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Abstract

The aging of bone tissue, bone defects that form during the removal of cysts,
tumours, genetic defects and other bone-tissue-related diseases, together with
demands for a better quality of life, mean a requirement for materials, artificial or
autogenous, that will have a long functionality and survivability under the body’s
environmental conditions.

For hard-tissue replacement, the most widely used materials are titanium alloys.
They are commonly used for bone substitutes, joints and dental implants, with the
aim of permanently supporting or replacing injured or disease-damaged bone.
Titanium itself is considered to be a biocompatible material that satisfies the need
for mechanical support relatively well due to its high flexural strength and tolerable
elastic modulus. However, when an implant is in direct contact with bone tissue in
a complex dynamic system, it is typically not only exposed to mechanical loads, but it
is also affected by extracellular liquid and proteins. This exposure results in a slow,
but continuous, release of ions; for example, in the case of the Ti6Al4V alloy,
titanium is released, as well as harmful alloying elements like aluminium and
vanadium that are important constituents of the alloy.

Titanium, although it is biocompatible, is also bioinert, and as such it cannot form
strong, interfacial, chemical bonding with bone, and in comparison with bioactive
materials, its osseointegration rate is slow. Therefore, to avoid the dissolution of
the alloying elements and their diffusion into the body, it is necessary to improve
the quality of the native oxide layer and to increase its thickness. Furthermore,
a surface modification is necessary to improve the osseointegration.

In this study, a naturally formed, amorphous TiO; layer was transformed into
a crystalline one by a hydrothermal treatment in the presence of titanium ions.
Morphology advantageous for bioactivity was achieved by using the appropriate
dopants and surface-active agents during the processing. Different morphologies,
sizes of crystals and thicknesses of the coatings were achieved by changing the
hydrothermal conditions, such as temperature, time, pH and additives. Firmly
attached anatase coatings were prepared. These coatings were tested both in vitro
and in vivo, whereas the cell adhesion and proliferation tests revealed that the
morphology of anatase crystals is important for cell attachment and growth.
Similarly, the formation of hydroxyapatite when soaked in simulated body-fluid
solution was influenced by the different anatase planes.

This investigation showed titania to be bioactive, but the rate of hydroxyapatite
formation is still slow compared to other bioactive materials such as hydroxyapatite
or other calcium phosphate ceramics and bioactive glasses. Bioactive glass is
a bioresorbable material with an excellent bioactivity that is osteoconductive and
osteoproductive and can form a strong bond with soft and hard tissues. However,
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due to its poor mechanical properties, bioactive glass is not suitable for use in
load-bearing applications and its use is therefore mainly limited to coatings.

It was proposed that a combination of a porous titanium surface layer coated with
BAG would significantly improve the osseointegration. However, to prepare BAG
coating within the porous titanium structure, fine bioactive glass particles are
needed. As melt-derived BAG does not meet the requirements, a particulate sol-gel
method was developed in this study to prepare nanosized spherical particles that
were then applied to the alloy substrate from the suspension by vacuum infiltration.
Different bioactive glass compositions were prepared and characterized in terms of
sintering, crystallization, antibacterial properties, and bioactivity, as well as in vivo
tests on the BAG coatings.

Both coatings combined were applied and examined. Titania and bioactive glass
were applied on the Ti-alloy to achieve good bioactivity provided by bioactive glass
and to assure protection from the metal ions released by the titania coating even
long after the bioactive glass is resorbed.
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Povzetek

Zaradi staranja kostnega tkiva, kostnih defektov, ki nastanejo pri odstranitvi cist,
tumorjev, genetskih defektov in ostalih kostnih bolezni, skupaj z vse vecjo Zeljo po
boljsi kvaliteti Zivljenja, narasca tudi potreba po materialih, umetnih ali avtogenih, ki
bi jih telo dobro sprejelo, ki bi imeli dolgo Zivljenjsko dobo in ki bi dobro prenesli
pogoje v ¢loveSkem telesu.

