCPDS No.
44-1294) and B Ti (JCPDS No. 44-1288) patterns are also shown in Figure 27. The
diffractogram exhibits four peaks at 35.42, 38.54, 40.44 and 53.26° matched with a Ti.

B Ti pattern is showed for comparison.

46




T I f Titanium

T | I o Titanium
fT -
=
©
N
>
=
[%)]
c
S -
+—
=

\k\‘J Mirror polished
Ti-6Al-4V
T T T T T T T T T T T

30 35 40 45 50 55 60
20 (°)

Figure 27: XRD diffractogram of MPT, a Ti (JCPDS No. 44-1294) and 3 Ti (JCPDS
No. 44-1288).

Chemical elements quantified by XPS are shown in Figure 28 and the percentage
composition is presented in Table 6. The main sharp intensity peaks indicate the
presence of O at 530 eV, C at 284 eV and Ti at 458 eV. Other peaks also present are
associated to V at 515 eV and Al at 118 eV as would be expected from the alloy. On
top of this, other elements are detected in small amounts such as N at 400 eV, P at
190 eV, and Si 153 eV that can be present in the residual elements unmentioned in

the manufacturer’s data certificate (Appendix 1).
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Figure 28: XPS survey of MPT surface with identified chemical elements.

Table 6: Chemical elements percentage of the MPT surface analysed by XPS.
Element O % V % C% Ti % N % Al%  *Other %
53.5 0.2 19.3 19.2 0.6 4.1 3.1
*Other includes P, Si Na and K

The XPS Ti 2p spectrum of the MPT surface is shown in Figure 29. The presence of
three peaks in the Ti 2p spectrum is the contribution of Ti and its oxidation states
forming the metal / oxide Ti system on the MPT surface. The binding energy of the 2p
orbital is divided in 2p12 and 2ps/2 for each oxidation state. The Ti 2p spectrum shown
after deconvolution in Figure 29 below, exhibits 2p doublets associated with Ti (0), Ti

(I, Ti (1) and Ti (IV). The metal/oxide systems for Al and V were not detected.
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Figure 29: XPS spectrum of Ti 2p for MPT surface.

The dominant oxidation state of the MPT surface according to the Ti 2p spectrum is Ti
(IV). The deconvoluted Ti 2p shows Ti (IV) 2pw2 and Ti (IV) 2pssz in the binding energies
464.3 eV and 458.6 eV respectively. Ti (0) 2ps2 is at the binding energy 453.8 eV and
Ti (0) 2pw2 is overlapped at 459.9 eV. Ti oxidation states Ti (II) and Ti (Ill) are present
in small proportion. The percentage contribution of each Ti oxidation state of the MPT
surface is shown in Table 7 together with the binding energies corresponding to each
2p Ti doublet. In addition, the deconvoluted peak around 460 eV is due to Ti (0) 2p12

and a satellite peak.
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Table 7: Ti 2ps2 and Ti 2p1w2 binding energies according to the literature 32 and
percentage contribution of each Ti oxidation state for the MPT surface.

Compound Ti2p3z (eV)  Ti2p3e(%)" Ti2pw2(eV) Ti2p12(%)*

Ti 453.86 7.1 459.99 3.57
Ti (1) 455.34 0.0 461.07 0.0
Ti (1) 457.13 3.4 462.73 1.7
Ti (IV) 458.66 56.2 464.32 28.1

"Ti 2p3z (%) and Ti 2p12 (%) are the percentages of Ti2p deconvoluted peak
* Percentage of Ti (0) 2p12 and satellite peak.

3.3.2.1.3. Cellular adhesion on native titanium oxide from polished Ti-6Al-4V
SEM micrograph of adhered human osteosarcoma cells (HOS) on MPT surface is

shown Figure 30a. The high resolution SEM micrograph is shown in Figure 30b. Cells
exhibit round and flatted morphologies indicated by arrows on the MPT surface. The
attachment of cells on MPT surfaces are combined, some cells present filopodia
attachment represented by finger-like protrusions and other cells present
lamellipodium attachment represented by uniform elongation of cell edges on the
surface in form of mesh ©°, both types of attachment are shown and labelled in Figure

30b.
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Figure 30: SEM micrograph a) low and b) high magnification of HOS seeded on MPT
surfaces.
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3.3.2.2. Topography and composition of polished Ti-6Al-4V surfaces thermally
oxidised

3.3.2.2.1. Surface topography of polished Ti-6Al-4V surfaces thermally oxidised

SEM, AFM and interferometry were used to analyse the surface topography of TOsoo-

800 °C.

SEM micrographs of samples annealed at each temperature are shown in Figure 31a-

d. Distinctive morphologies on TO samples can be observed in the SEM micrographs:

e At500 °C, the grain boundaries on the surface as well as a combination of small
and large grains with different contrasts are observed in Figure 31a.

e At 600 °C, small particles are observed on the grains. Small grains start to
protrude from the surface present in Figure 31b.

e At 700 °C, well defined grain boundaries and gaps are observed in Figure 31c.

e At 800 °C, crystals are observed on the surface in Figure 31d.
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Figure 31: SEM micrographs of a) TOsoo °c, b) TOe00 °c, €) TO700 °c, d) TOso0 °c.
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Topography changes on Ti-6Al-4V surfaces after annealing studied by AFM are shown

in Figure 32a-d and the following results are observed:

e At500 °C, the surface presents different heights observed in Figure 32a.

e At 600 °C, small round particles with medium height appear on the top of grains
which low height. These patrticles are well distributing on the surface. Some
grains have higher height. These topography variations are shown in Figure
32b.

e At 700 °C, the surface presents formation of crystal with a medium height.
There is an absence of grains on the surface. These variations are observed in
Figure 32c.

e At 800 °C, the surface shown in Figure 32d is covered by crystals in pillar form

of different heights.
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Figure 32: AFM image (10 pm x 10 pum) of a) TOso0 °c, b) TOs00 °c, €) TO700°c, d) TOso0

°C.
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The AFM and interferometry roughness measurements of TOsoo0-800 °c surfaces are
shown in Table 8. Both techniques indicate that the surface roughness increases with
increasing the annealing temperature. Roughness measured by interferometry is

almost the double the value compared to the roughness measured by AFM.

Table 8: Roughness measurements of TOsoo-s00 °c for by interferometry and AFM.

Interferometry * AFM’
Annealing
Temperature

(°C) Sa (nm) Sy (hm) Ra (nm) Rg (nm)
500 - - 2.3 3.1
600 24+ 6 39+8 10.2 15.2
700 35+8 55+ 10 20.6 30.9
800 2305 255 + 97 106.9 133.5

* one measurement was performed in 512 x 512 pixels (10 x 10 um); * 6 different
areas were measured 432 um x 321 pym

3.3.2.2.2. Surface crystal phase composition of polished Ti-6Al-4V surfaces
thermally oxidised

XRD and Raman spectroscopy were used to analyse the surface crystal phases

composition and vibrational states, respectively of TOs00-800 °c.

The XRD diffractograms of TOsoo-s00 °c surfaces are shown in Figure 33 . The a Ti
(JCPDS No. 44-1294), B Ti (JCPDS No. 44-1288), anatase (JCPDS No. 21-1272) and
rutile (JCPDS No. 21-1276) patterns are also shown in Figure 33. The TOs00-800 °c

diffractograms present different crystals:

e At 500 °C, a Tiis detected.
e At600 °C, aTiis present. A shoulder in 39.8 ° is detected.

e At700°C, aTiis present. A peak around 39.8 ° is detected.
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e At 800 °C, a Ti and rutile are detected.
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Figure 33: XRD diffractograms of TOso0-s00 °c, & Ti (JCPDS No. 44-1294), 8 Ti (JCPDS
No. 44-1288), anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276).
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The differences of composition are perceived with the colour contrast between the four

annealing temperatures shown in Table 9.

At 500 °C, the surface has a metallic shin yellow colour.

At 600 °C, the surface has a metallic shin blue colour.

At 700 °C, the surface has a metallic shin brown colour.

At 800 °C, the surface has an opaque brown colour.

Table 9: Pictures of TOso00-800 °c.

Sample TOs00 °C TOs00 °C TO700 °C TOs00 °c

- =

Raman spectra of TOso0-800 °c, anatase and rutile patterns are shown in Figure 34.
Active vibrational modes of anatase in the spectrum are assigned to: Egat 140 cm?,
Egat 196 cm™, Bigat 395 cm™? , Aigat 515 cm™ and Eg 639 cm 133, Active vibration
modes of rutile are assigned to: Bigat 142 cm™, Egat 447 cm™?, Aigat 610 cm™, Exg
812 cm™ 134 and the peak around 240 cm™ is associated with the multiple-Phonon

scattering process 3%,

Different vibration modes were detected in each treatment temperature:

e At 500 °C, the Raman spectrum displays broad and small peaks at 234 cm?,
between 360 cm™ — 480 cm™, around 515 cm™ and around 560 cm™ — 645 cm-

L. This means that anatase and rutile could both be present on the surface.
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At 600 °C, the Raman spectrum displays peaks at 155 cm™, 249 cm?, 414 cm-
1 527 cm™? and 610 cm™®. This means that anatase and rutile could both be

present on the surface.

At 700 °C, the Raman spectrum displays peaks at 149 cm™, 242 cm?, 440 cm-

Land 612 cm. This means that peaks fit with rutile presence on the surface.

At 800 °C, the Raman spectrum displays peaks at 253 cm, 432 cm, 611 cm-

Land 812 cm. This means that peaks fit with rutile presence on the surface.
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Figure 34: Raman spectrum of anatase and rutile and TOs00-800 °c.
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3.3.2.2.3. Surface chemistry composition of polished Ti-6Al-4V thermally
oxidised

XPS was used to study the chemical composition of TOs00-800 °c.

The chemical composition is shown in Table 10. Ti percentage decreases when the
annealing temperature increases specially between 700 °C and 800 °C. A different
effect is shown by Al and V percentage which tend to increase with temperature
increments. O percentage maintain around the same percentage. C, N and other

impurities percentages decrease with temperature increases.

Table 10: Composition of TOsoo0-800 °c measured by XPS.

Annealing

temperature (°C) O% V% C% Ti% N% Al%  *Other%
500 521 15 19.3 16.0 1.2 9.5 0.4

600 538 3.1 16.6 136 1.0 119 0.0

700 53.7 3.3 15.8 125 0.9 13.8 0.0

800 50.8 2.0 13.4 6.8 0.5 264 0.1

*QOther includes P, Si Na and K

Figure 35 shows the changes in O/Ti ratio of TOsoo-s00 °c. It is observed that increasing
the temperature results in an increase of the O/Ti ratio which becomes sharper at

temperatures higher than 700 °C.
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Figure 35: O/Ti ratio of TOso00-800 °c Obtained by XPS.

Figure 36 displays the results of the XPS Ti 2p spectra of TOsoo-800 °c, Showing three
2p doublets due to the oxidation states of Ti (1), Ti (lll), Ti (IV). The metallic Ti (0)
doublet previously observed in the MPT surface is not present in thermally treated
samples. The dominant Ti oxidation state in the heat-treated samples is Ti (IV). The

other 2 Ti oxidation states, Ti (Il) and Ti (lIl), are present in small quantities.
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Figure 36: Ti 2p XPS spectrum of a) TOsoo °c, b) TOs00 °c, €) TO700 °c, d) TOso0 °c.
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3.3.2.2.4. Cellular adhesion on polished Ti-6Al-4V thermally oxidised

Figure 37 presents SEM micrographs of TOsoo0-s00 °c surfaces seeded with HOS cells

for 24 h. The following observations can be made:

At 500 °C, cell adhered by lamellipodium attachment, observed in Figure 37a-

b.

e At 600 °C, cell adhered by filopodia attachment, observed in Figure 37c-d.

e At 700 °C, cell adhered by lamellipodium attachment with dendritic projection,
observed in Figure 37e-f.

e At 800 °C cell adhered by by filopodia attachment observed in Figure 37g-h.
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Figure 37: SEM micrographs at low and high magnification of HOS seeded for 24 h
on a) and b) TOsoo °c, ¢) and d) TOsoo °c, €) and f) TO7o0 °c, g) and h) TOsoo °c.
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3.3.3. Discussion

3.3.3.1. Topography and composition of native titanium oxide from polished
Ti-6Al-4V

Mechanical polishing helped to eliminate differences in topography and roughness on
the MPT surfaces as well as removed any contamination from previous procedures.
According with the literature mechanical polishing is a procedure where the surface
material is subtracted obtaining rough or smooth surfaces according with the final
polishing 1136, Small topography changes of MPT shown in Figure 26b with an Ra of
0.7 nm was desired to obtain in order to measure sensible changes for further surface
modification. This was in accordance with a study performed by Jouanny et al. **¢ who
obtained smooth Ti-6Al-4V surfaces (Ra = 10 nm) for the nano characterisation of

deposited TiOx thin films on the surfaces.

The chemical element detection on MPT surfaces confirmed the presence of Al, Ti, O
and C in the passive oxide layer. This was in accordance with the XPS study on Ti-
6Al-4V performed by Roessler et al. 1% who showed the presence of Al in the passive
oxide as well as C that was associated with adsorbed hydrocarbons. Other elements
percentage shown in Table 6 such as Si and P were detected on the MPT surfaces
and could be associated with the residual elements that were not specified in the

manufacture’s data certificate (Appendix 1).

In addition, Ti sub-oxides were analysed on MPT surface by XPS in Figure 29. The
XPS spectrum of Ti 2p showed the metal / oxide system of Ti on MPT surfaces. Ti sub-
oxides found on MPT surfaces were Ti (1), Ti (Ill) and Ti (IV) as well as metallic Ti (0).
Table 7 shows that Ti (IV) sub-oxide presented a high percentage in the metal / oxide
system compared with the other sub-oxides. This result was in accordance with the

study performed by Lee and Chang 1! on Ti-6Al-4V native surfaces who detected the
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same sub-oxides measured by XPS. Nevertheless, Roessler et al. 1% and MiloSev et
al. 2 who studied the Ti-6Al-4V surface by XPS also detected Al (lll) in the outer

oxide/solution interface.

Considering that 10 nm will typically be the maximum sub-surface depth that
photoelectrons will escape from, during XPS measurements %7, the detection of Ti (0)
in Ti 2p spectrum suggested the oxide thickness was below it. TiOx thickness
measured by Roessler et al. 1% on Ti-6Al-4V surfaces with variable angle
spectroscopic ellipsometry showed an approximate value to 5 nm. This confirms that
the presence of metallic Ti (0) in the XPS spectrum is because the thickness of the

oxide layer is lower than 10 nm.

The MPT surface was demonstrated to be biocompatible by the HOS adhesion.
However, heterogeneous cell adhesion type and cell morphology (round and flat)
suggested the surface presents areas with greater biocompatibility than others that can
be associated with the heterogenous composition of the surface. Cell morphology and
attachment type indicated when surfaces are more adhesive than others 2. Resende
et al. 13° showed that round cells on the surface indicated poor cell extension whereas
flatted cells showed good adhesion to the surface.

3.3.3.2. Topography and composition of polished Ti-6Al-4V surfaces thermally
oxidised

Samples thermally treated present different topographies at each temperature. During
TO above 600 °C, TiO2 crystals were formed and O penetration in the substrate was
detected 0. Effects such as Al diffusion 141, O diffusion and TiOz2 crystals formation 5°
changed the topography of Ti-6Al-4V surfaces, including the formation of nodules 41,

small grains %° and porosity 1% on the surfaces. These surface structure changes
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became more pronounced with increasing the TO temperature, resulting in significant
increase in surface roughness %1, In Table 8 is possible to observe that roughness
increased with temperature increases starting from Ra of 2.3 nm at 500 °C to around
100 nm at 800 °C. A similar trend in surface roughness with increasing temperature
was also reported by Lee et al. 142 for commercially pure titanium (CpTi) surfaces

thermally treated at 300, 500 and 750 °C for 30 min.

a Ti was present in all TOsoo0-800 °c surfaces, shown in Figure 33. During the latter
treatment (TOsoo °c), the XRD peak intensity of a Ti decreased considerably whereas
the rutile XRD peak intensity increased suggesting that the thickness of the oxide after
the treatment at 800 °C was greater than that of the treated samples at 500, 600 and
700 °C. Kumar et al. °* showed that TiOx thermally treated in air at 800 °C for 8 h was
mainly consisted of rutile crystals and was thicker than the oxide layer formed after
thermal treatment at 500 °C and 650 °C for 8 h which was composed of a, § Ti and
TiOx. This observation can be supported by the colour of the samples after the TO at
800 °C. The differences in the colour can be related to the thickness of the oxide layer
45 and /or the refraction index 43. In this work, all the surfaces treated at 500, 600 and
700 °C were shiny characteristic of the smooth polishing, shown in Table 9, while the
surface treated at 800 °C was opaque suggesting the presence of additional structures

on the surface compared with the other samples.

TiO2 crystals appeared on TOsoo-s00 °c surfaces, shown in Figure 33. The presence of
rutile on the surface TOso0 .c was detected by XRD in a shoulder form around 39. 8°,
and this shoulder transformed into an independent peak when the TO temperature

increased to 700 °C. At 800 °C the XRD diffractogram showed a spectrum

68



characteristic of rutile. This is in accordance with a study reported by Krishna et al. 4
where CpTi was thermally oxidised at different temperatures for 5 h. They showed that
the sample TO at 600 and 700 °C presented a similar trend of the XRD diffractogram
around 40° as the one presented in this study on Ti-6Al-4V, whit the shoulder formation
when the sample was treated at 600 °C and the peak formation when the sample was
treated at 700 °C. Rutile was detected by them when the sample was treated at 800

°C.

Raman spectroscopy spectra of TOsoo-600 °.c Shown in Figure 34 presented vibrational
mode of O and Ti for anatase and rutile and therefore both crystals could be present
on these surfaces whereas TO7o0-s00 °.c €xhibited the vibrational mode of rutile. These
results were in agreement with Chang and Huang ''? who studied the TiO2 crystals
transformation by Thermo-Raman. They reported that amorphous TiO2 and anatase
were present in samples treated between 400 and 550 °C, that rutile was detected at
550 °C and that anatase phase was transformed completely to another phase at 700

°C, suggesting that rutile phase was formed at temperatures above 700 °C.