Med najbolj pogoste materiale za zamenjavo kostnega tkiva spadajo titanove
zlitine. Te se uporabljajo za dentalne vsadke, kostne vijake, ploScCice in za zamenjavo
celotnih sklepov z namenom zamenjati oboleli oziroma poSkodovani del kosti. Titan
je namrec¢ biokompatibilen material, ki ima relativno zadovoljive mehanske
lastnosti. Vendar pa vsadek pri direktnem stiku s kostjo v kompleksnem
dinami¢nem sistemu telesa ni izpostavljen samo mehanskim obremenitvam, ampak
je tudi pod velikim vplivom ekstracelularnih tekocin in proteinov. To pa privede do
pocasnega, vendar kontinuirnega sproscanja Skodljivih kovinskih ionov. V primeru
Ti6Al4V zlitine se sproscajo Ti in tudi toksi¢na Al in V. Po letih sprosc¢anja takSnih
ionov lahko pride do negativnega odziva organizma. Druga slaba stran titanovih
zlitin je njihova bioinertnost. Ceprav so titanove zlitine biokompatibilne, kar pomeni,
da jih okoliSko tkivo lahko sprejme, ne morejo tvoriti kemijske vezi s kostjo.
V primerjavi z bioaktivnimi materiali je njihova hitrost osteointegracije pocasna.

Da bi zmanjsali raztapljanje ionov zlitine in njihovo izluZevanje v telo, je potrebno
modificirati povrsSino. To lahko dosezemo s povecanjem debeline in kakovosti
oksidne prevleke, ki je vedno prisotna na povrsini. Poleg tega je potrebno povrsino
modificirati tako, da bo povecana tudi hitrost vrascanja kosti, s katero bo vsadek
tvoril tudi mocnejSo vez.

V tem delu smo naravno amorfno oksidno prevleko na povrSini zlitine spremenili
v debelejso Kristalinicno s hidrotermalno obdelavo v prisotnosti Ti ionov.
S spreminjanjem hidrotermalnih pogojev, kot so temperatura, ¢as in pH, smo
spreminjali morfologijo, velikost kristalov in debelino prevleke. Z uporabo ustreznih
dodatkov in povrSinsko aktivnih snovi smo dosegli Zeleno morfologijo. Tako
pripravljene anatazne prevleke so bile bioaktivne in so imele dobro adhezijo
s podlago. Prevleke smo testirali in vitro in in vivo, pri ¢emer so celi¢ni testi pokazali,
da je adhezija in proliferacija celic odvisna od morfologije anataznih kristalov. Prav
tako smo pokazali, da razlicne kristalne ravnine vplivajo tudi na nastanek
hidroksiapatita pri testu v simulirani telesni tekocini.

Pokazali smo, da je prevleka iz titanovega dioksida lahko bioaktivna, vendar pa je
nastanek hidroksiapatita zelo pocasen v primerjavi z bioaktivnimi materiali, kot so
na primer hidroksiapatit in drugi kalcijevi fosfati ali bioaktivno steklo. Bioaktivno
steklo je biorazgradljiv material z visoko bioaktivnostjo. Je osteokonduktiven in
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osteoproduktiven in lahko tvori vez s trdim in mehkim tkivom. Vendar pa ima slabe
mehanske lastnosti in zato ni primeren za vsadke, ki morajo prenasati obremenitve.
V takih primerih je njegova uporaba omejena na prevleke.

Kombinacija biostekla v poroznih titanovih vsadkih oziroma prevlekah naj bi
mocno izboljsala osteointegracijo. Vendar pa za taksne prevleke v porozni titanovi
strukturi potrebujemo zelo fine delce bioaktivnega stekla. Ker z obic¢ajnim
postopkom pridobivanja stekla s taljenjem ne dobimo dovolj majhnih delcev, smo
razvili t. i. partikularni sol-gel postopek, kjer nastanejo sferi¢ni delci nano-velikosti.
Te delce smo potem infiltrirali v porozno titanovo prevleko z vakuumsko infiltracijo.
Testirali in primerjali smo razlicne sestave, spremljali njihovo Kristalizacijo in
sintranje, antibakterijske lastnosti in bioaktivnost ter na koncu potrdili izboljSano
vraScanje v prisotnosti bioaktivnega stekla z in vivo testi.

Da bi zdruzili lastnosti obeh prevlek, smo nanesli obe prevleki skupaj. Biosteklo bi
tako sluZilo za pospeSevanje nastanka nove kosti, anatazna prevleka pa bi
preprecevala izluZevanje toksi¢nih kovinskih ionov tudi po tem, ko bi se biosteklo
razgradilo in bi ga zamenjala kost.
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Abbreviations

a.u. = arbitrary units

AES = Auger electron spectroscopy

at.% = atomic percent

BAG = bioactive glass

CFU = colony-forming units

CNT = calcium nitrate tetrahydrate

DSC = differential scanning calorimetry

EDS = energy-dispersive X-ray spectroscopy

EPR = electron paramagnetic resonance

EtOH = ethanol

FEG = field-emission gun

HAp = hydroxyapatite

HT = hydrothermal treatment

mol.% = molar percent

0D600 = optical density at 600 nm wavelength

PBS = phosphate-buffered saline

SBF = simulated body fluid

SEM = scanning electron microscopy

TEM = transmission electron microscopy

TEOS = tetraethyl orthosilicate

TEP = triethyl phosphate

TG = thermogravimetry

TSB = tryptic soya broth

wt.% = weight percent

XPS = X-ray photoelectron spectroscopy

XRD = X-ray powder diffraction

ZP = zeta-potential

70S = bioactive glass with a composition (mol.%) 70Si02-30Ca0

58S4Zn = bioactive glass with a composition (wt.%) 58Si02-30Ca0-
8P205-47Zn0

58S4Sr = bioactive glass with a composition (wt.%) 58Si02-30Ca0-
8P205-4Sr0

53S = bioactive glass with a composition (wt.%) 53Si0,-20Ca0O-
4P,0s5-23Naz0

45S5 = bioactive glass with a composition (wt.%) 45Si02-24.5Ca0-
6P205-24.5Na20

Vivoxid® = 53Si02-20Ca0-4P20s5-24Naz0

NN = sodium nitrate

Sr-A = strontium acetate

Zn-A = zinc acetate

S. aureus = Staphylococcus aureus
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Staphylococcus epidermidis

S. epidermidis

NBO = non-bridging oxygen
BO = bridging oxygen
NC = network connectivity



1 Introduction

Bone diseases are serious health conditions that have a major influence on the
quality of life, particularly among the aged. For centuries, when tissue became
diseased or damaged, the offending parts were usually amputated. The removal of
bad tissue, such as joints, vertebrae, teeth, or organs elevated the pain and
the quality of life was improved only marginally. But during the past century
the situation changed dramatically. The goal of all early biomaterials was to achieve
a suitable combination of physical properties to match those of the replaced tissue
with a minimal toxic response in the host. Over the past few decades, the number of
new biomaterials has expanded rapidly, as has our understanding of events that
occur when a foreign material is placed in contact with living tissue. From dental
repairs to controlled drug release or total organ/joint replacement, almost every
human in the civilized world is these days exposed to a biomaterial during their
lifetime.1 2

With increasing life expectancy, which is now in the range 80+ years, people
outlive the quality of their connective tissues, and therefore the need for
replacement tissues is unavoidable. With ageing, the density and strength of the
bone tissue decreases. Women are even more vulnerable to this. From 30 to
65 years the bone strength of women decreases by approximately 40 % (that of men
by 20 %). Bone density decreases with age because the osteoblasts (cells which
generate the bone tissue) become less productive in new-tissue formation and
microcrack healing. The decreasing density substantially lowers the strength of the
spongy tissue located at the ends of the long bones and vertebrae. A consequence of
this is numerous breaks of the hip bone stem in old people, or deformation of the
vertebrae and pain in the spinal column. The ageing of bone tissue, bone defects
which are formed in the operational removal of cysts, tumours, genetic defects and
other bone-tissue-related diseases, together with need for a better life quality claim
for materials, artificial or autogenous, that will have long life functionality and
survivability under body environmental conditions.1 2