XPS studies have shown that the Al and V content of the oxide layer was increased
with increasing the treatment temperature as is shown in Table 10. Du et al. 4 report
that Al from the substrate can be diffused on the outer surface in Al203. Al diffusion is
more pronounce with increasing the treatment temperature. A similar observation was
also made by Kumar et al. 14! who reported that thermally treated Ti-6Al-4V surfaces
were Al enriched compared with untreated Ti-6Al-4V. The V and Al enrichment were
reported by Mac Donald et al. 4" in surfaces thermally treated at 600 °C. In addition, C

and N were observed to be present on the surface of thermally oxidised Ti-6Al-4V
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surfaces as shown in Table 10 but the levels were considerably decreased with

increasing the temperature above 500 °C.

From the XPS spectrum of treated samples shown in Figure 36, it can be concluded
that only TiOxwas present. The increase of O/Ti ratio in the thermally treated sample
at 500 °C compared with that of the non-thermally treated sample was due to O
diffusion on the substrate. The O/Ti ratio increased at treatment temperatures above
500 °C was mainly due to the formation of a dense oxide layer. Guleryuz and
Cimenoglu %0 reported that dense oxide layers could be obtained at temperatures

between 600 and 800 °C.

HOS Cells adhered on thermally treated samples shown in Figure 37. The cells were
spread randomly on all surfaces but preferred the samples that exhibited low and
compact texture such as the samples thermally treated at 500 and 700 °C as shown in
Figure 31 and 32. A study performed by Saldafa et al '#. evaluated the
biocompatibility of human osteoblastic cells considering cell adhesion, proliferation and
differentiation on Ti-6Al-4V surfaces TO at 500 and 700 °C for 1 h. They showed that
the cell adhesion increased in both samples compared with the polished surface. The
only difference was the increased secretion of osteoprotegerin protein in samples the
surface of which was thermally treated at 700 °C. It was also shown by the literature
that the cell adhesion differences can be largely attributed to the topography,

roughness and composition of the surfaces 145146,
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3.4. Topography and composition of titania gel layer formed with H202/HCI on
polished Ti-6Al-4V and titania gel layer thermally oxidised on polished Ti-
6Al-4V

3.4.1. Specific objective
The objective of this section was to evaluate the surface’s topography and composition

of Ti-6Al-4V chemically treated and Ti-6Al-4V chemically treated and thermally
oxidized at different temperatures to understand how the changes can influence the
ionic peptide adsorption. In addition, the biocompatibility of the before mentioned
surfaces was assessed to show how the modifications affect the cellular adhesion on

the surfaces.

3.4.2. Results

In this section, modified Ti-6Al-4V surfaces were characterized to identify and, where
possible, quantify surface topography, roughness, surface crystal phases composition

and surface chemistry composition. The following surfaces were studied:

1) Titania gel layer (TGL) formed with 8.8 M H202/0.1 M HCl at 80 °C for 30 min
on MPT

2) TGL followed by TO for 1 h in air at 500, 600, 700 and 800 °C (TGL-TOs00-s800

)

An adhesion cell test was performed for all surfaces using osteoblast-like cells, human

osteosarcoma (HOS), to study the biocompatibility of the surfaces.
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3.4.2.1. Topography and composition of titania gel layer formed with H202/HCI
on polished Ti-6Al-4V

3.4.2.1.1. Surface topography of titania gel layer formed with H202/HCI on
polished Ti-6Al-4V

SEM, AFM and interferometry analysis were used to characterised the surface

topography of TGL.

The SEM micrograph shown in Figure 38 presents two defined grain topographies. Flat
grains and rough grains with a porous structure. The surface also exhibits well defined
grain boundary and grain absence due to the dissolution of grain during the reaction

with H202/HCI.

SEI 20.0kV X10,000 1um WD 9.9mm

Figure 38: SEM micrograph of TGL surface formed by H202/HCI.

The sample shown in Figure 38 exhibits grains on the surface with different
topographies but it is not clear what the difference is at micro scale, therefore higher

magnification SEM was performed. Figure 39a shows a high magnitude SEM
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micrograph of the grain surface identified with the low roughness in Figure 38
presenting porous structures. Figure 39b shows a high magnitude SEM micrograph of
the grain surface identified with high roughness in Figure 38 with etched and porous

structures.

SEI 20.0kV X90,000 100nm WD 9.9mm SEI 20.0kV X90,000 10 WD 9.9mm

Figure 39: SEM micrograph of TGL surface in a) low roughness grains and b) high
roughness grains.

The AFM analysis results shown in Figure 40 display 3 distinct heights according to
the measurement of the scaling in the right-hand side. Dissolved grains are
represented by low height areas, etched and porous grains by medium height areas,

and plain grains by high height areas.
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Figure 40: AFM image (10 pm x 10 pum) of TGL surface.

The average roughness (Sa) of TGL surface measured by interferometry was 26+1 nm
and the root mean square roughness (Sq) was 40+3 nm. In contrast, the average
roughness (Ra) of TGL surface measured by AFM is 8.5 nm and the root mean square
roughness (Rq) was 17 nm.

3.4.2.1.2. Surfaces crystal phase and chemical composition of titania gel layer
formed with H202/HCI on polished Ti-6Al-4V

XRD was used to analyse the surface crystal phase composition of TGL. The XRD
diffractogram of TGL is shown in Figure 41 . The a (JCPDS No. 44-1294) and B Ti
(JCPDS No. 44-1288) patterns are also shown in Figure 41. The crystal phases

identified in the TGL diffractogram is a Ti, the same crystal observed in MPT.
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Figure 41: XRD diffractogram of TGL surface, a Ti (JCPDS No. 44-1294) and B Ti
(JCPDS No. 44-1288).

Chemical element percentage of TGL samples measured by XPS are shown in Table
11. After the chemical treatment on MPT surfaces. C and N, increases from MPT

samples whereas O and Al and other impurities decrease.

Table 11: Chemical elements percentage of TGL surface measured by XPS.
Element 0% V% C% Ti% N% Al%  *Other %
52 0.2 22.1 19.4 1.3 3.4 1.6
*Other includes P, Si Na and K
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Ti 2p spectrum of TGL surface is shown in Figure 42. In the spectrum Ti (0) peak is

not detected and Ti (IV) sub-oxide is the predominant oxidation state.

Ti2p Scan

].03

70_]

= Ti2p

-7 77—
472 468 464 460 456 452 448
Binding Energy (eV)
CasaXPS (This string can be edited in CasaXP S.DEF/PrintFootNote.txt)

Figure 42: XPS spectrum of Ti 2p for TGL surface.

3.4.2.1.3. Cellular adhesion on titania gel layer formed with H202/HCI on polished
Ti-6Al-4V

SEM micrograph of adhered HOS on TGL surface is shown in Figure 43a. High SEM
magnitude micrograph is shown in Figure 43b. Cells indicated by arrows, exhibit round
and flatted morphologies on TGL surface. It is possible to observed that some cells
present filopodia attachment whereas others present lamellipodium attachment on

TGL surface.
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Figure 43: SEM micrograph of HOS on TGL surfaces a) low and b) high magnitude.

3.4.2.2. Topography and composition of titania gel layer formed with H202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

3.4.2.2.1. Surface topography of titania gel layer formed with H202/HCI followed
by thermal oxidation on polished Ti-6Al-4V

SEM, AFM and interferometry were used to analyse the surface topography of TGL-

TOs00-800 °c.

SEM micrographs of TGL-TOsoo-s00 °c are shown in Figure 44 a-d. The following distinct

morphological features can be observed in the SEM micrograph:

e At 500 °C, the grain boundaries and dissolved grains on the surface due to the
chemical treatment is presented. Grains shown in Figure 44a exhibit different
roughness.

e At 600 °C, grain boundaries and dissolved grains on the surface due to the

chemical treatment, observed in Figure 44b.
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e At 700 °C, grain boundaries and dissolved grains due to the chemical treatment
and appearance of crystals on grain edges, observed in Figure 44c.

e At 800 °C, crystals are observed on the surface, observed in Figure 44d.
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Figure 44: SEM micrograph of a) TGL-TOso0°c, b) TGL-TOeo00 °c, ) TGL-TO700°c and
d) TGL-TOsoo °c.
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The topography changes on TGL-TOso0-s00 °c Studied by AFM are shown in Figure 45a-

d. The following surface results are observed:

e At 500 °C, the surface presents craters and two heights. These variations are
observed in Figure 45a.

e At 600 °C, the surface presents craters, granular and flat grains with different
heights. These variations are observed in Figure 45b.

e At 700 °C, the surface is covered by thin crystals of different heights observed
in Figure 45c.

e At 800 °C, the surface is covered by crystals of different heights observed in

Figure 45d.
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Figure 45: AFM images (10 pm x 10 um) of a) TGL-TOsoo °c, b) TGL-TOs00 °c, ¢) TGL-

TO700°c and d) TGL-TOsoo °c.
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The AFM and interferometry roughness measurements of TGL- TOsoo-s00 °c are shown
in Table 12. The roughness increases when oxidation temperature increases. Both

techniques show similar increasing trends.

Table 12: Roughness measurements TGL-TOso00-800 °c by interferometry and AFM.

Interferometry * AFM *
Sample name Sa(nm) Sg(hm) Ra(hm) Rg (nm)
TGL-TOs00°c 13+4 29+13 12 26.7
TGL-TOe00 °c 20+ 2 326 16.8 28.2
TGL-TO700°c 92+9 139 +10 49 69.2
TGL-TOso0°c 176 £ 8 244 £ 45 121 151.4

* one measurement was performed in 512 x 512 pixels (10 x 10 um); * 6 different areas
were measured 432 pm x 321 pm

3.4.2.2.2. Surface crystal composition of titania gel layer formed with H202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

XRD and Raman spectroscopy were used to analyse the surface crystal phase

composition and vibrational states, respectively, of TGL-TOs00-800 °c.

XRD diffractogram of TGL-TOsoo0-s00 °c are shown in Figure 46. The a Ti (JCPDS No.
44-1294), B Ti (JCPDS No. 44-1288), anatase (JCPDS No. 21-1272) and rutile

(JCPDS No. 21-1276) are also shown in Figure 46:

e At500 °C, a Ti crystal is detected.
e At600, aTiis present. A shoulder around 28 = 40° is detected.
e At700 °C, aTiis present. A peak around 26 = 40° is detected.

e At 800 °C, a Ti and rutile are detected.
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Figure 46: XRD diffractogram of TGL-TOso0-800 °c, a Ti (JCPDS No. 44-1294), 3 Ti
(JCPDS No. 44-1288), anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-1276).
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These composition differences are shown in Table 13. Each treatment temperature

exhibits a distinct colour:

e At500 °C, the surface has dark blue colour
e At 600°C, the surface has light blue colour
e At 700 °C, the surface has yellow colour

e At 800°C, the surface has brown colour

Table 13: Pictures of TGL-TOs00-800 °c.
Sample TGL-TOs00 °c TGL-TOs00 °c TGL-TO700°c  TGL-TOso0°c

B E .

Raman spectroscopy for TGL-TOso0-s00 °c, anatase and rutile are shown in Figure 47.
Anatase and rutile vibrational modes are labelled on the Raman spectrum. Different

vibration modes were detected for each annealing temperature:

e At 500 °C, Raman spectrum displays broad peaks around 160 cm™, 240 cm-?,
400 cm™* and 612 cm™. This means that anatase and rutile could both be present
on the surface

e At 600 °C, Raman spectrum display broad peaks around 160 cm, 240 cm-?,
448 cmt, 515 cm™ and 612 cm. This means that anatase and rutile could both
be present on the surface.

e At 700 °C, Raman spectrum display peaks at 147 cm, 240 cm, 448 cm™* and

612 cm. These peaks fit with rutile vibration modes
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e At 800 °C, Raman spectrum display peaks at 147 cm, 240 cm, 448 cm™* and

612 cm. These peaks fit with rutile vibration modes

| /\_/\_/\_/R TGL-TOgpoec

) TGL-TO.
\(‘_U; 700°C
2 |
g TGL-TOggg-c
£ 448 612
W g TGL-TOspqec
151 Rutile
M 400 515 639
Anatase
0 200 400 600 800 1000

Wavenumber (cm)

Figure 47: Raman spectrum of anatase, rutile and TGL-TOs00-800 °c.

3.4.2.2.3. Surface chemical composition of titania gel layer formed with H202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

XPS was used to study the chemical composition of TGL-TOs00-800 °c.

The chemical composition is shown in Table 14. O, V, C, Ti, N and Al were quantified.
O percentage is maintained constant for all the samples, V and Al percentages
increase when the temperature increases while Ti decreases. C, N and small impurities

percentages decrease considerably when the sample is treated at 800 °C.
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Table 14:. Chemical percentage of TGL-TOs00-s800 °.c measured by XPS.

Annealing
Temperature °C 0% V% C% Ti% N% Al%  *Other %
500 52.7 0.4 19.9 20.6 1.0 3.8 1.6
600 53.3 0.9 19.4 19.4 1.0 4.4 1.6
700 53.0 2.3 18.1 15.6 1.0 9.5 0.5
800 52.5 2.3 145 114 0.6 18.7 0.0

*QOther includes P, Si, Na and K

Ti 2p spectrum of TGL-TOsoo0-800 °c is shown in Figure 48. Ti (0) is non- detected and

the dominant sub-oxide is Ti (IV).
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Figure 48: Ti 2p XPS spectrum of a) TGL-TOsoo0 °c, b) TGL-TOs00 °c, ¢) TGL-TO700 °c
and d) TGL-TOsoo °c.

O/Ti ratio of TGL-TOs00-800 °c samples is shown in Figure 49. It is observed that
increasing the temperature results in an increase of the O/Ti ratio above 500 °C which

becomes sharper at temperatures higher than 700 °C.
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Figure 49: O/Ti ratio of TGL and TGL-TOso0-800 °c Obtained by XPS.

3.4.2.2.4. Cellular adhesion on titania gel layer formed with H202/HCI followed by
thermal oxidation on polished Ti-6Al-4V

Figure 50 presents SEM micrographs of TGL-TOsoo-800 °c surfaces seeded with HOS

cells (indicated by arrows) for 24 h. The following observations can be made:

e At 500 °C, cells present a round and flatted morphologies and the attachment
is filopodia observed in Figure 50a-b.

e At 600 °C, cells present a round and flatted morphologies and the attachment
is lamellipodium observed in Figure 50c-d.

e At 700 °C, cells present a round and flatted morphologies and the attachment
is lamellipodium observed in Figure 50e-f.

e At 800 °C, cells present an elliptical and flatted morphologies the attachment is

lamellipodium and filopodia observed in Figure 50g-h.
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SEI 200KV X150 100um WD 10.8mm SEI 20.0kV  X2,000 10um WD 10.3mm

SEI 200kY X1 56 100um WD 9.9mm SEI 20.0kV  X2,000 10um WD 9.9mm

Figure 50 : SEM micrographs at low and high magnification of HOS seeded for 24 h
on a) and b) TGL-TOsoo °c, ¢) and d) TGL-TOso0 °c, €) and f) TGL-TOv7o0 °c, g) and h)
TGL-TOso0 °c.
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3.4.3. Discussion

3.4.3.1. Topography and composition of titania gel layer formed with H202/HCI
on polished Ti-6Al-4V

Pitting corrosion was obtained on Ti-6Al-4V surfaces after the treatment with H202
/HCI. This effect was described by Ferraris et al.?® in Ti-6Al-4V surface exposed to
H202 and explained that a local corrosion happened in the grain boundary between a

and B Ti, inducing B surface grain disintegration and therefore pitting corrosion.

The TGL formed on the surface of Ti-6Al-4V when it was treated with H202 /HCI
presented a porous structure on grains as shown in Figure 39a-b. According to
previous researches, the TGL formed by H20:2in acidic environments showed a porous
surface in Ti and its alloys. Shi et al. 1% reported TGL porous structures on Ti-6Al-4V
after the treatment with H202/HCI. Wang et al.*° studied the formation of TGL on CpTi
with different exposition times in 8.8 M H202/0.1 M HCl at 80 °C. They showed that the
TGL increased in thickness with a developed porosity when the exposure time in

H2O2/HCI solution increased.

The X-ray diffractogram of TGL shown in Figure 41 exhibited a Ti phase on the surface
but not the presence of TiO2 crystals. Wu et al. #3 reported a broad peak between 22
and 28 ° using thin films XRD on CpTi after treated with H202 /Ta solution at 80 °C.
They described that the peak was more likely to be an amorphous phase of TiO2. In
addition, it is shown in Figure 42 that the XPS spectrum of Ti 2p exhibited only TiOx

confirming the surface was oxidised.

HOS cells showed filopodia and lamellipodium attachment to TGL surfaces with round

cell morphology. These variations on the cell adhesion could be attributed to the mixed
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porous topography on the TGL surface. Zhu et al. 1?9 reported that porous Ti surfaces
with micron and submicron sizes induced cells to anchor to the surfaces. They also
presented a mechanism where both filopodium and lamellipodium structures were
present on porous surfaces in different stages of the cell attachments. The filopodium
was related to the sensing and adaptation of cell on the surfaces and the lamellipodium

was related to the optimal and anchorable porous surface.

3.4.3.2. Topography and composition of titania gel layer formed with H202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

Pitting corrosion was observed in Figure 44 for TGL-TOs00-700 °c Whereas a layer of
crystals was visualised on TGL-TOsoo °c. The structures of the chemically treated
surface were lost with the increase of the TO temperature, and other structures due to
the TO protruded on the surface as shown in Figure 44 and Figure 45. This similar
effect was shown by Wang et al. ° on the TGL formed with 8.8 M H202/0.1 M HCl at
80 °C for 30 min and TO at 300, 400, 600, 700 and 800 °C on CpTi. They reported that
the gel on the surfaces treated at high temperatures (700 and 800 °C) presented a

densification.

TGL-TOs00-800 °c surfaces exhibited an upward trend roughness with the increase of
temperature as observed in Table 12 as well as the TiOxlayer presented differences
after the TO at each temperature as observed in Table 13. These effects on the surface

were due to diffusion of Al, 4! diffusion of O and formation of crystals.>°

Crystals detection on TGL-TOso0-800 °c presented a Ti from the substrate and at higher

temperatures exhibited rutile crystal phase. Similar observations were found by Wang
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et al. 0 where Ti was detected in all the surfaces thermally treated and rutile in

samples thermally treated at high temperature.