The survivability of implants requires the formation of a stable interface with the
living host tissue. A strong bond between the implant and the surrounding tissue
must be formed as soon as possible for faster postoperative healing and to avoid
later implant loosening. Metal implants that are used in orthopaedics and dental
care are required to have some surface modification to promote osseointegration, to
protect the surrounding tissue from the release of metal ions from the implant, to
possibly protect the surface from bacteria colonization and at least to obtain
a hydrophilic surface for better cell attachment. Different coatings have been
proposed, and among them are bioactive glass and titania. Bioactive glass is one of
the most bioactive materials; it stimulates bone formation, and is also
biodegradable, which means that the coating is temporary as it dissolves when in
contact with body fluids. Another type is a titania coating that is already naturally
formed on Ti metals, but is amorphous and a transformation into the crystalline
phase is needed to obtain the above-mentioned properties.



2 Introduction

1.1 History of biomaterials

Biomaterials are nowadays used widely throughout medicine, dentistry and
biotechnology, whereas only 50 years ago the word biomaterial was even not used.
The revolution in biomaterials began 30 years ago. However, people had used
materials to replace damaged parts of the body a hundreds of years before. The
oldest known non-biological material in the human body was dated to be 9000 years
old. Archaeologists discovered a person with a spear embedded in his hip. Romans,
Chinese and Aztecs used gold in dentistry more than 2000 years ago. Mayan people
(600 A.D.) used nacre teeth from sea shells and apparently achieved what we now
refer to as bone integration. Sutures were a relatively common fabricated material
for thousands of years; and there is evidence that they may have been used 32000
years ago. Glass eyes, ivory and wooden teeth have also been in common use
throughout history. In 1759 a wooden peg and a twisted thread were used to unite
the edges of a brachial artery. In 1860 aseptic techniques that enabled some control
over implant-related infections were improved. However, most implants prior to
1950 had a low probability of success because of a poor understanding of
biocompatibility and sterilization.1

In the middle of the 20t century PTFE (Polytetrafluoroethylene; Teflon) began to
be used for cardiac valves and vascular grafts and PE (polyethylene) was introduced
into plastic surgery. During World War 2 synthetic plastics came into use. It was
discovered accidentally that PMMA does not cause infections. Sir Harold Ridley,
inventor of the plastic intraocular lenses, had the opportunity to examine warplane
pilots who were injured by fragments of their aircraft canopy made from PMMA
plastic. The fragments got lodged into their eyes and stayed there for years but the
pilots did not suffer adverse chronic infections. Since then PMMA has been used for
bone cement.1

In the past century, much research has been centred on creating better materials
and design to make prostheses that serve patient better, last longer, and look more
natural. One of the most notable advances came in the 1960s when Sir John Charnley
invented the low-friction total hip arthroplasty, the first of which was implanted
around 1962. In 1964 Dr. Branemark named a phenomenon called osseointegration
and explored the application of titanium implants in surgical and dental procedures,
when he discovered that the titanium screws after several months of implantation
were tightly integrated in the bone.l

Only a few years later in 1969 bioglasses were discovered by L.L. Hench. By the
mid-1980s bioglasses and other bioactive materials had reached clinical use.
Synthetic hydroxyapatite ceramics began to be routinely used as porous implants,
powders, and coatings on metallic prostheses to provide bioactive fixation. Bioactive
glass is a designed biomaterial. It was designed specifically for biomedical
applications.1

1.2 Types of biomaterials

No material implanted in an organism is absolutely inert. All materials elicit a certain
response from a host tissue, i.e., they stimulate a reaction in living tissue. According
to contemporary research, biomaterials are defined by four different types of
implant-tissue attachment (Table 1). The classes are by no means precise, and there
is often a debate about whether a material falls into the bioinert or bioactive
categories, as biocompatibility is often dependent on the morphology of the sample,
as well as the material. Toxic materials are, because of the death of the surrounding
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tissue, obviously to be avoided in any implant or tissue-engineering application.1-3

Table 1: Classes of biocompatibility!-3

Type of

: . Reaction of organism Material
biomaterial

Atrophy?, pathological change or Alloys containing Cd and
rejection of living tissue near the other toxic elements, carbon
Biotoxic material as a result of chemical, steels, carbides
galvanic, or other process. The
surrounding tissue dies.

Coexistence with the material without Ta-, Ti-, Al- and Zr- oxides
noticeable change, separation from the

Bioinert material by layer of fibrous tissue of
various thickness _
Formation of direct biochemical bonds High density hydroxyapatite
Bioactive with the surface of the materialand  and tricalcium phosphate,

free growth bioactive glasses

Tricalcuim phosphate,
porous hydroxyapatite,
calcium phosphate salts,

bioactive glasses

Gradual dissolution of the material by
Bioresorbable the biosystem of the organism, implant
replaced by growth of tissue

Biomaterials can be divided into four major classes: polymers, metals, ceramics,
and natural materials. Another class is combining the different classes of materials
forming composite materials, such as ceramic coating on metals or hydroxyapatite
particle-reinforced poly(lactid acid). 1-3

Polymers represent the largest class of biomaterials, they are widely used in
orthopaedics, dental, soft tissue and cardiovascular implants. A few examples of
polymers used in medicine are collagen, polyethylene, poly(methyl methacrylate),
poly(ethylene glycol). Natural materials such as silk, collagen, gelatine, etc. are
natural polymers that are very similar or even identical to natural substances, which
the biological environment can recognise and deal with metabolically. Therefore,
they have the ability to be degraded by naturally occurring enzymes. Metallic
implants (Ti and its alloys, stainless steel, Co-Cr alloys) are extensively used in
orthopaedics as screws, plates, joints, etc. Ceramic materials include ceramics,
glasses and glass ceramics, among which bioactive glasses, hydroxyapatite and other
calcium phosphates are used for bone regeneration.! 4+ Bioactive glasses and
Ti alloys are more precisely presented in later chapters.

1.3 Ti-alloys

Titanium-based alloys are among the most common materials implanted into the
human body, with the aim of permanently supporting or replacing injured or
disease-damaged bone. They are commonly used for artificial bones, joints and for

! Atrophy: reduction of a cell, tissue, organ or a part of them
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dental implants.

Titanium itself is considered a bio-inert material that satisfies the needs for
mechanical support relatively well due to its high flexural strength and tolerable
elastic modulus. Among other metallic implants it has the best corrosion resistance,
chemical inertness and biocompatibility, which are ascribed to the native oxide layer
formed on the surface. This oxide layer is formed when the alloy is exposed to air or
water and is normally very thin (up to 10 nm), amorphous and nonstoichiometric
and is thought to protect an implant exposed to the physiological environment from
corrosion. However, recent studies have indicated that when an implant is in direct
contact with bone tissue in a complex dynamic system, exposed to mechanical loads
and affected by extracellular liquid and proteins, this naturally formed layer does
not provide a sufficient long-term corrosion protection, and it is not an efficient
barrier for preventing the release of metal ions into the body®-’. The release of ions
is slow, but continuous. For example; in the case of the Ti6Al4V alloy, titanium is
released, as well as harmful alloying elements like aluminium and vanadium? é 8. 9
that are important constituents of the alloy. After years of continuous release, these
metal ions can cause adverse systemic responses, which have been seen as
cytotoxicity and genotoxicity, or rarely, but not negligibly, delayed hypersensitivity
reactions in some patients?. 10-14,

1.3.1 Surface modification of Ti-alloys

Since the Ti implants are not bioactive, the osseointegration is limited and there is
a risk of the release of toxic ions, different implant designs and surface modifications
are used. Different surface modifications have been proposed such as structure
modification, chemical treatments and bioactive coatings?>.

Using structure modifications the surface topography is changed in such a way
that it improves adhesion and bonding of the bone and thus improves the stability of
the implant. The surface can be modified by either surface roughening, machining,
grinding, and blasting or by applying a porous metallic layer on the surface of the
metallic implant. Such porous metallic coatings with their open and interconnected
pores are designed to allow bone to grow into the pores, thus allowing better
stability and fixation of the implant. Porous coatings also reduce the large difference
in stiffness between the bone and implant!6-18. The most common way of applying
a porous titanium layer on a Ti-alloy implant is vacuum plasma spraying (VPS). Such
implants were also used in this study as a substrate material.