TGL-TOso0-600 °c did not show TiO2 crystal phases. Kim et al. 4’ reported that TGL
obtained after treatment with NaOH and thermal treatment at 600 °C was amorphous.
The broad lines in the XRD spectrum in Figure 46 around 24, 28 and 48° as well as
the broad Raman peaks in Figure 47 at the vibrational modes of O and Ti shown that

the oxide layer formed was amorphous.

Chemical elements analysed by XPS are shown in Table 14 .The Al % and V % only
increased on TGL-TOro0 °c and TGL-TOsoo °c surfaces whereas the Al % and V % on
TGL-TOs00 °c and TGL-TOso0 °c remained closer to the TGL sample as shown in Table
11. Sun and Wang **® reported that the TGL formed with 30 w % H202 solution at 80
°C for 24 h on Ti-6Al-4V might act as a diffusion barrier from the substrate preventing
Al and V ions release from there. After this observation and the results obtained in
Table 14 it was possible to infer that the TGL in this thesis may also act as a barrier for

the Al and V diffusion specially when the samples were TO at low temperatures.

Cell adhered on TGL-TOso0-800 °c showed round and flatted morphology and mainly
lamellipodium attachment. Yang et al. 42 studied the adhesion of MC3T3-E1
osteoblast-like cells on CpTi surfaces with three different surface modifications. Cell
adhesion suggested better spreading with more microvillus and better defined stress
fibers in surfaces H202 /HCI and thermally treated than in surfaces with sandblasting
and acid etching or simple polished. This spread cellular morphology is related with

the strong interaction between cells and the surface implant.
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3.5. Conclusions

Surfaces were modified in composition, topography and roughness by thermal
oxidation and by H202/HCI treatment followed by thermal oxidation and it was observed

that:

1) TO and TGL-TO presented an upward trend roughness with the increase of
temperature. In addition, TGL-TO treated at low temperatures (500-600 °C)
exhibited a porous surface due to the H20:2 treatment.

2) TiOz2amorphous was predominant in passive TiOxlayers that became crystalline
with the increase of temperature confirmed by XRD and Raman spectroscopy.

3) O diffusion increased with increasing treatment temperature.

4) Al and V diffusion occurred in all thermally treated samples excepted in TGL-
TOs00 - 600 °c suggesting the TGL is a barrier for Al and V diffusion from the
substrate.

5) Adhesion of HOS was detected on all surfaces with some differences in the
morphology and attachment depending on the surface structures and

composition of the surface.
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Chapter 4

Charge behaviour of titanium oxide surfaces, modified by thermal oxidation
and chemically treated followed by thermal oxidation on polished Ti-6Al-4V,
involving aqueous media

4.1. Introduction

Ti surfaces at physiological pH present a net negative charge 14° that can facilitate the
adsorption of charged ions *° and biomolecules on the oxide surface when in contact
with aqueous solution %°. The adsorption of ions, present in the physiological
environment, onto the surface in many occasions induced to a hydroxyapatite layer

formation that potentially attracted bone cells and contributed with bone formation.

There will usually exist a pH at which a metallic oxide surface in aqueous solution
exhibits zero net charge; this pH is known as the isoelectric point (IEP). Below the IEP
the metallic oxide has a positive charge (-MH2*) and above the IEP the metallic oxide
has a negative charge (-MO"). In the IEP all the OH- moieties are un-dissociated °°.
The IEP of TiOx is found between pH 4-6, and this range can be related with the OH"

density and impurities 1,

When an Ti implant is inserted in the body, the first interaction of its surface is with
water due to the highly polar behaviour of TiO2 %1, Afterwards the surface interacts
with other hydrated ions %4, such as Ca?*, increasing the selective adsorption of
proteins and in the best of the cases cell adsorption and maturation can take place to
form 14°. TiO2 chemically treated with H202 and thermally oxidised presents higher

interaction with ions in aqueous solution than non-chemically treated surfaces “°.

In addition, the TiO2 amphoteric behaviour can also induce the adsorption of other

organic molecules such as charged amino acids (aspartic acid and lysine) 152153
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peptides 123154 and proteins 4147149 Several studies found that the adsorption of these
organic molecules on the surfaces is driven by electrostatic binding and therefore pH

dependent 40:152.153,

4.2. Objective

The objective of this chapter was to study the behaviour of untreated and treated Ti
surfaces involving aqueous environment and evaluated the changes in behaviour
considering the composition of the oxide layer formed during treatments, the
roughness and the pH of the environment.

4.3. Charge behaviour involving aqueous environment of native titanium oxide

from polished Ti-6Al-4V and titanium oxides formed by thermal oxidation
on polished Ti-6Al-4V

4.3.1. Specific objective

The objective of this section was to evaluate the charge behaviour of native TiOxfrom
polished Ti-6Al-4V and titanium oxides formed by thermal oxidation at 500, 600, 700

and 800 °C, in acidic, neutral and basic aqueous environment.

4.3.2. Results
Dynamic contact angle (DCA) titration and AFM force-distance measurements at pH

3, 5, 7 and 9 were performed on:

1) Native TiOx (nTiOx) on polished Ti-6Al-4V (MPT)
2) TiOxform by thermal oxidation treated for 1h in air at 500, 600, 700 and 800 °C

(TOs00-800 °C)

AFM force-distance data was processed in order to determine the out-of-contact

repulsion force (Frep), jump-to force (Far), pull-off force (Fro), and pull-off energy (Wro),

96



4.3.2.1. Charge behaviour involving aqueous environment of native titanium
oxide from polished Ti-6Al-4V

4.3.2.1.1. Contact angle titration measured on native titanium oxide from
polished Ti-6Al-4V

DCA titration at pH 3, 5, 7 and 9 was measured MPT and the advancing contact angle
(Ba) is shown in Figure 51. The MPT surface presents the highest contact angle at pH

5. At pH 3, pH 7 and pH 9, MPT surface presents a contact angle around 50 °.
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Figure 51: 62 of MPT surfaces, measured at pH 3, 5, 7 and 9.

4.3.2.1.2. AFM force-distance curves measured on native titanium oxide from
polished Ti-6Al-4V

4.3.2.1.2.1. Out-of-contact repulsion forces measured on native titanium oxide
from polished Ti-6Al-4V

A Si cantilever was used to performed AFM force measurements. Frep are measured
through the upwards deflection of the probe tip when is close to the surface of interest,

but not yet in contact.
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Frep measured at pH 3, 5, 7 and 9 on MPT surfaces are shown in Figure 52. Frep
increase with increasing solution pH. At pH 3, Frep is close to 0 N/m with the minimum

measured value. Between pH 3 and pH 9, repulsion forces increase gradually.
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Figure 52: Frep /R of MPT surface measured by AFM in aqueous solution at pH 3, 5, 7
and 9.

4.3.2.1.2.2. Jump-to force measured on native titanium oxide from polished Ti-
6Al-4V

Attractive forces are measured as the cantilever jump-to occurs, and the cantilever tip
has made contact with the surface of interest. The downwards deflection of the

cantilever as contact is made is equivalent to the jump-to force (Fur).

Fsr measured by AFM at pH 3, 5, 7 and 9 on MPT surface is shown in Figure 53. Fyr

are higher when the pH is acid compared to the other pH solutions.
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Figure 53: Fyr/ R of MPT surface measured by AFM in aqueous solution at pH 3, 5, 7
and 9.

4.3.2.1.2.3. Pull-off force measured on native titanium oxide from polished Ti-
6Al-4V

Adhesion forces between the cantilever and the surface are measured when the
cantilever is released from the surface of interest. This force is known as Fro. The Fro
measured at pH 3, 5, 7 and 9 on MPT surface is shown in Figure 54 . In acid solution,
Fro or adhesion forces are higher compared to adhesion forces at pH 9. The Fro
slightly decreases between pH 7 and pH 3 compare with the decrease between pH 7

and pH 9.
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Figure 54: Fro / R of MPT surface measured by AFM in aqueous solution at pH 3, 5,
7 and 9.

4.3.2.1.2.4. Pull-off energy measured on native titanium oxide from polished Ti-
6Al-4V

The energy necessary to release the cantilever from the surface is known as Weo.

Wpo measured at pH 3, 5, 7 and 9 on MPT surface is shown in Figure 55. The trend is
similar to Fro. At pH 3-7 Weo is higher than at pH 9 solution. Slightly decrease is shown

between pH 7 and pH 3 compared with the large decrease observed between pH 7

and pH 9.
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Figure 55: Wpo of MPT surface measured by AFM in aqueous solution at pH 3, 5, 7
and 9.

4.3.2.2. Charge behaviour involving aqueous environment of titanium oxides
formed by thermal oxidation on polished Ti-6Al-4V

4.3.2.2.1. Contact angle titration measured on titanium oxides formed by thermal
oxidation on polished Ti-6Al-4V

DCA titration at pH 3,5,7 and 9 was measured on TOs500-s800 °c and the advancing contact

angle (8a) is shown in Figure 56. Different trends are observed at each temperature:

e At 500 °C, the contact angle at pH 3 and 5 is around 46.5 °. At pH 7, slightly
decreases and at pH 9 the contact angle is roughly 43.5 °. 8a is shown in Figure
56a.

e At 600 °C, the contact angle at pH 3 and 5 is around 30 °. At pH 7, decreases
around 23 ° and at pH 9 decreases around 19 °. 8a is shown in Figure 56b.

e At700 °C, the contact angle starts around 11 ° at pH 3 and remains below 10 °

for the other pH solutions. 6ais shown in Figure 56c¢.
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e At 800 °C, the contact angle maintains below 10 ° for all the pH scale. 0a is

shown in Figure 56d.
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Figure 56: 62 at pH 3, 5, 7, and 9 on a) TOso0 °c, b) TOso0 °c, €¢) TO700 °c and d) TOsoo
.c.
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4.3.2.2.2. AFM force-distance curve measured on titanium oxides formed by
thermal oxidation on polished Ti-6Al-4V

4.3.2.2.2.1. Out-of-contact repulsion forces measured on titanium oxides
formed by thermal oxidation on polished Ti-6Al-4V

Frep measured on TOso0-800 °c are shown in Figure 57. Frep change at each pH and are

described for each temperature:

e At500 °C, Frep at pH 3 and 5 is close. At pH 7, the highest Frep is present. At pH
9, Frep slightly decreases from Frep measured at pH 7. Frep trend is shown in
Figure 57a.

e At 600 °C, the highest Frep is at pH 7. At pH 3 and 5, Frep is close. At pH 9, Frep
slightly decreases from Frep measured at pH 7. Frep trend is shown in Figure 57b.

e At700 °C, Frep at pH 3, 5 and 7 are smaller than at pH 9. Frep trend is shown in
Figure 57c.

e At 800 °C, pH 3 and 7 present the lowest Frep. At pH 5, the highest Frep is

present. Frep trend is shown in Figure 57d.
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Figure 57: Frep/ R measured by AFM in aqueous solutions at pH 3, 5, 7 and 9 on a)

TOs00°c, b) TOs00 °c, ¢) TO700°c and d) TOsoo °c.
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4.3.2.2.2.2. Jump to force measured on titanium oxides formed by thermal
oxidation on polished Ti-6Al-4V

Fir measured by AFM on TOsoo-s00 °c are shown in Figure 58. All Fsr measured values

are below 0.001 N/m. Each temperature shows a different trend:

e At 500 °C, the highest Fir is at pH 3. The lowest value is at pH 5. At pH 7 and
9, Far is close. Far trend is shown in Figure 58a.

e At 600 °C, For at pH 3 and 9 is close. At pH 5 and 7, Fir is close. Fir trend is
shown in Figure 58b

e At700 °C, Fir at pH 3, 5, and 7 present smaller values than at pH 9. Fyr trend
is shown in Figure 58c.

e At800 °C, Fsrat pH 3, 5, and 7 present smaller values than at pH 9. Fir trend

is shown in Figure 58d.
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Figure 58: Fyr/ R measurement by AFM in aqueous solution at pH 3, 5, 7 and 9 on a)
TOs00°c, b) TOs00 °c, €¢) TO700°c and d) TOsoo °c.
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4.3.2.2.2.3. Pull-off force measured on titanium oxides formed by thermal
oxidation on polished Ti-6Al-4V

Frpo measured by AFM on TOsoo-s00 °«c are shown in Figure 59. Different trends are

detected at each temperature:

e At 500 °C, Fro at pH 5 present the lowest valued. The highest Fpo is shown at
pH 7. At pH 9, Fpo slightly decreases from the Fro measured at pH 7. Fpo trend
is shown in Figure 59a.

e At 600 °C, Fpo is the same at pH 3 and 5. At pH 9, the Fpo is the highest. Fro
trend is shown in Figure 59b.

e At 700 °C, Fro at pH 3 and 7 is similar. At pH 5 and 9, Fpro value is close. Fro
trend is shown in Figure 59c.

e At800 °C, the highest and lowest Fro are measured at pH 3 and 5, respectively.

Fro trend is shown in Figure 59d.

107



0.08-] | 0.08-]
0.06 - 0.06 -
0.04 - 0.04 -
— 0.027 23x10° 0027953, 10°  23x10°° 15x10 73 45x10°°
£
Z 0.00- - 000 e e 0 . 00 BN
~ . 1 -
3 5 7 9 3 5 7 9
o
~
o c) d)
o
L 008 0.08
0.06 - 0.06
0.04 0.04

002713x10°  96x10*  12x10°  92x10* °®]22x10° 76x10*  12x10°°  16x10°°
0.00 == : —— ‘ P S
3 5 7 9 3 5 7 9
Solution pH

Figure 59: Fro / R measured by AFM in aqueous solution at pH 3, 5, 7 and 9 on a)
TOs00°c, b) TOs00 °c, ¢) TO700°c and d) TOsoo °c.
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4.3.2.2.2.4. Pull-off energy measured on titanium oxides formed by thermal
oxidation on polished Ti-6Al-4V

Wpo measured by AFM on TO s00-800 °c are shown in Figure 60. Different trends are

observed at each temperature:

e At 500 °C, the highest Weois at pH 7. The lowest Wpo is at pH 5. Weo trend is
shown in Figure 60a.

e At 600 °C, Wpo at pH 3, 5, and 7 present similar values. At pH 9, Wpo present
the highest value. Weo trend is shown in Figure 60b.

e At 700 °C, the highest and lowest Wpo is at pH 5 and pH 9, respectively. At pH
3 and 7, Weo present similar values. Weo trend is shown Figure 60c.

e At 800 °C, Weo values for all pH are below 0.15 fJ. Weo trend is shown in Figure

60d.
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Figure 60: Wpo measured by AFM in aqueous solution at pH 3, 5, 7 and 9 on on a)
TOs00°c, b) TOs00°c, €¢) TO700°c and d) TOsoo °c.
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4.3.3. Discussion

4.3.3.1. Charge behaviour involving aqueous environment of native titanium
oxide from polished Ti-6Al-4V

The difference in contact angle obtained in surfaces at pH 3, 5, 7 and 9 was due to the
change in the interfacial tension that was directly related with the intramolecular forces
bounded by the solid and the contacting liquid °3. The liquid surface tension of
unbuffered water present insignificant changes for the addition of salt concentrations
up to 1 M 155, Consequently, changes in the contact angle titration behaviour could be

attributed to the surface chemistry that interacts with the ionic content of the droplet

16,155

In Figure 51, the 6a of MPT surface shown higher contact angle at pH 5 than at other
pH solutions. This maximum could be associated with the IEP of nTiOx, as explained
by Chau and Porter that in the absence of specific absorbed ions, the maximum angle
in contact angle titration is related to the IEP . This was also confirmed by McCafferty
and Wightman that determined the IEP of Al2O03 and Cr203 as the maximum value
obtained by contact angle titration 1°6. According to the literature, the IEP of TiOx could
be found between pH 4-6 1%, It has been also reported, that the IEP of TiOx can be
influenced by the hydroxyl groups density in the crystal phases, contamination and
inclusion of ions 1%, For example the IEP of anatase powder can vary between pH 5.9
- 6.6 and for rutile powder between pH 4.7 — 6 1%, Moreover, Roessler et al. %8 found
that the surface IEP of native oxide on Ti-6Al-4V was around pH 4.4. Based on the
information above, the use of contact angle titration could be a potential method to

determine the IEP of MPT surfaces.
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The AFM force-distance curves of MPT surfaces measured with a Si cantilever
reinforce that the IEP point of the studied MPT surface can be around pH 5. The AFM
adhesion analysis was performed with a Si cantilever that typically has a native SiO2
with an IEP reported in some studies between pH 1 and 4 %8160 and in some other
studies at pH 3.9 161.162_ For example, SiO2 charge dependence of pH change and IEP
reported by Raiteri et al. > is shown in Figure 61. The lowest Frep of MPT surface
shown in Figure 52 and the highest attraction force shown in Figure 53 is at pH 3,
suggesting the cantilever was negatively charged and the MPT surface was positively
charged. For solutions with higher pH than 5 it was expected that the negative charges
of both SiO2 and nTiOx of MPT surface increased in magnitude and this was verified
with the measurement of the Frep increasing with pH (from pH 5) and reaching the
highest value at pH 9. The Frep and attractive forces was also reported by Butt using
an alumina probe and mica surface 3. In this study the Frep were detected when the
pH was above 8.1 and the attraction forces occurred below pH 8.1. because the mica
surface was negatively charged at the pH measured by Butt ( between pH 3.1 and

10.4) and the alumina probe presented the IEP at pH 8.1 162,
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Figure 61: SiOz surface charge behaviour with the pH change and it IEP. In 1 mM
KCI aqueous solution “ adapted from reference 159"

Fro on MPT surface, shown in Figure 54, presents the highest values at pH 5 and 7
but not at pH 9. These results can be explained with the fact that one of the surfaces
are more negatively charged than the other suggesting that the effect of diffuse double-
layer was involved in the interactions between the cantilever and the surface. Hence,
the reduced negative charge surface (nTiOx of the MPT) present less attraction of
water molecules than the large negative charge surface (SiO2). This allows the forces
in the aqueous interface interact generating larger adhesion forces at pH 5 and 7
compared with those at pH 9 where both surfaces were negatively charged. The
reduction of the magnitude of the surface potential when the pH was closer to the IEP
was reported by Walsh et al. 154 that experimented on surfaces and cantilever of the

same TiO2 coated material (IEP at pH 5.1) and observed that the surfaces at pH 6.5
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present negatively charged but not as large as at pH 10 where the diffuse double-layer

was large enough to repulse both surfaces.