For an improvement of the bioactivity of Ti-alloy implants ceramic, glass or
glass-ceramic materials can be applied, such as different Ca-phosphates!® or
bioactive glasses. Hydroxyapatite coatings exhibit an osteoconductive capacity
based on a similar chemical composition to natural bone and are being used in
clinical practice. Bioactive glasses are a biodegradable material with excellent
bioactivity and are bonded to both soft and hard tissue. The main function of such
coatings is to enhance the osseointegration but was also reported to increase the
corrosion resistance and ion diffusion barrier?. 21, The long-term protection is
however questionable as the protective role of the coating decreases with time and
is finally lost due to bio-resorption.

There are many reports on many different methods for applying BAG coatings;
however, they are not used in clinical practise yet. Among them are plasma
spraying 22, sputtering, electrophoretic deposition23, pulsed laser depositionZ4,
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sol-gel20. 25, grit blasting?6, etc. All of the mentioned techniques are able to form
a coating on flat surfaces and also some of them on more complex shapes, but none
of them is able to coat porous samples. Therefore, we introduced the vacuum
infiltration technique to infiltrate the BAG into the pores of the implant with VPS
porous Ti-layers on the surface.

To avoid the dissolution of the alloying elements and their diffusion into the body,
it is necessary to improve the quality of the native oxide layer and to increase its
thickness15. This can be achieved by the modification of the surface with chemical
treatments, including anodic oxidation, micro-arc oxidation, thermal oxidation,
sol-gel, or deposition from TiO; suspensions followed by a thermal treatment?> 27-29,
In most of these processes, the main problems are poor adhesion of the coating,
delamination, and phase transformations during the thermal treatment. Methods
also do not allow morphological control of TiO2 particles, which is important for the
bioactivity as well as for the cell adhesion.

In addition to the surface-protection effects, artificially made TiOz-based coatings
have been suggested to improve the biocompatibility and bioactivity of implants due
to their more stable chemical composition3? 31, In contrast to bioactive glass, which
dissolves in body fluid, the titania remains as a protective coating on the metallic
implants. Titania is also well known for its photocatalytic activity and is potentially
attractive for coatings on implants because it can provide a highly efficient,
self-sterilizing effect under UV irradiation32-34,

1.3.1.1 Hydrothermal (HT) treatment

Hydrothermal processing is defined as any heterogeneous reaction in a closed
system in the presence of aqueous media above room temperature and at pressures
greater than 1 atm. For the chemical reactions in the presence of a non-aqueous
solvent, the term solvothermal is used. The material that is relatively insoluble
under ordinary conditions, goes into solution under the action of mineralizers or
solvents, to dissolve and recrystallize. Due to the specific physical properties,
particularly the high solvation power, high compressibility, and mass transport of
the solvents, different types of reactions occur: 3536

- Synthesis of new phases or the stabilization of new complexes,

- Crystal growth of several inorganic compounds,

- Preparation of finely divided materials and microcrystallites with well-defined size
and morphology for specific applications,

- Leaching of ores in metal extraction,

- Decomposition, alteration, corrosion, etching.

Pressure is controlled, either externally or by the degree of filling and
temperature in a sealed vessel.

The reactions during the hydrothermal synthesis are controlled by
thermodynamic variables such as temperature, pH, concentrations of reactants and
additives. The phenomena that underlie the size and morphology control using the
thermodynamic variables are the overall nucleation and growth rates, which control
the crystal size, and the competitive growth rates along principal crystallographic
directions that control the morphology. The size of the crystals can therefore be
controlled by varying the temperature and the concentration. The crystal
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morphology and the size can be additionally affected by surfactants, which can
adsorb on specific crystallographic faces and solvents, which adsorb similarly as
well as regulate solubility.3> The reactions between the components of a
thermodynamic system can be characterized by thermodynamic state functions
(thermodynamic potentials) depending on the state variables. The most important
state function in thermodynamic modelling is the Gibbs free energy ( G ), given by:

AG =AH -T AS (D
with enthalpy (H), temperature (T) and entropy (S).

The above expression shows the influence of enthalpy and entropy on the
equilibrium constant, so that the enthalpy and entropy of the solubility (at constant
P and T) are different for different solvents, also the solubility of the same solid
substances changes with the solvent. Whether considering nucleation or growth, the
reason for the transformation from solution to solid is the same, i.e., the free energy
of the initial solution phase is greater than the sum of the free energies of the
crystalline phase plus the final solution phase. 37,38

Relative to solid-state processes, liquids give the possibility of the acceleration of
diffusion, adsorption, reaction rate and crystallization, especially under
hydrothermal conditions. All forms of ceramics can be prepared under
hydrothermal conditions, i.e.,, powders, fibres, single crystals and also coatings on
metals, polymers or ceramics.35

When a hydrothermal treatment is used for the preparation of a coating,
nucleation starts on a foreign surface. The presence of a foreign surface can be used
to exert even greater control over the nucleation because, quite often, the interfacial
energy between a crystal nucleus and a solid substrate is lower than that of the
crystal in contact with the solution. This is because the atoms in the crystal can form
bonds with those in the substrate that are stronger than the bonds of solvation.
Because the enthalpy contribution to the free energy comes primarily from chemical
bonding, stronger bonds lead to a smaller interfacial free energy. Clearly, the
strength of bonding at the interface is strongly dependent on the structure and
chemistry of the substrate surface. If the atomic structure of the substrate surface
closely matches a particular plane of the nucleating phase so that lattice strain is
minimized and, in addition, the substrate presents a set of chemical functionalities
that promote strong bonding to the nucleus, then the enthalpic contribution to the
interfacial free energy becomes small, and nucleation occurs preferentially on that
crystal plane.38

Hydrothermal synthesis is usually conducted in a steel pressure vessel known as
an autoclave, or a reactor or a high-pressure bomb. Usually, autoclaves are made
from stainless steel and have a Teflon liner that is placed inside the steel autoclave in
order to prevent corrosion, as autoclaves have to be inert with respect to the
solvent. One of the most popular types of autoclave is presented in Figure 1.37
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Figure 1: Example of an autoclave with a Teflon vessel.

1.3.1.2 TiO: coatings prepared by hydrothermal treatment

TiO2 is one of the most studied materials prepared by hydrothermal synthesis.
Knowledge from the synthesis of powder can be transformed to the synthesis of
coatings as the major difference is only in the nucleation site. Summarized by
Bayrappa3’, the synthesis of TiO; is usually carried out in autoclaves with Teflon
vessels at relatively low temperatures, up to 200 °C and pressure up to 100 bars.
Different solvents are used, such as NaOH, KOH, HCl, HNO3, HCOOH and different
starting charges such as reagent-grade anatase, sintered anatase, TiCls, titanium
alkoxide or titania gel formed from alkoxide can be used. According to the solvents
and starting charges, different polymorphic forms of anatase can be produced, rutile,
anatase or brookite, or a mixture of them. In biomaterials some reports suggests that
anatase has a better bioactivity than rutile and brookite3°. For the formation of a
single phase, the temperature and pH of the media are of great importance too.
When the pH of the medium is low, the product is usually rutile. As the pH increases,
essentially anatase phase is formed and is even more favoured when NaOH is added.
Beyond pH 12 amorphous materials can be obtained. To alter the particle shape and
size and to enhance crystallization different additives have been used, such as F-, K+,
HNO3, tetrametyl ammonium hydroxide or tetrabutyl ammonium hydroxide, etc3’.

Several attempts have also been made to form a TiO2 layer on the surface of Ti
and different Ti-alloys by a hydrothermal (HT) treatment. Often TiO; is applied by
some other method and is then crystallized by an additional hydrothermal
treatment.