4.3.3.2. Charge behaviour involving agueous environment of titanium oxides
formed by thermal oxidation on polished Ti-6Al-4V

Measurements of DCA and AFM force—distance curves are normally performed on
smooth surfaces 164165 In this study the roughness RMS of surfaces treated above
600 °C, measured by AFM and discussed in the previous chapter for the accuracy of
AFM in xyz directions, present values higher than 15 nm. These surfaces roughness
together with the composition variation when the temperature of oxidation increases
bring difficulties to measure the forces and surface tension using DCA and AFM force—
distance curves techniques. Regardless of these surface properties, a general

qualitative behaviour of TiOx surfaces at pH 3, 5, 7, and 9 is presented below.

Ba results of thermally oxidised samples present a decrease in contact angle when the
temperature of oxidation increases and this trend occurs for all pHs. The decrease in
contact angle can be attributed to 2 main phenomena associated to the oxidation
temperature: the increment of Al and V on the surface by the diffusion of them from the
substrate 4/, and the increment of the contact area on the surface caused by the

increased roughness 8.

Ba of TOso0 °c, Shown in Figure 56a, presents high contact angle at pH 5 suggesting
this is the IEP, whereas the literature for TiO2 expects IEP to be between 5.4 and 6 6.
The reason for the difference in IEP can be attributed to the fact that the TOso0 °c
sample has a mixture of amorphous and crystal TiO2 that can shift the IEP above pH

5.
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Frep of TOs00 «c and TOso0 °c, shown in Figure 57a and b, are low at pH 3 and 5, and
high at pH 7 and 9. This suggests both surfaces are positively charged below pH 5 and
negatively charged above pH 5. The above results were in agreement with previous
work done by MacDonald et al.  who reported that Ti-6Al-4V thermally treated at 600

°C showed Frep (negatively charged surface) between pH 6 and 8.4.

Frep Of TO700 °c, shown in Figure 57c, exhibits low Frep at pH 3, 5, and 7 and high Frep
at pH 9. The possible explanation for these results is that the surface is slightly
positively charged below pH 7 due to the presence of Al203. At pH 9, the TiO2 surface
with Al enrichment tends to be negatively charged, and this could be associated with

the fact that both IEPs of TiO2 and Al20z are below pH 9 167,

The attraction force or Far of TOso0 °c is the highest at pH 3 and the lowest at pH 5, and
at pH 7 and 9 the values are intermediate as shown in Figure 58a. The trend of the
measurements could have been expected to be similar to those in the MPT surface,
however the presence of Al203 '8in the surface alters the results. The IEP of Al20sis
around pH 9 while the TiOzis around pH 5 reducing the overall surface positive charge
with the increase of pH, but still maintaining a slight positive charge at pH 9 18, At the
same time the cantilever negative charges increase with the increment of pH and

generate an attraction force.

Fro and Wpo of TOso0 °c, show in Figure 59a and Figure 60a, exhibit large values at pH
7 and 9, suggesting the cantilever and the surface charge have a large diffuse double-
layer effect. At pH 5, Fro is the lowest and Weo is not detected. These results can be

associated with slight negatively and positively charged TiO2-Al203-V20s (IEP V20s =
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1.4 1%9) surface close to pH 5 interacting with a negatively charged SiOz2 cantilever but

with a reduced potential magnitude &.

Fro and Weo of TOeo0 °c, shown in Figure 59b and Figure 60b, display similar values at
pH 3, 5, and 7 suggesting the IEP of the sample shift from around pH 5 towards pH 7
due to the change on the sample composition. At pH 9, Fro and Wpo are the highest,
suggesting the TiO2- Al20s- V20s surface is negatively charged and therefore the

diffuse double-layer is having effect on the surface and cantilever 164,

The effect of the roughness in AFM force-distance measurements can affect the result
because of 2 reasons: on the one hand, the cantilever probe size can be smaller than
the asperities conducting an increment or decrement in the contact area, on the other
hand, the cantilever probe size could be larger than the asperities thus some areas on
the surface could be not in contact with the tip /%171, schema shown in Figure 62. For
example, this effect is observed in the study of surfaces treated at 700 °C where the
Frois similar at all pHs and at 800 °C where the Frois highest at pH 3, shown in Figure
59c and d. The detected variations of Fro suggest the results are not replicable when

surfaces are rough.

Figure 62: Schema of cantilever tip larger in size than the asperities on the surface,
and the interaction possibilities 17°.
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4.4. Charge behaviour involving aqueous environment of titania gel layer
formed with H202/HCI on polished Ti-6Al-4V and titania gel layer followed
by thermal oxidation on polished Ti-6Al-4V

4.4.1. Specific objective
The objective of this section was to evaluate the charge behaviour of titanium oxides

chemically treated on polished Ti-6Al-4V and chemically treated on polished Ti-6Al-4V
followed by thermal oxidation at 500, 600, 700 and 800 °C, in acidic, neutral and basic
agueous environment.

4.4.2. Results

Aqueous DCA titration and AFM force-distance curves, out-of-contact Frep, Fit, Fro

and Wpo measured at pH 3, 5, 7 and 9 were performed on:

1) Titania gel layer prepared via 8.8 M H202/0.1 M HCl at 80 °C for 30 min (TGL)
2) Titania gel layer followed by thermal oxidation at 500, 600, 700 and 800 °C

(TGL-TOs00-800 °C)

4.4.2.1. Charge behaviour involving agueous environment of titania gel layer
formed with H202/HCI on polished Ti-6Al-4V

4.4.2.1.1. Contact angle titration measured on titania gel layer formed with
H202/HCI on polished Ti-6Al-4V

DCA titration at pH 3, 5, 7 and 9 on TGL was measured and the advancing contact
angle (0a) is shown in Figure 63. At pH 3, the highest contact angle is measured on
TGL surfaces around 21 °. Contact angle decreases between pH 3 and 7 and then

slightly increases at pH 9.
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Figure 63: Ba measured at pH 3, 5, 7 and 9 on TGL surfaces.

4.4.2.1.2. AFM force-distance curves measured on titania gel layer formed with
H202/HCI on polished Ti-6Al-4V

4.4.2.1.2.1. Out-of-contact repulsion forces measured on titania gel layer
formed with H202/HCI on polished Ti-6Al-4V

Frep measured at pH 3, 5, 7 and 9 by AFM on TGL surfaces are shown in Figure 64.

The tendency of Frep is to increase when the pH become alkaline.
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Figure 64: Frep/ R measured by AFM in aqueous solution at pH 3, 5, 7 and 9 on TGL
surfaces.

4.4.2.1.2.2. Jump to force measured on titania gel layer fromed with H202/HCI
on polished Ti-6Al-4V

Fut or attraction force measured at pH 3, 5, 7, and 9 by AFM on TGL surfaces is shown

in Figure 65. The highest Fur is observed at pH 9 and the lowest Fur is measured at pH

5.
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Figure 65: Fy1 / R measured by AFM in aqueous solution at pH 3, 5, 7 and 9 on TGL
surfaces.
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4.4.2.1.2.3. Pull-off force measured on titania gel layer fromed with H202/HCI on
polished Ti-6Al-4V

Fpo measured at pH 3, 5, 7 and 9 by AFM on TGL surfaces are shown in Figure 66.

Higher values of Fpo are present at pH 3 and 9 compared to the measured Fpo at pH

5and 7.
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Figure 66: Fro/ R measured by AFM in aqueous solution at pH 3, 5, 7 and 9 on TGL
surfaces.

4.4.2.1.2.4. Pull-off energy measured on titania gel layer fromed with H202/HCI
on polished Ti-6Al-4V

Wpo measured at pH 3, 5, 7, and 9 By AFM on TGL surfaces are shown in Figure 67.

Wpo maintains low values in acid and neutral pH, and slightly increases its value at pH

9.
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Figure 67: Wpo measured by AFM in aqueous solution at pH 3, 5, 7 and 9 on TGL
surfaces.

4.4.2.2. Charge behaviour involving aqueous environment of titania gel layer
formed with H202/HCI followed by thermal oxidation on polished Ti-6Al-
4v

4.4.2.2.1. Contact angle titration measured on titania gel layer formed with
H202/HCI followed by thermal oxidation on polished Ti-6Al-4V

DCA titration at pH 3,5, 7 and 9 was measured on TGL-TOs00-800 °c and advancing
contact angle (8a) is shown in Figure 68. Different trends are observed at each

temperature:

e At 500 °C, the highest contact angle is found at pH 7 with a measured value of
38 °. Contact angle increases between pH 3 and pH 7. At pH 9, the contact
angle slightly decreases. 0a is shown in Figure 68a.

e At 600 °C, the contact angle increases between pH 3 and 5 and maintains
similar values between pH 5 and pH 9. Contact angle is between 16 and 20 °.

Ba is shown in Figure 68b.
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e At 700 °C, the highest contact angle is at pH 5 with a measured value of 16 °.
On the other hand, the lowest contact angle is at pH 7 with a measured value
of 9 °. At pH 3 and 9, contact angle measured values are close to the highest
measured value. 8a is shown in Figure 68c.

e At 800 °C, contact angle behaves in a similar way across the pH scale, from
acid to alkaline. At pH 3, 5 and 9, measured contact angle is between 3.4° and
3.8 °. Except at pH 7 where the contact angle decreases in 1 °. 6a is shown in

Figure 68d.
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Figure 68: 62 at pH 3, 5, 7, and 9 on a) TGL-TOs00°c, b) TGL-TOs00 °c, ¢) TGL-TO700°c
and d) TGL-TOsoo °c.
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4.4.2.2.2. AFM force — distance curves measured on titania gel layer formed with
H202/HCI followed by thermal oxidation on polished Ti-6Al-4V

4.4.2.2.2.1. Out-of-contact repulsion force measured on titania gel layer formed
with H202/HCI followed by thermal oxidation on polished Ti-6Al-4V

Frep measured by AFM on TGL-TOso0-s00 °.c are shown in Figure 69. Similar Frep trends
are observed after thermally treated at 500 °C and 600 °C. Samples are described at

each temperature:

e At 500 °C, Frep at pH 3, 5 and 7 is smaller than at pH 9. Frep trend is shown in

Figure 69a.

e At 600 °C, Frep at pH 3, 5 and 7 is smaller than at pH 9. Frep trend is shown in

Figure 69b.

e At 700 °C, the highest Frep is at pH 9. On the other hand, the lowest Frep is at pH

3. Frep at pH 5 is higher than Frep at pH 7. Frep trend is shown in Figure 69c.

e At 800 °C, Frep increases when pH becomes alkaline. Frep trend is shown in

Figure 69d.
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Figure 69: Frep /R measured by AFM in aqueous solution pH at 3, 5, 7 and 9 on a)
TGL-TOs00 °c, b) TGL-TOe00 °c, ¢) TGL-TO700°c and d) TGL-TOsoo °c.
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4.4.2.2.2.2. Jump to force measured on titania gel layer formed with H202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

Fsr samples measured by AFM on TGL-TOso0-800 °«c are shown in Figure 70. It is
possible to observe similar trends in one side at 500 and 600 °C and in the other side

at 700 °C and 800 °C. Samples are described at each temperature:

e At500 °C, the highest Fyris at pH 5. Fyr at pH 3, 7 and 9 is similar. Far trend is

shown in Figure 70a.

e At 600 °C, the highest Fyr is at pH 5. The lowest Fyr is at pH 3. Fur trend is

shown in Figure 70b.

e At 700 °C, Fyr is higher above neutral pH than acid pH. Fsr trend is shown in

Figure 70c.

e At 800 °C, Fur is similar at pH 3 and 5. At pH 7 and 9, Fsris higher than

mentioned pH and similar in value. Fyr trend is shown in Figure 70d.
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Figure 70: Fyt / R measured by AFM in aqueous solution pH at 3, 5, 7 and 9 on a)
TGL-TOs00 °c, b) TGL-TOs00 °c, ¢) TGL-TO700°c and d) TGL-TOsoo °c.
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4.4.2.2.2.3. Pull-off force measured on titania gel layer formed with H202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

Frpo measured by AFM on TGL-TOsoo0-800 °c are shown in Figure 71. Samples are

described at each temperature:

e At 500 °C, the highest Fpo is at pH 5. At pH 9, the lowest Fpro is detected. Fro
trend is shown in Figure 71a.

e At 600 °C, the highest Fpo is at pH 5. At pH 7, the lowest Fro is detected. Fro
trend is shown in Figure 71b.

e At 700 °C, the highest Fro is at pH 3. At pH 5 and 7, Fro decreases. At pH 9,
Fro increases. Fpo trend is shown in Figure 71c.

e At 800 °C, the highest Fpo is at pH 3. At pH 5 and 7, Fpo slightly decreases. At
pH 9, Fro remains equal to the one measured in neutral pH. Fro trend is shown

in Figure 71d.
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Figure 71: Fro/ R measured by AFM in aqueous solution pH at 3, 5, 7 and 9 on a)
TGL-TOs00 °c, b) TGL-TOe00 °c, ¢) TGL-TO700°c and d) TGL-TOsoo °c.
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4.4.2.2.2.4. Pull-off energy measured on titania gel layer formed withH202/HCI
followed by thermal oxidation on polished Ti-6Al-4V

Wpo measured by AFM on TGL-TOso00-800 °c are shown in Figure 72. Different trends

are observed at each temperature:

e At500 °C, the highest Weo is at pH 5. Wpo trend is shown in Figure 72a.

e At 600 °C, the highest Wpo is at pH 5. Wpo trend is shown in Figure 72b

e At 700 °C, the highest Wpo is at pH 3. At pH 5, 7 and 9, Weo slightly decreases.
Weo trend is shown in Figure 72c.

e At800 °C, Wpo at pH 7, present the lowest value. Wpo trend is shown in Figure

72d.
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Figure 72: Wpo measured by AFM in aqueous solution pH at 3, 5, 7 and 9 on a) TGL-
TOs00°c, b) TGL-TOs00 °c, ¢) TGL-TO700°c and d) TGL-TOsoo °c.
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4.4.3. Discussion

4.4.3.1. Charge behaviour involving aqueous environment of titania gel layer
formed with H202/HCI on polished Ti-6Al-4V

Ba of TGL, shown in Figure 63, exhibited a range of contact angle for all pH between
14 -21 ° compared to the measured range of MPT surface of 49-61 °. These results
were also observed by McDonald et al. 4 and Takemoto et al. 1’2 where they confirmed
that samples treated with H202 presented lower contact angle than the sample before
exposure to H202. This difference in 8a between TGL and MPT surfaces could be
attributed to the titania gel composition and topography that includes pitting corrosion,
porosity 4%, and etched structures.

4.4.3.2. Charge behaviour involving aqueous environment of titania gel layer

formed by H202/HCI followed by thermal oxidation on polished Ti-6Al-
4V

TGL-TOs00-800 °c present different topography and in some cases combination of pitting
corrosion, porous surfaces and crystal type structures. When MPT surfaces are H20:2
and thermally treated, the surface presented an increased roughness 4748, At the same
time, the composition of the surface varied with the temperature presenting in
proportions Ti-peroxide complexes 4752110 TiO2 phases #°, and Al20s3 3. These
changes of composition and topography on the surfaces increased the difficulty to
analyse them at atomic level caused by the heterogeneity of the sample and the high
asperity. Despite of this difficulty, the surfaces treated with H202 and thermally oxidised
were widely studied because of their bioactivity 4342174175 The bioactivity of these
surfaces was linked to their behaviour in aqueous solution at physiological pH because
the surface negative charges favour the interaction with proteins 9. In addition, the
TiOH groups on the surfaces increase the adsorption of Ca and P for further nucleation

of apatite 17°.
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The contact angle of TGL-TOsoo °.c surfaces were higher than the measured for TGL
samples in all the measured pHs, even when the thermally treated surface presented
a higher average roughness (Ra) than TGL samples (shown in Chapter 3). To explain
this behaviour, it is necessary first to understand the formation and composition of the
TGL surface and its surface composition changes with thermal treatment. The surface
composition has Ti-H202 complexes such as Ti-superoxide, TiO2" , Ti-peroxide, TiO2
172,176,177 The chemical treatment of the surface with H202 leads to the formation of
titania gel layer with components such as TiIOOH (aq), TiO3 (ag) and TiO2 @q) 1’°. The
chemical reactions and final components on Ti surfaces after the reaction with H20:2

are described by Osaka et al. 17> and Tengvall and Lundstrém 0 as follows:

. . 1
Tl(s) + ZHZOZ i TlOOH(aq) +§ 02 @) + H30+

1
TiOOH + 5 05 (g) + H30* = Ti(OH),

Ti(OH)4 = TiOy (q4q) + 2 H,0
Ti(OH), - Ti (OH)4t,, + nOH™

TiOy (aqy + 4H* = Ti(IV) (aq) + 2H,0

Ti(IV)(aq) + H20; = Ti(IV)0,(0H)S P + nH*

n—2

The Ti-complexes slowly form polynuclear cations and anions obtaining a final
precipitation of peroxotitanium hydrate (Ti(I1V)03(H,0), with x = 1, 2 or TiO3 (ag). The

peroxotitanium hydrate is suggested to form a p-bridge (Ti-O-Ti) and consist of Ti2Os
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110.175 Osaka et al. 17° detected the presence of -O-O- (related with the peroxotitanium
hydrate species) on Ti treated with H2O2 samples by FT-IR at 890 cm. These samples
were thermally treated at 400 °C afterwards and the absence of the previously
measured peak at 890 cm suggested the -O-O- groups were eliminated by the
thermal treatment. The elimination of the Ti-complexes together with the surface
composition after thermal treatment could be the explanation of the differences in the
contact angle between TGL and TGL-TOsoo °.c observed in Figure 63 and Figure 68a,

respectively.

4.5. Conclusions
MPT, TOso00- 800 °c, TGL, TGL- TOs00- 800 °c surfaces present different behaviour with the

pH change and are described as follows:

1) The IEP of MPT surface was estimated around pH 5 by contact angle titration.

2) Frep and Fur results suggested that MPT surface was positively charged in
agueous solution below pH 5 and negatively charged above pH 5.

3) The differences on Fpo result measured on MPT surfaces shown, that the
reduction in magnitude when the pH was close to the IEP of the study surface
increase the adhesion forces with the strong negatively charged cantilever.

4) The IEP of TOsoo-c could be around pH 5.

5) TOso00 °«c was observed to be positively charged below pH 5 and negatively
charged above pH 5.

6) Surface hydrophilicity increased with the increment of the thermal oxidation
temperature suggesting roughness, topography and composition modifications

are associated with changes on the contact angle.
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7) Al203presence on TOsoo °c could explain the behaviour of Fro and Weo at pH 5,
7 and 9.

8) It was observed that the IEP of the TOso00 °.c was shift towards pH 7 for results
obtained in the Fro curve.

9) Heterogenous samples that present RMS roughness higher than 15 nm showed
not clear trends or measurements by DCA and AFM force distance curves.

10) TGL-TOso0o °c presented higher contact angle than TGL samples. This
difference can be attributed the Ti- H202 complexes elimination with the thermal

treatment.
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Chapter 5

Adsorption of peptides in agueous environment on titanium oxides surfaces
obtained by thermal oxidation and chemical treatment followed by thermal
oxidation on polished Ti-6Al-4V

5.1. Introduction

TiOx presents a negatively net charged surface at physiological pH that induces
adsorption of ions and/or of biomolecules that present positive charges in the
physiological environment 4%, In particular, the existence of amine and carboxyl
available functional groups, present in amino acids (aa) and peptides are associated
to the electrostatic interaction with TiO2 23, Two studies have been shown the
adsorption of aa with available amine moieties in lysine (K) and available carboxyl
moieties in aspartic acid (D) on TiO2. Gertler et al. 12 studied the presence of
electrostatic behaviour that led to the adsorption of the peptide sequence K-Gs-K,
where G is glycine, on anatase and rutile (10 um particles) at pH 7.4. Roddick-
Lanzilotta and McQuillan studied the adsorption increase of aspartic acid (D), that
contains carboxyl groups, on TiOz2 particle films when the pH favours the electrostatic

interaction 152

Peptide with anionionic and cationic charge presents also an electrostatic adsorption
on TiO24%. RKLPDA (minTBP-1) peptide presents proline (P) that is a structural aa that
confers a trans-cis isomerization behaviour to the peptide and as result both terminals
of the peptide can interact with the target material *°. The peptide exhibit charged aa
in arginine (R), K and D combining positive and negative charges but with an overall
positive charge at pH 7.4. It was shown by Sano and Shiba that the minTBP-1 interacts
electrostatically strongly with TiO2. The suggested mechanism of minTBP-1 adsorption

on TiO2 by Sano and Shiba is shown in Figure 73. The positively charged R in the first
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position of the peptide sequence is a Lewis base that absorbed on the -Ti-O and the
negatively charged D in the fifth position of the peptide sequence is a Lewis acid that

absorbed on the Ti-OH2* 40,

Figure 73: Interaction model of minTBP-1 with TiO2 suggested by Sano and Shiba 4.

This peptide aptamer (minTBP-1) that binds to TiO2z inorganic material is of general
use to link biomolecules on Ti surfaces because this biding mechanism does not seem
to functionally affect biomolecules. Some examples of biomolecules adsorbed on TiO2
using minTBP-1 as the binding interface are ferritin 25, bone morphogenetic protein-2
(BMP-2) 178 and RGD . It has been shown in these studies that after the adsorption

on TiO2 surfaces the biomolecules maintain their activity unaffected 3125178,

The peptide aptamer used in our study is the minTBP-1 modified in the first aa. As
result KKLPDA peptide aptamer was obtained and was linked to a polyglutamic motif
Es that works as a nucleating agent of apatite 3%17°. Both the organic peptide aptamer
and TiOz surface are pH responsive and an electrostatic adsorption of the peptides

onto the surface is expected.
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5.2.  Objectives

The objectives of this chapter were first to evaluate the adsorption of 5-FAM-
KKLPDAKKLPDAEEEEEEEE peptide on modified titanium oxides surfaces by
polished and thermal oxidation of Ti-6Al-4V, and titania gel layers formed by H202/HCI
and H202/HCI followed by thermal oxidation. The second objective was to identify the
surface that presented the optimal peptide adsorption for further experiments. And the
third objective was to identify the coating time at which the peptide adsorbed optimally

on the surface.

5.3. Adsorption of peptides on native titanium oxide from polished Ti-6Al-4V
and titanium oxides formed by thermal oxidation on polished Ti-6Al-4V

5.3.1. Specific objective

In this section, the objective was to evaluate the adsorption of the peptide sequence
5-FAM- KKLPDAKKLPDAEEEEEEEE on titanium oxide surfaces obtained by polished

and thermal oxidation of Ti-6Al-4V.

5.3.2. Results

Titanium samples were immersed in phosphate buffered saline (PBS) at pH 4 (close
to the IEP of the peptide sequence) with 10 pM of 5-FAM-
KKLPDAKKLPDAEEEEEEEE (Ti-HA-pep) for 3 hours. Fluorescence dye (5-FAM)
added to the peptide sequence as another aa was used to track and quantify the
intensity of the absorbed peptide Ti-HA-pep on surfaces by fluorescence microscopy.
Intensities were measured from fluorescence micrographs which were taken before

and after the dip coating on the interested surfaces.
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Intensity results for native TiOx polished Ti-6Al-4V (MPT) and thermally oxidised
polished Ti-6Al-4V at 500, 600, 700 and 800 °C (TOso0-s00 °c), uncoated (luncoated) and

peptide coated (lcoated), are shown in Table 15.

Table 15: Intensity measured on fluorescence micrographs of uncoated and peptide
coated on MPT and TOsoo-800 °c surfaces.
MTP TOs00°c  TOeo0°c  TO700°c  TOso0°c

luncoated (a.U.) 15+1 16+1 15+1 151 15+1
lcoated (a.U.) 231 33+1 28+1 2312 3242

The fluorescence intensity of the uncoated surface is subtracted from the intensity
emitted by the peptide coated surface resulting in the final intensity (Ifinal), Shown in Eq.

6.

Ifinal = lcoatea — luncoated Eq. 6

Where: Iinal = Final fluorescence intensity (a.u.)
lcoated = FluOrescence intensity of peptide coated surfaces

luncoated = Fluorescence intensity of uncoated peptides surfaces

linar calculated from data in Table 15 and Eq. 6 are shown in Figure 74. The MPT
surface presents the lowest intensity emitted by the peptide coating. TOso00-800 °c and
samples present higher intensity compared with MPT surfaces. Between 500 °C and
700 °C, peptide intensity decreases followed by an increase in the intensity measured

on samples treated at 800 °C.
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The MPT and TOs00-800 °c surfaces were not covered totally by peptides and therefore
measured intensities present low values. A fluorescence micrograph of TOsoo °c

surface that present the surfaces with highest intensity is shown in Figure 75. Emitted
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fluorescence is observed in the circled areas.

Figure 75: Fluorescence micrograph of TOsoo °c peptide coated.
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5.3.3. Discussion

In Chapter 4 it was shown that the TiO2 surfaces exposed to a cantilever of SiO2
presented a large attraction force where both materials presented an opposite charge
which was above the isoelectric point IEP of SiO2 (pH < 3) and below the IEP of TiO2

(pH = 5). This observation was in agreement with the zeta potential measurements

exhibited by Attard et al. ¢ shown in Figure 76.
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Figure 76: Zeta potential in 10 mM monovalent electrolyte solution of TiO2 and SiOz,
“Schema modified from reference %°”.

The peptide/surface interaction can present a similar behaviour as the SiO2 / TiO2
(cantilever/surface) and therefore it was expected that the attraction interaction of Ti-
HA-pep on the TiO2 was large in a pH where both (surface and peptide) presented an
opposite charge. To achieve such an opposite charge, a pH between the IEP of TiO2

surface and the IEP of Ti-HA-pep was selected. The charge of Ti-HA-pep with the
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change of the pH and IEP is shown in Figure 77 18°,
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Figure 77: Net charge of Ti-HA-pep with the pH change 1.

In Figure 74, the MPT surface had the lowest lsinal indicating the lowest adsorption of
Ti-HA-pep on the surface. The difference in intensities associated with the adsorption
of Ti-HA-pep between the MPT and the thermally treated samples could be attributed
to the change in composition and topography of the surface (discussed in Chapter 3)
and the possible slight increase of their IEPs (discussed in Chapter 4). Table 16 shows
how the observations of the surface in Chapters 3 and 4 could affect the adsorption of

the peptides.
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Table 16: Observation methods used in Chapter 3 and Chapter 4 and how each
method can support the assessment of the adsorption of the peptide on TiOx surfaces

Observation Observation Interpretation and
method assessment
XPS Increase of Al203 and V205 on the Changes on the
surfaces thermally treated. surface  composition
increase surface
heterogeneity and
influence IEP
XRD Combination of amorphous and TiO2 Changes on the
crystals surface phases affect
the IEP
AFM, Rough surfaces and surface tension Changes on the
interferometry and topography affect the
contact angle anchoring points of the
surface
AFM distance force Areas of the studied surfaces Surface charges in
curves present higher attraction forces than aqueous environment
other areas of the same surface shows heterogeneity

that affects the IEP
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5.4.

5.4.1.

Adsorption of peptides on titania gel layer formed by H202/HCI and titania
gel layer thermally oxidised on polished Ti-6Al-4V

Specific objectives

The objectives of this section were:

1)

2)

3)

5.4.2.

Evaluated the adsorption of the peptide sequence 5-FAM-
KKLPDAKKLPDAEEEEEEEE on titania gel layer surfaces formed by H202/HCI
and titania gel layer thermally oxidised on polished Ti-6Al-4V.

Identified the surface with higher peptide adsorption

Assessed optimal coating time to obtain a higher adsorption of the peptides on

TiOx surfaces

Results

5.4.2.1. Adsorption of peptides on titania gel layer formed by H202/HCI and

titania gel layer thermally oxidised on polished Ti-6Al-4V

Titania gel layer (TGL) and TGL followed by thermal oxidation at 500, 600, 700 and

800 °C (TGL-TOs00-800 °.c) samples were immersed in PBS at pH 4 with 10 uM of Ti-

HA-pep for 3 h. Intensities were measured from fluorescence micrographs which were

taken before and after the dip coating on the interested surfaces. The surface that

presented the highest intensity was then exposed at different coating times to assess

later on which sample presented the highest peptide adsorption. Fluorescence

intensity of TGL and TGL-TOso0-s00 °.c uncoated and peptide coated are shown in Table

17.
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Table 17: Intensity measured on fluorescence micrographs of uncoated and peptide
coated on TGL and TGL-TOs00- 800 °c.

TGL TGL-TOs00°c  TGL-TOe00°c TGL-TO700°c TGL-TOso0°c

Iuncoated
(a.u.) 1441 1441 1441 1611 161
Icoated
(a.u.) 281114 625130 58315 739 301

lfinar calculated from data in Table 17 and Eq. 6 are shown in Figure 78. Intensity
measured on TGL surface presents higher intensity than TGL-TOroo0-800 °c. The highest

intensity is presented on TGL-TOso0 °c followed by the intensity measured on TGL-

TOs00 °C.
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Figure 78: /finar values from luncoated and lcoatea fluorescence intensity data of TGL and
TGL-TOs00-800 °c surfaces.
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TGL, TGL-TOs00 °«c and TGL-TOso0 °c surfaces present a peptide coating that covers
the entire area of the surface. A fluorescence micrograph of TGL-TOsoo0 °c presents

the surfaces with highest intensity and it is shown in Figure 79.

Figure 79: Fluorescence micrograph of TGL-TOsoo °c peptide coated.

5.4.2.2. Adsorption of peptides at different coating times on titania gel layer
formed by H202/HCI followed by thermal oxidation at 500 °C

TGL-TOs00 °«c was dip coated in PBS with 10 uM Ti-HA-pep at pH 4 for 1, 3, 6, 9 and

12 hours. Uncoated and peptide coated intensities are shown in Table 18.

Table 18: Intensity measured on fluorescence micrographs of uncoated and peptide
coated for 1, 3,6, 9, 12 h on TGL-TOs00 °c.

luncoated (a.u.) lcoated (a.u.)
Coatingtime Oh 1lh 3h 6 h 9h 12 h
14+1 635410 552+17 56416 598+4 216+12
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Ifinar calculated from data in Table 18 and Eq. 6 are shown in Figure 80. Intensities
between 1 h and 9 h present higher values than those at 12 h. The highest intensity is

observed when the sample was immersed in the solution for 1 h.
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Figure 80 : /finas values from luncoated @and lcoatea fluorescence intensity data of TGL-
TOs00°c for 1, 3, 6,9 and 12 h.
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5.4.3. Discussion
In Figure 78 it is possible to visualise how the fluorescence intensity increased between

TGL and TGL-TOso0 °c surfaces. This increment could be related with the composition
of the TGL after the thermal treatment (already discussed in previous Chapter 4) and
could indicate that TGL thermally treated surfaces interacted with greater affinity for
ions or charged molecules in solution than non-thermally treated TGL. Similar results
were obtained by studies that form apatite on treated titanium surfaces from simulated
body fluid (SBF) 44181 strongly related with the adsorption of Ca 2* and PO4 % ions on
TiO2. In the study performed by Ohtsuki et al. '8, TGL surfaces were immersed in SBF
for 14 days and did not detect any apatite formation. However, in the studies
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performed by Osaka et al. 1’ and Wang et al. 8, the TGL treated surface following by

thermal treatment induced apatite formation after 1 day in SBF.

In the same Figure 78, TGL-TO7o00 :.c and TGL-TOsoo °.c presented a decrease in the
fluorescence intensity. This decrease could be associated with two possibilities that
are linked with the increase of the oxidation temperature: the first one is the increase
of Al203 on surfaces (already discussed in Chapter 3 and Chapter 4) that can interfere
in the changes of the electrostatic behaviour of the surface and the second one is the
possible reduction in number of the Ti-OH groups on the surface #3. The reduction of
the negative charges was exhibited in Chapter 4 where the pull of force (Fro) of TGL-
TOs00-800 °c measured at pH 5 presented a decrease with the thermal oxidation
temperature increase, shown in Figure 81.This indicates that the Fpo necessary to pull
the cantilever out of the surface is larger when the surface was treated at 500 and 600
°C that could be attributed to the large density of the negative charges at pH 5 than at

700 and 800 °C.
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Figure 81: Fro/ R of TGL-TOs00-800 °c measured at pH 5.

The surface with the highest fluorescence intensity was TGL-TOso00 °c and therefore
was the surface selected for further experiment. The TGL-TOs00 °c was exposed to the
Ti-HA-pep at different times of immersion, shown in Figure 80. It was observed that 1
h of immersion was enough to have a maximum fluorescence intensity (high Ti-HA-
pep adsorption) and it was also observed that after 12 h of immersion the fluorescence
intensity decreased. It could be expected that once the peptide or adsorbed molecule
(protein) reaches the maximum adsorption level on TiO2, then this level was
maintained with the increase of immersion time. However, the results showed a
decrease in fluorescence intensity after 12 h of immersion. This effect can be attributed
to the adsorption of peptides between them due to the charges interactions creating a
multilayer coating on the surface. The decrease of intensity can also be attributed to
the orientation of the adsorbed peptides on the surface because the orientation of the

adsorbed peptides after certain time can change between the “end-on” to the “side-on”
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as is shown in Figure 82 %3, It has been reported that the orientation of adsorbed
proteins on solid surface can change from “end-on” to “side-on” 53183184 For example
Daly et al. 8 reported that the configuration “side-on” of the absorbed proteins can be
due to the attraction of the fluorophore to a negative side of the surface, leading to a
protonation of the fluorophore (pH-dependent) resulting in a reduction of the
fluorescence emission intensity. Another example of the protein orientation change on
solid surfaces between the “end-on” to “side-on” is the reported by Wertz et al. 18 who
suggest that the proteins adsorbed on the “end-on” can be lost and the “side-on”
configuration can take place because of their stronger binging to the surface than the
“‘end-on”. In addition, the “end-on” configuration was suggested to require 1.5 times
more space than the “end-on” and therefore expected a reduction in the amount of
proteins on the surface. The combination of orientation change and reduction in the
amount of proteins (behaviour that could be extrapolated to peptides) with time could

explain the measured decrease in the fluorescence intensity after 12 hours.

*0 Daly et al.

"‘Ill : _
"end-on" 0
Wertz et al.

"side-on"
v

"&M@:

Time

Figure 82: Protein adsorption in solid surfaces and possible configuration change of
the adsorbed protein with time, explained by Daly et al.18 and Wertz et al. 18
“adapted from reference 53 ”.
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5.5. Conclusions

Surface peptide coating was fluorescence tracked after dip coating in PBS at pH 4
procedure that contain the Ti-HA-pep labelled with the fluorophore (5-FAM) and it was

found that:

1) Native TiOx present the lowest fluorescence intensity for all treated samples
that can be linked to the composition of the surface and the close IEP to pH 4.

2) TGL-TOso0°c present the highest fluorescence intensity for 1 hour that can be
associated to the titania gel composition.

3) The increment of oxidation temperature decreased the fluorescence intensity
of the peptides on the surfaces that can be related to the Al2Os presence and

Ti-OH reduction.
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Chapter 6

Presence of peptides on titania gel layer formed by H202/HCI followed by
thermal oxidation at 500 °C on polished Ti-6Al-4V

6.1. Introduction

The peptide used for this coating has two specific motifs, the first one binds to TiO2
surface (peptide sequence / Ti-pep), and the second one nucleates hydroxyapatite
(HA) 38179 (functional peptide / HA-pep), shown in Figure 83. In addition, the peptide

sequence includes a fluorophore (5-FAM) used for monitoring the peptide.

5-FAM

Fluorophore TiO, motif HA motif
dye

Figure 83: Ti-HA-pep with motif targets materials.

The Ti-pep motif binds to TiO2 surface electrostatically between the charged aa and
the charged surface in agueous environment (discussed in Chapter 5). The HA-pep
motif, functional peptide, plays a role in the formation of HA due to the presence of E
aa 18 suggesting that the carboxyl groups (COOH) present on E lead to the adsorption
of Ca?* at physiological pH as the moieties are deprotonated presenting COO- %, This
is in agreement with the study reported by Tanahashi and Matsuda ¢ who showed that
the self-assembled monolayers (SAMs) of alkanethiols with COOH moieties (COOH
SAM) surfaces when exposed to SBF at pH 7.4 presented negatively charged surfaces

that induced the adsorption of Ca?* and PO4%, and the formation of HA.
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The presence of the coating on the surface could be identified via the analysis of
chemical differences in the surface by XPS, and via the changes of charge density due
to acid and basic aa on the sequence (K, D and E) by DCA titration and AFM force-
distance curves. The charge density changes were also studied by Gao et al. 1 in
hydrophilic polymer brushes conjugated with antimicrobial peptides (AMPs), which
presented different ionic aa in the peptide sequence. They reported that the contact
angle and adhesion forces changed with the aa ionic sequence composition (chemical

properties) of the AMPs.

6.2. Objective

The objective of this chapter was to evaluate the peptide coating presence in titania
gel layer formed by H202/HCI and thermally oxidised at 500 °C surfaces by measuring
the difference in chemical composition and surface charge against the uncoated

surfaces.

6.3. Results
Titania gel layer followed by thermal oxidation at 500 °C (TGL-TOse0 °c) and dip coated

TGL-TOs00°c in PBS at pH 4 with 10 uM of Ti-HA-pep for 1 hour (TGL-TOsoo °c-pep)
were analysed and compared by XPS, contact angle and AFM to assess the changes
or differences between the peptide uncoated and coated surfaces.

6.3.1. Chemical composition of titania gel surfaces treated at 500 °C coated and
uncoated with titanium- hydroxyapatite peptide sequence

Chemical composition of TGL-TOso0 :.c and TGL-TOsoo °c-pep measured by XPS is
shown in Table 19. C and N are elements found in the chemical structure of peptides
and both chemical elements are present on peptide coated samples. Content of C and
N are observed in TGL-TOsoo :c surfaces but in less percentage compared to TGL-
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TOs00 °c-pep surfaces. On other hand, the percentage of O, V, Ti and Al decreases on

TGL-TOs00 °c-pep.

Table 19: Chemical composition of TGL-TOsoo .c and TGL-TOsoo c-pep surfaces
measured by XPS.

Sample 0% V% C% Ti% N% Al%  *Other%
TGL-TOs00°c 52.7 0.4 19.9 20.6 1.0 3.8 1.6
TGL-TOs00°c-pep 46.0 0.3 29.2 16.1 3.8 2.9 1.7

*QOther includes P, Si, Na and K

6.3.2. Contact angle titration of titania gel surfaces treated at 500 °C coated and
uncoated with titanium- hydroxyapatite peptide sequence

Advancing contact angle (8a) using unbuffered aqueous solution at pH 3, 5, 7 and 9
measured on TGL-TOso00°c and TGL-TOso0 °c-pep is shown in Figure 84. TGL-TOso0 °c-
pep samples present lower advancing contact angle than TGL-TOsoo .c samples.
Contact angle measured values for TGL-TOso0 °.c and TGL-TOso0 °c-pep are around 30
and 38 °. At pH 3, 84 difference between TGL-TOso0°c and TGL-TOso0 °c-pep is around
2.5 °. At pH 5, 6a difference between TGL-TOso0 °c and TGL-TOso0 °c-pep is the lowest
from all the analysed pH and is around 0.3 °. At pH 7, Ba difference between TGL-TOsoo0
-.c and TGL-TOsoo °c-pep is the largest one from all the analysed pH with around 4 °. At

pH 9, Ba difference between TGL-TOso00°c and TGL-TOsoo c-pep is around 1 °.
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Figure 84: 8a measured at pH 3,5, 7 and 9 on TGL-TOs00 °c and TGL-TOs00 - -
pep surfaces.

Receding contact angle (6r) at pH 3, 5, 7 and 9 measured on TGL-TOso00°c and TGL-
TOs00 °c-pep is shown in Figure 85. 8r measured values are around 9 and 22.5 °. O for
TGL-TOs00 °c-pep are in general higher than TGL-TOso0 °«c with an exception at pH 7.
The largest difference in 6 between TGL-TOso0 °c-pep and TGL-TOsoo °c is exhibited at
pH 3 with around 10 °. At pH 5 and 9, 6: differences between TGL-TOso00 °c and TGL-
TOs00 °c-pep are around 6 and 1.5 °, respectively. At pH 7, measured values of 6 for

TGL-TOs00 °c and TGL-TOsoo °c-pep are very close.
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Figure 85: 8r measured at pH 3,5, 7 and 9 of TGL-TOso00 °.c and TGL-TOso0 °c-
pep surfaces.

The contact angle hysteresis (A8) for TGL-TOso00 °.c and TGL-TOso0 °c-pep surfaces are
shown in Figure 86. TGL-TOs00 °c surfaces exhibit larger hysteresis than TGL-TOsoo °c-
pep surfaces at all other pH solutions. TGL-TOso0 -c-pep hysteresis trend increases
when pH becomes neutral. Between pH 3 and pH 5, the TGL-TOso0 °c-pep hysteresis
presents the largest increment compared to the increments between the other pH. On
the other hand, TGL-TOsoo °c hysteresis increases between pH 3 and 5, and when the

pH increases between pH 5 and 9 the hysteresis remains constant.
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Figure 86: AB measured at pH 3, 5, 7, and 9 of TGL-TOs00 :c and TGL-TOs00 °c-
pep surfaces.

6.3.3. AFM force-distance curves of titania gel surfaces treated at 500 °C coated
and uncoated with titanium- hydroxyapatite peptide sequence

AFM force-distance curves in unbuffered solution at pH solution at 3, 5, 7 and 9 were
performed on TGL-TOseo °c and TGL-TOso0 °c -pep surfaces to quantify the differences
in Frep, FuT, FPo and Weo due to the peptide coating.

6.3.3.1. Out-of-contact repulsion force of titania gel surfaces treated at 500 °C
coated and uncoated with titanium- hydroxyapatite peptide sequence

Frep Of TGL-TOs00 °c and TGL-TOso0 °c-pep surfaces are shown in Figure 87 TGL-TOsoo
°c surfaces present lower Frep than TGL-TOso0°c-pep surfaces at each pH. The highest

Frep for both surfaces is exhibited at pH 9.
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TGL-TOso0 °c-pep Frep trend increases when the pH increases with an exception at pH

5 where the Frep value decrease from the Frep measured at pH 3.
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Figure 87: Frep/ R measured by AFM at pH solution 3, 5, 7 and 9 of TGL-TOso0
-.c and TGL-TOso0 °c-pep surfaces.

6.3.3.2. Jump to force of titania gel surfaces treated at 500 °C coated and
uncoated with titanium- hydroxyapatite peptide sequence

Fat of TGL-TOs00 °c and TGL-TOso0 °c-pep surfaces is shown in Figure 88. TGL-TOso0
-c-pep surfaces exhibit higher Fat than TGL-TOso0 °c surfaces at each pH. The highest

force value for both surfaces is detected at pH 5.

TGL-TOs00 °c-pep Far presents similar values between pH 3 and 5, and between pH 7

and 9 solution.
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Figure 88: Far / R measured by AFM at pH solution 3, 5, 7 and 9 of TGL-TOso0
-.c and TGL-TOso0 °c-pep surfaces.

6.3.3.3. Pull-off force of titania gel surfaces treated at 500 °C coated and
uncoated with titanium- hydroxyapatite peptide sequence

Fro of TGL-TOso00 °c and TGL-TOso0 °c-pep surfaces is shown in Figure 89. TGL-TOso00
-.c-pep presents higher Fro than TGL-TOsoo °c surface at pH 3, 7 and 9. At pH 5, the
case is the opposite as the TGL-TOsoo °c surface presents higher Fro than TGL-TOso0

°c-pep surface.

TGL-TOs00 °c-pep Fro exhibits a higher value at pH 5. At pH 3 and 7, Fro is similar. At

pH 9, the lowest value of pull-off force occurs.
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Figure 89: Fro/ R measured by AFM at pH solution 3, 5, 7 and 9 of TGL-TOso0
-.c and TGL-TOso0 °c-pep surfaces.

6.3.3.4. Pull-off energy of titania gel surfaces treated at 500 °C coated and
uncoated with titanium- hydroxyapatite peptide sequence

Wpo of TGL-TOso0 «c and TGL-TOsoo °c-pep surfaces are shown in Figure 90. Weo is

small for both surfaces at pH 3, 7 and 9. The highest Weo value is present at pH 5.
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Figure 90: Wpo measured by AFM at pH solution 3, 5, 7 and 9 of TGL-TOso0°c
and TGL-TOsoo °c-pep surfaces.

6.4. Discussion

The chemical composition of the peptide coated surfaces, shown in Table 19, presents
an increase in C and N content and a decrease in Ti, O, V and Al content suggesting
the existence of an organic coating on the surfaces. The content of metallic Ti, V, and
Al elements decreased in the same percentage whereas the content of O presented a
smaller decrease than the other elements that could be associated with the content of
O in the peptide coating. Similar behaviour in the increase of the organic content and
the decrease of the metallic content was found by Baber et al. " in RGD coated Ti

surfaces, and Fraioli et al. 188 in integrin-bindings coated Ti surfaces.
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TGL-TOso0 °c-pep surfaces presented less 8a than TGL-TOsoo °c surfaces, shown in
Figure 84, and a similar behaviour was present in a study performed by Yang et al. 18°
where the contact angle of highly ordered pyrolytic graphite (HOPG) surface (contact
angle between 60 — 82 °) decreased when it was functionalized with the peptide
sequences EAK16-Il that contain, E aa (contact angle =39 °). In addition, the
differences in 8a of TGL-TOs00 °c-pep surfaces can be attributed to the net charge of
the surface along the pH, where the COOH residue from E aa is protonated at pH 3
and deprotonated at pH = 7. A similar behaviour was studied by Werener et al. 1% who
showed that grafted polyglutamic acid surfaces were highly dependent of the pH

solution.

The AB of TGL-TOs00°c and TGL-TOso0°c-pep surfaces, shown in Figure 86, can occur
because of the different roughness and chemical changes of the surface. The
increment of hysteresis on TGL-TOsoo °c-pep surface compared to the TGL-TOso0 °c
surface when the pH increases can be associated with the protonation and
deprotonation of the HA-pep motif (Es). The ionization of polyglutamic acid at high pH
(>4.25) and protonation at low pH (<4.25) allows to have pH dependent systems such
as the swelling/ deswelling hydrogels °%, and the opening and closing of the pores of
permeable water membranes 9. These examples show how the charges of the E
residues change with the pH and therefore different effects, such as change of the
surface hysteresis due to the charge density, can happen above and below the E pKa

(= 4.25)

The Frep of TGL-TOs00 c-pep surfaces, shown in Figure 87, is larger for all pH

compared with TGL-TOs00 °c surface suggesting that both surfaces presented
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differences on the surface charge. It was shown by Hu et al. 1% how the Frepwas higher
in samples coated with a polymeric anion hexametophosphate (negatively charged)
than in uncoated TiO2 samples, concluding that the Frep change could be due to the

additional charge of the coating.

The trend of the Frep measured in TGL-TOso0 °c-pep surfaces increased when the pH
becomes alkaline with an exception at pH 5, as shown in Figure 87 . The Frep increase
could be explained by the COOH deprotonation of the HA-pep motif at pH 7 and 9. The
outlier result at pH 5 can be attributed to the protonation of the COOH of the HA-pep
motif leading to a positively charged surface that decreased the Frep When interacted
with the negatively charged SiO2 cantilever. This last result suggests the pKacould be
more than 4.25 (COOH) and this was in line with a study performed by Vezenov et al.
63 where it was shown how immobilized SAM with COOH terminals present a pKa of
5.5 + 0.5, demonstrating how the pKa of the COOH immobilised on the surface can be
different from 4.25. At pH 3 the Frep, shown in Figure 87 is higher than at pH 5 probably

because the COOH and NHs* of the charged aa were protonated.

The Far, shown in Figure 88, is higher for TGL-TOso0 °c-pep samples that TGL-TOs00 °c
possibly due to the coating in the same way as the Frep. The difference in the measured
forces for TGL-TOso0 «c-pep surfaces can be due to the protonation/ deprotonation of
the E aa and protonation of K (2" and 8™ position of the Ti-HA-pep sequence). The
studies carried on TGL-TOso0 °c-pep at different pH solutions allowed to have positive
charge on the coated surface from the NH2 (K) at all pH, and variations between
negative charges (at pH 7 and 9 where the E is ionised) and neutral charges (at pH 3

and 5 where the E motif is possibly neutral). The negatively charged surfaces that
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interact with a negatively charged cantilever showed lower Fjrthan the surfaces where

the negative charges were not present.

The Fpro, shown in Figure 89, is higher in almost all pH for TGL-TOsoo °c-pep surfaces
than TGL-TOsoo °c surfaces that could be associated with the positive charge of the
protonated K residue (NHs*) interacting with the cantilever and therefore increased of
the Fro. In the only case where the Frowas higher for TGL-TOso0 ¢ than for TGL-TOso0
-.c-pep was at pH 5 and this could be attributed to the charge of the materials that are
interacting (TiO2, SiO2 and Ti-HA-pep). According with the literature TiO2 and SiOz can
attract the peptide sequence minTBP-1 122 making possible that the modified Ti-pep
with similar behaviour to minTBP-1 (electrostatic adsorbed) can be attracted for both
materials. For that reason, it is possible that at pH 5 the cantilever tip (negatively
charged) that is in contact with the surface presents a greater interaction with the
peptide sequence (positively and possibly negatively charged) than the metallic
surface (IEP = pH 5).

6.5. Conclusion

TGL-TOs00 °c-pep presents a Ti-HA-pep coating, and the presence of the coating on
the surface can be measured by difference in chemistry, contact angle hysteresis, and

AFM force- distance curves as shown below:

1) C and N content, measured by XPS, increases in the TGL-TOso0 -c-pep and the
measured metallic content decreases.
2) The Bais smaller for all measured pH in TGL-TOso00 °c-pep than in TGL-TOsoo °c

surfaces, suggesting a difference in net surface charge.
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3)

4)

5)

6)

The contact angle hysteresis of TGL-TOsoo °c -pep increment with the pH
suggests the coating chemistry change with the pH, protonation/ deprotonation
of COOH contained in the Es motif.

Frep and Furincrease between TGL-TOso0 °c and TGL-TOsoo0 °c-pep surfaces can
be related with a coating that contain acidic and basic aa (E and K).

Frep increases in TGL-TOsoo -c-pep at pH 7 and 9 suggests the surface is
negatively charged possibly for the ionised HA-pep motif.

High Fpo at pH 5 from the TGL-TOso0o °c-pep can be associated with the
adsorption and desorption of the Ti-HA-pep sequence on TiO2 (analysed

surface) and SiO2 (cantilever).
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Chapter 7

Peptide coating stability and functionality on titania gel surfaces treated at 500
°C on polished Ti-6Al-4V surfaces

7.1. Introduction

Already existing research has shown that Ti-6Al-4V surface modification via H202/HCI
with thermal treatment improved the bioactivity of the Ti-6Al-4V. Shi et al. 1% showed
that when the surface was treated with H202/HCI and then thermally oxidised, the in
vitro cells increased their proliferation. An alternate study performed in vivo by He et
al. 197 it was shown that when a sandblast Ti-6Al-4V surface was treated with H2O2/HClI,
and then thermally oxidised at 400 °C, the bone to implant contact percentage at 2 and
4 weeks increased around 5 % more than the control (without chemical and thermal

treatment).

The bioactivity mechanism of the TiOx surfaces is commonly attributed to the formation
of apatite on the surface. Most authors suggest that the adsorption of Ca?* on the
negative charged surface together with PO4* ions in the physiological media form an
apatite layer of deficient hydroxyapatite (HA) similar to the mineral phase of bone 58~
61, Wang et al. 4° showed that TiOx surfaces treated with H202/HCI and thermally

oxidised at 500 °C formed a layer of HA with low crystallinity when immersed in SBF.

The additional use of peptide binder 5-FAM-KKLPDAKKLPDAEEEEEEEE (Ti-HA-pep)
coating on the chemically and then thermally treated surfaces could increase the rate
of formation of apatite crystals on the surface due to the increment of Ca *2adsorption
as a result of the higher negative charges generated by peptide presence (glutamic
acid motif Es / HA-pep discussed in previous chapter) at physiological pH

(deprotonation of COOH moieties, showed in previous chapter).
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7.2. Objectives

The objective of this chapter was to assess the stability of the interaction between the
peptide coating and the titania gel layer treated at 500 °C on polished Ti-6Al-4V under
different conditions of pH, temperature and ionic strength, as well as evaluated the

formation of apatite in uncoated and coated titania gel layer treated at 500 °C surfaces.

7.3. Stability of the peptide coating in titania gel treated at 500 °C on polished
Ti-6Al-4V at different conditions of pH, temperature and ionic strength

7.3.1. Specific objective

The objective in this section was to evaluate the change of the peptide coating in a
sample emulating some of the conditions present in the human body such as
temperature, pH and ionic strength against samples that could potentially be found in
external conditions in a pre-implantation moment. To simulate the conditions, the study
was performed using combinations of the environmental conditions for different periods
of time: unbuffered aqueous solution and buffer (SBF and PBS) aqueous solutions, pH

(pH 5 and 7.4) and temperature (37 °C and 21+2 °C).

7.3.2. Results
Ti-HA-pep coated titania gel layer followed by thermal oxidation at 500 °C (TGL-TOso0

.c -pep) samples were exposure to unbuffered aqueous solution (aq), saturated
simulated body fluid (SBF X 1.5) and phosphate buffer saline (PBS). Each solution
was calibrated at pH 5 and 7.4. and exposed at room temperature (21 £ 2°C) and
corporeal temperature (37 °C). TGL-TOsoo °c-pep surfaces were measured by

fluorescence microscopy before and after each immersion time. Each TGL-TOso0 -c -
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pep sample was exposed to one solution, one pH, one temperature, and one

immersion time. Immersions were performed for 1, 3, 6, 24, 48 and 72 h.

7.3.2.1. Fluorescence intensity measured after immersion in aqueous
solutions at pH 5 and 21+2 °C of peptide coated titania gel treated at
500 °C on polished Ti-6Al-4V

Fluorescence intensity data measured on TGL-TOsoo °c -pep surfaces before and after
immersion in unbuffered (aq), SBF X 1.5 and PBS at pH 5 and 21+2 °C for 1, 3, 6, 24,
48 and 72 h is shown in Table 20. This data is used below to calculate Al.

Table 20: Fluorescence intensity before (lo) and after (11) the immersion of TGL-TOso0

-c -pep surfaces in unbuffered (aq), SBF X 1.5, PBS at pH 5 and 21+2 °C for 1, 3, 6,
24,48 and 72 h.

Unbuffered (aq) SBF X 1.5 PBS
Immersion
time (h) lo(a.u.) h(awu.) lo(a.u.) 1 (a.u.) lo@u.) li(a.u.)
1 407+8 421+23 70919 851+7 588+t7 439+11
3 373+18 467+17 62616 582+15 462+11 353+26
6 453+1 468122 530+8 433+13 644112 434+19
24 664+12 726+10 425111 3388 613+8  249+11
48 606t9 552+27 444+5 765 540+12 124+7
72 490+2 41445 639+11  336x14  742+2 13018

Al is calculated using Eg. 7 and data from Table 20

168



Where lo is the intensity before exposure and I1 is the intensity after exposure to each
ionic solution. The calculated Al at each exposure time in unbuffered (aq), SBF X 1.5

and PBS is shown in Figure 91.
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Figure 91: Al of TGL-TOso0 °c -pep surfaces when exposure to unbuffered (aq), PBS,
SBF X 1.5 at pH 5 and 21+2 °C for 1, 3, 6, 24, 48 and 72 h.

For unbuffered (aq), at 1, 3, 6 and 24 h the Al of TGL-TOso0 °c -pep present positive
values. At 48 and 72 h of exposure to unbuffered (aq), a drop in the Al that present
negative values is observed in Figure 91. For SBF X 1.5, the Al decreases with the
increase of time. At 1 h of exposure, Al is positive. At 3, 6, 24 48 and 72 h of exposure
the Al present negative values attributed to the loss of the fluorescence, the lowest Al

is detected at 48 h. For PBS, the Al decreases with the increase of time. In PBS all
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the Al values are negative from the 15t hour of exposure and lower Al compared to the

other buffers.

7.3.2.2. Fluorescence intensity measured after immersion in aqueous
solutions at pH 7.4 and 21+2 °C of titania gel treated at 500 °C and
peptide coated

Fluorescence intensity data measured on TGL-TOsoo °c -pep surfaces before and after
immersion in unbuffered (aq), SBF X 1.5 and PBS at pH 7.4 and 21+2 °C for 1, 3, 6,

24, 48 and 72 h are shown in Table 21. This data is used below to calculate Al.

Table 21: Fluorescence intensity before (lo) and after (11) the immersion of TGL-TOso0
-c -pep surfaces in unbuffered (aq), SBF X 1.5, PBS at pH 7.4 and 21+2 °C for 1, 3, 6,
24,48 and 72 h.

Unbuffered (aq) SBF X 1.5 PBS

Immersion
time (h) lbo(au.) li(au.) lo(au.) h(au.) lo(au.) Ili(a.u.)

1 470+25 700+14 397+3 341+5 428+17  186%2

3 429+13 653+11 452+8 385+37 349+12 1064

6 3967 544433 360%17 234+20 395+19 110+22
24 354+12 439+34 401+11 161+21 386+2 43+0.5
48 395+12 659+19 541+3 166+3 430+10 37+1
72 3671 411412 454+2 118+12 418+18 48+1

Al'is calculated using Eq. 7 and data from Table 21. The calculated Al at each exposure

time in unbuffered (aq), SBF X 1.5 and PBS is shown in Figure 92.
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Figure 92: Al of TGL-TOso0 °c -pep surfaces when exposure to unbuffered (aq), PBS,
SBF X 1.5at pH 7.4 and 21+2 °C for 1, 3, 6, 24, 48 and 72 h.

For unbuffered (aq), all the immersion times present positive Al. For SBF X 1.5, the
Al trend decrease between 1 and 72 h. At 72 h of immersion in SBF X1.5, 73 % of the
lo is lost from TGL-TOso0 °c -pep surface. For PBS, Al present low values from the 15t
hour. At 1 h of immersion in PBS, half of the lo is lost from TGL-TOsoo °c -pep surface.
Between 3 and 6 h of immersion in PBS, around 72 % of lo is reduced from the surface.

Between 24, and 72 h of immersion in PBS, Al remains constant.
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7.3.2.3. Fluorescence intensity measured after immersion in aqueous
solutions at pH 5 and 37 of titania gel treated at 500 °C and peptide
coated

Fluorescence intensity data measured on TGL-TOsoo °c -pep surfaces before and after
immersion in unbuffered (aqg), SBF X 1.5 and PBS at pH 5 and 37 °C for 1, 3, 6, 24, 48
and 72 h are shown in Table 22. This data is used below to calculate Al.

Table 22: Fluorescence intensity before (lo) and after (I1) the immersion of TGL-TOso0

-c -pep surfaces in unbuffered (aq), SBF X 1.5, PBS at pH 5 and 37 °C for 1, 3, 6, 24,
48 and 72 h.

Unbuffered (aq) SBF X 1.5 PBS
Immersion

time(h) lo(au.) li(au.) lo(au.) h(au.) lo(au.) Ili(a.u.)
1 421+12 560+13 638+16 604+33 545+4  325+10
3 514+2 566+5 666+46 590+80 600+12  293+3
6 483+ 6  534+10  555%9 390+57 639+1 269+7
24 463+3 480+7 43614 285154 498+2 135+2
48 6705 539+15 624+15 2709 625+ 5 58+1
72 724+40 419+24 633120 2767 592+12  31+13

Al is calculated using Eq. 7 and data from Table 22. The calculated Al at each exposure

time in unbuffered (aq), SBF X 1.5 and PBS is shown in Figure 93.
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Figure 93: Al of TGL-TOso0 °c -pep surfaces when exposure to unbuffered (aq), PBS,
SBF X1.5 at pH 5 and 37 °C for 1, 3, 6, 24, 48 and 72 h.

For unbuffered (aq), the trend within the first 24 h of immersion is constant and non-
release is quantified until 48 and 72 h of immersion in unbuffered (aq). For SBF X 1.5,
the Al decreases between 1 and 48 h of immersion in SBF X1.5, and then remains
constant between 48 and 72 h. For PBS, Al presents a similar trend to SBF X1.5 but

with low Al values.
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7.3.2.4. Fluorescence intensity measured after immersion in aqueous
solutions at pH 7.4 and 37 °C of titania gel treated at 500 °C and peptide
coated

Fluorescence intensity data measured on TGL-TOsoo °c -pep surfaces before and after
immersion in unbuffered (aq), SBF X1.5 and PBS at pH 7.4 and 37 °C for 1, 3, 6, 24,
48 and 72 h are shown in Table 23. This data is used below to calculate Al.

Table 23: Fluorescence intensity before (lo) and after (I1) the immersion of TGL-TOso0

°c -pep surfaces in unbuffered (aq), SBF X 1.5, PBS at pH 7.4 and 37 °C for 1, 3, 6, 24,
48 and 72 h.

Unbuffered (aq) SBF X 1.5 PBS
Immersion
time (h) lo(a.u.) lhi(awu.) lo(au.) lh(a.u.) lo (a.u.) l1 (a.u.)
1 557+6 71853  241+7 6545 395+12 6545
3 39618 498+1  139+11 44+1 458+19 44+1
6 47419 739134  147+1 435 489+15 4315
24 50918 638+18 88+2 24+1 414+19 24+1
48 414+11 407+3 752 231 50415 231
72 391+12 43315 70+1 22+1 47212 22+1

Al is calculated using Eq. 7 and data from Table 23. The calculated Al at each exposure

time in unbuffered (aq), SBF X 1.5 and PBS is shown in Figure 94.
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Figure 94: Al of TGL-TOsoo °c -pep surfaces when exposure to unbuffered (aq), PBS,
SBF X 1.5atpH 7.4 and 37 °C for 1, 3, 6, 24, 48 and 72 h.

For unbuffered (aq), Al present positive values for all immersion times. For SBF X 1.5,
half of lois reduced in the 15th. At 1, 3 and 6 h of immersion in SBF X 1.5, Al decreases.
At 24, 48 and 72 h of immersion in SBF X 1.5, Al slightly decreases. For PBS, Al

presents a similar trend to SBF X 1.5 but with low Al values.

7.3.3. Discussion

The positive values on the Al, associated to an increase in fluorescence intensity and
shown in Figure 91-94, of all TGL-TOseo °c-pep surfaces soaked in unbuffered (aq)
could be explained by the configuration of the biomolecules on the surface 1% and/or
the reorganisation of the peptide layer on the surface. The alteration in the

configuration of the peptides on the surface could be associated to the change of the
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ionic charges of the coating (discussed in Chapter 6) when pH increases above 4 (from
the coated pH). The negative Al values after the exposure for 48 and 72 h at 21+2 and
37 °C in unbuffered (aq) at pH 5 could be due to the desorption of the peptide from the
surface indicating that at low pH the release rate increases. This is in accordance with
a multilayer system of poly-acrylic acid/ poly- allylamine hydrochloride studied by
Chung and Rubner 1% where the release mechanism response to the change of pH

that increased at low pH (pH 5).

TGL-TOs00 °c-pep surfaces immersed in PBS, shown in Figure 91-94, present a
decrease of the Al from the 15t hour of exposure to the solution that can be explained
due to the presence of phosphate ions in the solution. This decrease could be related
to the simultaneous desorption of the Ti-HA-pep from the TiO2 surface and the
chemisorption of phosphate ions into the TiOx surfaces. The strong interaction of the
phosphates with TiOz in aqueous solution was studied by Connor and McQuillan 1%
via in situ internal reflection infrared spectroscopy, showing that in the desorption

curves the phosphate ions were still presented.

The decrease of Al on TGL-TOsoo °c-pep samples that were immersed in SBF X 1.5,
shown in Figure 91-94, could be associated with the presence of apatite layer on the
surfaces that can decrease the emission of the fluorophore and therefore decrease the
fluorescence intensity of the surface. The fluorescence intensity decreases more in
the sample exposed at pH 7.4, where the formation of apatite according with the
literature is favourable 17, than at pH 5. In addition, the surface at pH 7.4 presents a

negative charge due to the ionised coating on the surface because of the presence of
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Ti-HA-pep (discussed in Chapter 6) that can further increase the Ca-P nucleation on
the surface.

7.4. Calcium phosphate biomimetic coating on peptide coated and uncoated
titania gel treated at 500 °C on polished Ti-6Al-4V

7.4.1. Specific objective

The objective of this section was to evaluate the formation of apatite on peptide coated
and uncoated titania gel layer treated at 500 °C on polished Ti-6Al-4V after the

immersion in saturated simulated body fluid.

7.4.2. Results
Titania gel layer followed by thermal oxidation at 500 °C (TGL-TOso0c) and Ti-HA-pep

coated titania gel layer followed by thermal oxidation at 500 °C (TGL-TOso0 °c-pep)
samples were immersed in saturated body fluid (SBF X 1.5) for 1, 2, 3, 4, 5, 8, and 15
days. The surfaces were analysed by XRD, Raman spectroscopy, XPS, and visualised
by SEM to evaluate the apatite formation on the surface.

7.4.2.1. Characterization of biomimetic apatite on peptide uncoated titania gel
treated at 500 °C on polished Ti-6Al-4V

7.4.2.1.1. Crystal surface composition of biomimetic apatite on peptide uncoated
titania gel treated at 500 °C on polished Ti-6Al-4V

XRD diffractograms of TGL-TOsoo °.c surfaces immersed in SBF X 1.5 for 1, 4, 8 and
15 days and calcium phosphate hydroxide (JCPDS No. 9-0432) pattern are shown in
Figure 95. All diffractograms contain a Ti crystals represented by peaks in 26: 35.42°,
38.54°, 40.44° and 53.26°. Non-apatite crystals are detected the first day, but the 4%,
8t and 15" days calcium phosphate hydroxides are presented with low crystallinity

represented by the peaks around 26: 25.8 and 32°.
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Figure 95: XRD diffractogram of TGL-TOsoo °c after been immersed in SBF X 1.5 for 1,
4, 8, 15 days and calcium phosphate hydroxide (JCPDS No. 9-0432) pattern.

Raman spectroscopy of TGL-TOsoo °«c surfaces immersed in SBF X 1.5 for 1, 4, 8 and
15 days are shown in Figure 96. The highest band for all the samples immersed in
SBF X 1.5 is at 960 cm! that band corresponds to the vl mode of PO4 198200, Raman
spectrum of the sample immersed for 1 day shows two additional broad bands at 430
and 590 cm that corresponds to the vibrational modes v2 and v4 of PO4 198200
respectively. For 4, 8 and 15 days of immersion in SBF X 1.5 the bands mentioned
before are present as well as an extra peak at 1070 cm* due to the vibrational mode

03 of POy 198200,

178



960

TGL-TO

500 °C

w0 in SBF X 1.5
4 15 days

\_/\__/\____J/\_« TGL-TOqy5c
in SBF X 1.5
8 days

i TGL-TO,, .

inSBF X 1.5
4 days

Intensity (a.u.)

TGL-TO

500 °C

\/\/\___’_J\V_/\_—_—————— in SBF X 1.5

_ 1 day

T T T T T T T T T T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber (cm™)

Figure 96: Raman spectrum of TGL-TOso00°c immersed in SBF X 1.5 for 1, 4, 8 and 15
days.

7.4.2.1.2. Chemical surface composition of biomimetic apatite on peptide
uncoated titania gel treated at 500 °C on polished Ti-6Al-4V

The XPS spectrum of TGL-TOsoo °c surfaces immersed in SBF X 1.5 show peaks in
the binding energies of O 1s (5631.1 eV), Ti 2p (448.1eV), Ca2p (347.1eV), C 1s(285.1
eV) and P 2p (133.1 eV). Figure 97 shows the spectrum of TGL-TOso0 °c immersed in

SBF X 1.5 for 5 days. For all spectra, the same elements were analysed.
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Figure 97: XPS spectrum survey of TGL-TOseo °c immerse in SBF X 1.5 for 5 days.

The chemical composition of TGL-TOsoo °.c immersed in SBF X 1.5 for 1, 2, 3,4, 5, 8
and 15 days is shown in Table 24. O and Ca increase between the first and second
day of immersion in SBF X 1.5 and maintain constant until the 8th day of immersion in

SBF X 1.5. Both elements decrease by the 15th day of immersion in SBF X 1.5. Ti
vanishes in the second day of immersion in SBF X 1.5. P maintains between 14.2 —

14.9 % for all the immersion times in SBF X 1.5. C contamination is present for all the

samples.
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Table 24: Chemical composition of TGL-TOso0 °.c immersed in SBF X 1.5 for 0, 1, 2, 3,

4,5, 8 and 15 days.

TGL-TOs00 °c

immersed

time in SBF X

1.5 (days) O % Ti % Ca% C% P % *Other %
0 52.7 20.6 0 19.9 1.4 5.4
1 46.8 0.8 17.7 20.4 14.3 0
2 49.1 0.2 20.0 15.8 14.9 0
3 50.2 0.1 20.3 14.6 14.8 0
4 49.6 0.1 20.0 15.6 14.7 0
5 49.5 0.1 20.1 15.5 14.8 0
8 49.9 0.1 20.6 14.8 14.6 0
15 48.3 0.1 19.6 17.8 14.2 0

*QOther: V, N, Al, Si, Na and K

Ratio of Ca/P was calculated from XPS and is shown in Figure 98. Ca/P ratio has a

significant increase from 1.24 to 1.37 between the 15t and the 3™ day. Between the 4t

and 5" day, Ca/P ratio slightly decreases around 1.35. At the 8™ day, the highest ratio

is observed at around 1.40 and maintains closer in the 15" day.
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Figure 98: Ca/P ratio from XPS of TGL-TOsoo0°c immersed in SBF X 1.5 for 1, 2, 3, 4,
5, 8 and 15 days.

7.4.2.1.3. Scanning electron microscopy of biomimetic apatite on peptide
uncoated titania gel treated at 500 °C on polished Ti-6Al-4V

The morphology of the Ca-P on MPTG surfaces after being soaked in SBF X1.5 for 5
days is shown in Figure 99. Ca-P globular particles deposited on the surface of the
already formed Ca-P layer that cover completely the metal surface are shown in Figure
99a. The layer formed underneath the particles of Ca- P shows in Figure 99b a

homogenous layer of flake crystals.
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Figure 99: SEM picture of TGL-TOsoo °c after 5 days of immersion in SBF X 1.5 of a)
Ca-P patrticles at low and b) Ca-P layer at high magnification.

7.4.2.2. Characterization of biomimetic apatite on peptide coated titania gel
treated at 500 °C on polished Ti-6Al-4V

7.4.2.2.1. Crystal surface composition of biomimetic apatite on peptide coated
titania gel treated at 500 °C on polished Ti-6Al-4V

XRD diffractogram of TGL-TOsoo °c-pep surfaces immersed in SBF X 1.5 for 1, 4, 8,15
days and calcium phosphate hydroxide (JCPDS No. 9-0432) pattern are shown in
Figure 100. a Tiis present for all the analysed samples. Apatite crystals are not present
in the first day of immersion in SBF X 1.5 but in the 4%, 8" and 15" day of immersion
in SBF X 1.5 low crystallinity of calcium phosphate hydroxide is observed around 26:

25.8 and 32°.
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Figure 100: XRD diffractogram of TGL-TOseo °c-pep immersed in SBF X 1.5 for 1, 4,
8,15 days and calcium phosphate hydroxide (JCPDS No. 9-0432) pattern.

Raman spectrum of TGL-TOso0 °.c-pep immersed in SBF X 1.5 for 1, 4, 8 and 15 days

are shown in Figure 101. The highest band for all the samples measured by Raman is

at 960 cm that corresponds to v1 vibration mode of PO4 1%8-2° The sample immersed

for 1 day in SBF X 1.5 presents broad bands in 430 and 590 cm - that correspond to

the vibrational modes v2 and v4 of PO4 198200 |n gddition, a small shoulder at around

1070 cm™ due to v3 vibrational mode of PO4 198290 can be observed. At 4 days of

immersion in SBF X 1.5, TGL-TOso0 °c-pep surface presents similar Raman spectrum

as the surface immersed during 1 day in SBF X 1.5. At 8 and 15 days of immersion in
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SBF X 1.5, Raman spectrum presents intense peaks in v2 and v4 vibrational modes

of POa.
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Figure 101: Raman spectrum of TGL-TOso0 °.c-pep immersed in SBF X 1.5 for 1, 4, 8
and 15 days.

7.4.2.2.2. Chemical surface composition of biomimetic apatite on peptide coated
titania gel treated at 500 °C on polished Ti-6Al-4V

The chemical composition measured by XPS of TGL-TOso0 °c-pep immersed in SBF X
1.5for1, 2,3, 4,5, 8and 15 days is shown in Table 25. O percentage is around 51 %
the first day of immersion SBF X 1.5 and increases the second day of immersion in
SBF X 1.5 to 53 %. This last percentage remains constant for longer periods of

immersion in SBF X 1.5. Ti highest percentage on TGL-TOsoo °c-pep surfaces
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immersed in SBF X 1.5is 0.1 %. Ca percentage increases between the 15t and 2"

and maintains constant. C percentage decreases after the 2" day of immersion in SBF

X 1.5 between 12 % to 9.8 %. C percentages slightly decrease for the other immersion

times. P percentage is maintained constant at around 15.8 % for all immersion times.

Table 25: Chemical composition of TGL-TOso0 °c-pep immersed in SBF X 1.5 for 0, 1,

2,3,4,5,8and 15 days.

TGL-TOs00 °c-
pep immersed

time in SBF X *Other
1.5 (days) O% Ti% Ca% C% P% %
0 46 16.1 0 29.2 14 7.3
1 51.3 0.1 19.8 12.9 15.9 0
2 53.1 0.1 21.3 9.8 15.7 0
3 53.1 0.1 21.4 9.7 15.7 0
4 52.8 0.0 21.6 9.6 16.0 0
5 53.5 0.0 21.6 9.1 15.8 0
8 53.6 0.1 21.6 9.0 15.7 0
15 53.3 0.1 21.6 9.4 15.6 0

*QOther includes V, N, Al, Si, Na and K

Ca/P ratio of TGL-TOsoo -c-pep is shown in Figure 102. Ca/P ratio largest variation

occurs between the 15t and 2" day compared to the samples immerse for 3, 4, 5, 8

and 15 days in SBF X 1.5. Ca/P ratio trend slightly increases until 1.39 for the 15" day

of immersion in SBF X 1.5.
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Figure 102: Ca/P ratio from XPS of TGL-TOso0 °c-pep immersed in SBF X 1.5 for 1, 2,
3,4,5, 8, 15 days.

7.4.2.2.3. Scanning electron microscopy of biomimetic apatite on peptide coated
titania gel treated at 500 °C on polished Ti-6Al-4V

TGL-TOs00 °c-pep surface immersed in SBF X1.5 for 5 days is shown in Figure 103. A
layer that covers the surfaces and round particles dispersed on the surface are
observed on the SEM micrographs. Ca-P globular particles are shown in Figure 103a

and the Ca-P layer morphology with flake like crystals is shown in Figure 103b.

187



.
SEI 200KV X4,000  1um WD 10.6mm SEl  200kV X15000 1gm _ WD 106mm

Figure 103: SEM micrograph of TGL-TOso0 °c-pep surfaces after immersion in SBF X
1.5 for 5 days of a) Ca-P particles at low and b) Ca-P layer at high magnification.

7.4.2.3. Cellular adhesion on peptide coated titania gel layer treated at 500 °C
on polished Ti-6Al-4V with and without biomimetic Ca-P apatite coating

SEM micrographs of human osteosarcoma (HOS) cells adhered on TGL-TOs00 cc-pep
are shown in Figure 104a and b at low and high magnification, respectively. Cells
indicated by arrows present round and flatted morphologies. Some cells present
filopodia attachment whereas some others present lamellipodium attachment on the
TGL-TOso00 °c-pep surface. These cells are adhered to the surface in larger areas than

the TGL-TOso0 °c surfaces (presented in Figure 50 a and b from Chapter 3).
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Figure 104: SEM micrograph of HOS on TGL-TOso0 °c-pep surfaces a) low and b) high
magnification.
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SEM micrograph of TGL-TOsoo °c-pep + apatite (form after 5 immersion days in SBF X
1.5) with cells is shown in Figure 105. Low magnitude SEM micrograph shows in Figure
105a areas cover by cells on the surface, indicating by arrows. High magnitude SEM

micrograph shows in Figure 105b a well spread monolayer of cells on the surface.
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Figure 105 : SEM micrograph of HOS on TGL-TOso0 °c-pep and apatite surfaces form
after 8 days immersed in SBF X 1.5 a) low and b) high magnification.

7.4.3. Discussion
Low Ca-P crystallinity was detected on the apatite layer formed on TGL-TOsoo °.c and

TGL-TOs00 °c-pep during the first days when samples were immersed in SBF X 1.5,
shown in Figure 95 and 100. This result is in accordance with the studies performed
by Habibovic et al. 2/ and Barrere et al. 2! where poor crystallinity of Ca-P on the

apatite layer was shown in the first 24 h of exposure in supersaturated SBF.

The Ca-P crystals measured by Raman spectrum, shown in Figure 96 and 101, could

be associated with HA due to the single band at 960 cm. According with the study
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performed by Pecheva et al. 2% the strongest peak of the Raman spectrum on surfaces
immersed in SBF for 6 days was at 952 cm ! and this peak was associated with HA.
A different study from Cuscé et al. 1% suggested as well that a single peak in p-Raman

at 960 cm1was related to HA.

The Ca/P ratio of the apatite layer for TGL-TOsoo .c and TGL-TOso0 °c-pep, shown in
Figure 98 and 102, present low Ca/P ratio in the first hours (Ca-poor apatite) but
increases with the SBF X 1.5 immersion time. In addition, the Ca/P ratio of TGL-TOso0
.c-pep is greater than TGL-TOso00 °c suggesting a large Ca enrichment on the apatite
layer when Es motif is present. The increment of the Ca/P ratio are in accordance with
the study performed by Kim et al. 28 where it was shown that crystal formation starts in
the first hours with the enrichment of Ca, followed by the formation of a Ca-poor layer
of amorphous Ca-P (due to the adsorption of PO4*) that results in apatite layer that
later incorporates Ca?*, PO4%, Mg*?, Na*, K*, Cl-, HCOs ions in around 12 h and finally

achieving deficient HA similar to bone.

The Ca/P ratios measured by XPS, shown in Figure 98 and 102, present values
between 1.2 and 1.4 that can be attributed to the formation of HA precursors that can
be found when saturated SBF is used 2927204, Octa-calcium phosphate (OCP) could be
found on the apatite layer in the 15t and 2" days, followed by B -tricalcium phosphate
(B-TCP) in the 3", 4" and 5" days, and finally HA in the 8" and 15" days. These Ca/P
ratios are in accordance with the measured Ca/P ratios using XPS by Lu et al. 2%

where HA was 1.47 £ 0.09, OCP was1.24 + 0.09 and for 3-TCP was 1.35 + 0.04.

The cell adhesion in TGL-TOseo °c-pep + apatite increased compared to the other

surfaces previously shown in Chapter 3 and to TGL500- pep surfaces shown in Figure
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104. The increase in cell adhesion can be observed in Figure 105 with cells well spread

on the surface.

7.5.

1)

2)

3)

4)

5)

6)

Conclusions
A different configuration of peptides on TGL-TOsoo -c surfaces can take place

when the samples are immersed in unbuffered (aq) at pH 7.4.

Reduction of the fluorescence intensity in TGL-TOsoo -c-pep samples when
exposed to PBS suggested the peptide coating was desorbed from the surface
and it was replaced by phosphate ions that can chemisorbed on TiOx.
Reduction of the fluorescence intensity in TGL-TOsoo -c-pep samples when
exposed to SBF X 1.5 showed that the apatite layer formed on the surface could
potentially reduce the emission of the fluorophore.

Formation of low crystallinity Ca-P on TGL-TOsoo0 .c and TGL-TOso0 °c-pep was
detected during short immersion times.

HA layer was formed on TGL-TOsoo °c and TGL-TOsoo °c-pep when surfaces
were immersed in SBF X 1.5 after the 8" days.

A Ca-P layer rich in Ca was measured on TGL-TOso0 °c-pep surfaces during the

first days of immersion in saturated SBF X1.5.
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Chapter 8
Summary and future work

8.1. Summary

Bioactive surfaces were obtained using a peptide interface capable of interacting
electrostatically with titanium oxide (TiOx) surfaces at one end and nucleating

hydroxyapatite (HA) precipitation at the other end.

The electrostatic interaction between the peptide sequence 5FAM-
KKLPDAKKLPDAEEEEEEEE (Ti-HA-pep) and TiOx surface were studied on polished
Ti-6Al-4V modified by three procedures, the first one was thermal oxidation (TO) at
500, 600, 700 and 800 °C, the second one was the chemical treatment with H202 8.8
M/ HCI 0.1 M that after the reaction formed a titania gel layer (TGL) and the third one
was the TGL followed by thermal oxidation (TGL-TO) at 500, 600, 700 and 800 °C. It
was identified that TGL-TOso0 °c surface presented the highest adsorption with the Ti-
HA-pep. Ti-HA-pep coated surface on TGL-TOso0 °.c shown in vitro bioactivity with the
formation of HA measured after 8 days of immersion in simulated body fluid (SBF). In
addition, human osteosarcoma cells (HOS) adhered to the surface and spread with a
flatter morphology on the biomimetic HA layer, showing that this surface presented a
higher biocompatibility than the other modified surfaces (TO, TGL, TGL-TO) which
presented round morphology. Figure 106 shows the process and modified surfaces to

obtain a bioactive surface using a metal-peptide system.
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Chemical and thermal Dip coating of O-TGL  HA biomimetic coating Cell adhesion on
treatment of Ti-6Al-4V treated at 500 °C with via SBF on peptide HA coating
mirror polished surfaces Ti-HA-pep coated surface surfaces
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Figure 106: Process to obtain a bioactive surface using metal-peptide interface on
TGL-TOs00 °c.

The modified surface by TO and TGL-TO treated 600, 700 and 800 °C showed TiO>
crystal formation. On top of this, it was observed that with the increase of TO
temperature the O reacted from the air, the Al and V diffused from the substrate, and
the average roughness (Ra) presented an upward tendency (Ras00 °c < Raeoo°c < Ra 700
.c < Rasoo °.c). Samples chemically treated presented an additional topography for the
previous reaction with H202 forming a titania gel layer (TGL) that presented porous
structure on the Ti alloy grains and some pitting corrosion on the grain boundary
possibly from the disintegration of the 3 grains on the surface. In addition, the TGL was

suggested to be a barrier against the Al and V diffusion from the substrate as exhibited
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in the TGL-TO so00°c and TGL-TO 00 °c with Al and V % similar to the polished surfaces

(MPT).

The behaviour of the modified surfaces TO and TGL-TO treated at 500, 600, 700 and
800 °C and its controls (MPT and TGL) in aqueous acidic and alkaline solution showed
that the MPT surface presented a clear trend on the analysis (describe below) while
the other surfaces presented difficulties to be analysed because of their heterogeneous
surface chemistry and roughness. The MPT with an average roughness (Ra) of = 0.7
nm showed that at pH 3 the surface presented a positive charge, between pH 7 and 9
the surface presented a negative charge and an isoelectric point (IEP) around pH 5.
The accuracy of the measurement of other modified surfaces (TGL, TGL-TO and TO)
was affected by the roughness (Ra > 15 nm), amorphous and crystal TiO2 phase
variation, and diverse composition of TiO2, Al2O3 and possibly V20s (not detected).
However, the charge of modified surfaces was predicted to be similar to the MPT

surface (positively charged at pH 3, negatively charged at pH 7 and 9).

The adsorption of the Ti-HA-pep was present on surfaces chemically treated and
showed higher fluorescence intensity on TGL, TGL-TOsoo0 °.c and TGL-TOso0 °c than on
the other modified surfaces. This result can be attributed to the chemistry of the surface
after the reaction with H202/HCI mixture. The highest adsorption was presented by the
TGL-TOs00 °c surface. This can be explained by the change in the surface chemistry
and charge after the TO that conducted to a better electrostatic interaction with the Ti-

HA-pep.

The coated Ti-HA-pep surface (TGL-TOsoo .c-pep) presented chemical and charge

surface differences from the uncoated surface (TGL-TOsoo °c) due to the presence of
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the peptide coating. The coated sample present an increase of atomic C % and N %
and different contact angle hysteresis from the uncoated samples that could be
attributed to the change in the chemistry. The difference response of coated and
uncoated surfaces under the pH changes suggests that the HA motif (EEEEEEEE) of
the Ti-HA-pep is facing outward, away from the surface, because of the charge
changes due to the protonation and deprotonation of the COOH moieties which are

contained in the HA motif.

The stability of the Ti-HA-pep coating on the TGL-TOsoo °c surfaces was evaluated
under the permutation of pH (7.4 and 5) and temperatures (21 and 37 °C) showing that
the coating could be desorbed in presence of phosphate buffered saline (PBS),
maintained similar in presence of unbuffered solution and formed HA in presence of

SBF optimal at pH 7.4 and 37 °C.

Both uncoated (TGL-TOsoo °«c) and coated (TGL-TOso0 °c-pep) surfaces induced the
formation of Ca/P layers and therefore could be considered bioactive. According to the
Ca/P ratio, some precursors of the HA were obtained as follows: In the first 2 days of
immersion in SBF the Ca/P ratio was associated with octa-calcium phosphate (OCP),
followed in the next 3 days by a Ca/P ratio associated with B-tricalcium phosphate (B-
TCP), and on the 8" day the Ca/P ratio was associated with HA. The Ti-HA-pep coated
surface presented a richer Ca apatite layer in the first day compared to the uncoated
sample and this difference can be attributed to the multiple COO- present in the Ti-HA-
pep. Finally, cells that were adhered on the biomimetic HA layer surfaces were flat and
spread on the surface indicating a higher cell adhesion compared to the other modified

surfaces.
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8.2. Future work

The objective of this section is to provide an indication of additional works for the
improvement of the Ti-HA-pep interaction with the surface. The first identified works
are related to surface improvements to achieve homogeneity and subsequent
characterization. A second aspect is the additional need to prove the adsorption and
desorption at molecular level to assess the mechanisms of electrostatic interaction. In
addition, it is recommended to conduct further experiments to assess how the HA motif
(EEEEEEEE) impacts the nucleation of HA. Finally, the works carried out and current
literature research indicate the possibilities of the peptide to perform additional

functionalities such as drug delivery.

8.2.1. Surface chemistry and topography

Modified surfaces by chemical H202 and TO resulted in heterogenous roughness and
chemistry surfaces, and this impacted the results of the characterization used to
determine the charge changes because of the accuracy of the measurement
magnitude and the surface chemistry and topography, therefore any alteration on the
surface can lead to a different result. To understand how the charge can influence on
the adsorption of the peptides it is recommended to work with surfaces that present
homogenous chemistry and roughness. Itis proposed to develop surfaces with a single
TiO2 crystal phase rutile or anatase, and smoother topography that can be produced
by reactive magnetron sputtering 2%, radio frequency magnetron sputtering 2°7 or

atomic layer deposition 64 .

8.2.2. Characterizations for charged surfaces

The characterization of modified surfaces (TO, TGL and TGL-TO) to assess the

surface charge at different pH presented a data with large standard deviation that was
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attributed to the heterogeneity of the surface as mentioned before. To improve the
measurements, it is recommended to work with a homogenous surface before

implementing the following procedures:

e The contact angle titration could be performed in with small intervals (e.g. 0.5)
to identify the IEP of the modified surface.

e The cantilever use for the AFM distance-force curves could be coated with the
same material as the coated surfaces, to standardise and understand better the
interaction forces when the ionic strength of the solution changes.

e The use of streaming potential measurements 108.160.190 tg verify the IEP.

8.2.3. Peptide adsorption and desorption
The results obtained in Chapter 6 suggest that the peptide sequence 5-FAM-

KKLPDAKKLPDAEEEEEEEE (Ti-HA-pep) binds electrostatically between the Ti motif
(KKLPDAKKLPDA) and the TiOx surfaces. There is however no previous scientific
evidence of the nature for the binding interaction and therefore the fully binding
mechanisms cannot be fully confirmed. To address this, it is recommended to perform
a phage display measurements between the Ti-HA-pep sequence and the TiOx
surface, similar to the study performed by Sano and Shiba “° with the peptide

sequences minTBP-1 on TiO2 surfaces.

Another issue was the quantification of the desorption of the peptides from the surface.
The evidence of desorption showed in this thesis was measured through the decrease
of the fluorescence intensity on the surfaces. Using this experiment as the evidence
of desorption presents some drawbacks because the decrease in the intensity

produced by the fluorophore is impacted by possibility of protonation and deprotonation
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(pKa =6.5) of the fluorophore, and the possible decay of the fluorophore. To mitigate
this interference, it is recommended to use an experiment that allows to measure the
surface desorption of the peptides with methods such as QCM in real time. Another
alternative is to use AFM distance-force to measure the surfaces under the same
conditions after each desorption and compared the results with the coated and

uncoated samples.

8.2.4. HA formation peptide presence on peptide coated surfaces

The formation of HA in presence of the Ti-HA-pep was evaluated and compared
against another surface previously studied that was shown to present HA form