Beusen et al. hydrothermally synthesised anatase particles which were deposited
on a Ti-alloy by tape casting?0. Ueda et al. 41. 42 synthesised TiOz layers on Ti and Ti-
Nb by the HT crystallization of amorphous TiOz2, which was prepared on the metal
surface using a chemical pre-treatment with a H202/HCI solution. The TiO2 formed
on the metal substrates was identified as anatase; however, Nb was detected as an
impurity in the surface TiOz layer#! 42, Cheng#3 hydrothermally treated amorphous
sol-gel-prepared TiOz layers on NiTi substrates. Liu et al.#* hydrothermally treated



8 Introduction

micro-arc oxidized titania films. Without any pre-treatment of the metal surface
Obata et al.#> HT synthesised the TiO2 polymorphs anatase and brookite on Ti metal
in a diluted NaOH solution. Similarly, Wong et al.#¢ HT synthesized an anatase film
on a NiTi alloy by HT just in water which improved the corrosion resistance but did
not induce HAp formation. Divya Rani et al.#’ grew nanoleaves, nanoscaffolds and
nanoneedles by hydrothermal treatment in a diluted NaOH solution, of which only
the nanoneedles resemble anatase crystals, but it resulted in the formation of
fibrous tissue when implanted into a rat.

1.4 Bioactive glasses (BAG)

Bioactive glasses were discovered by L.L. Hench and colleagues in 1969. They found
out that a certain group of calcium-rich glasses could form a chemical bond with
bone. Since this discovery, bioglasses have been used in many clinical applications,
such as drug-delivery systems, bone cements, filling defects left from the removal of
teeth, devices for implant into the middle ear, and also in facial reconstruction. Due
to their poor mechanical properties bioactive glasses cannot be used in load-bearing
applications, where metallic alloys are still the material of choice. But can be used as
a coating for metal implants in order to improve implant bioactivity.3 48 49

Bioactive glasses have an ability to repair and to rebuild damaged tissues,
particularly hard tissues. They possess their bioactivity because the components of
the glass are similar to those which contain hydroxyapatite; so once the glass
dissolves, the dissolution products nucleate hydroxyapatite formation at silanol
Si-OH groups on the glass surface. Their osteoconductive behaviour enables them to
bond to hard as well as to soft tissue.*% 50

The similarity of bioactive glasses to other bioactive ceramics is a time-
dependent, kinetic modification of the surface that occurs after implantation. The
surface forms a biologically active hydroxycarbonate apatite layer, which provides
the bonding interface with the tissue. The hydroxycarbonate apatite phase that
forms on bioactive implants is equivalent, chemically and structurally, to the mineral
phase in bone. It is that equivalence that is responsible for the interfacial bonding.
On the other hand, they differentiate from bioactive ceramics or glass ceramics in
the possibility to tailor their chemical composition and linking speed to the tissues.
Therefore, it is possible to design glasses with tailored properties for a specific
clinical application.4?. 50

The bioactive glass ability of bonding to bone was first demonstrated for only a
certain compositional range of bioactive glasses, which contained SiOz, Na;0, CaO
and P;0s in specific proportions. There were three key compositional features to
these bioactive glasses that distinguished them from traditional soda-lime-silica
glasses#9: higher mol.% SiO2, high Na;0 and CaO content, and high CaO/P20s ratio.
Those bioactive glasses were prepared by melting at high temperatures.

By introducing the sol-gel method for bioactive glass production, the bioactivity
broadens to a larger range of its composition. The higher surface area and
nanoporosity of sol-gel derived bioactive glass makes it bioactive even for amounts
of silica as high as 90 mol.%.5051

Bioactive glasses are bioresorbable materials, and besides bone bond formation
their ionic dissolution products were shown to stimulate angiogenesis. Certain
compositions of bioactive glasses increase the secretion of angiogenic growth factors
from fibroblasts and can induce infiltration of an increased number of blood vessels
into the tissue52-54, The released ions also showed antibacterial and inflammatory
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effect>5-57. A schematic overview of the biological responses to bioactive glass ionic
dissolution products is presented in Figure 2.
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. control cell cycle of osteoblasts towards osteogenic differentiation
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Figure 2: Biological responses to ionic dissolution products of bioactive glasses.58

1.4.1 Bioactive glass structure

The main feature of bioactive glass is its bioactivity, which is strongly connected to
the glass structure. Therefore, a brief introduction to the glass structure is presented
below in order to understand the connection with bioactivity.

Silicate glasses are defined as amorphous solids that are characterized by
a network of covalent SiO4 tetrahedrons, linked together by bridging oxygens (BO)
where each oxygen atom is shared by two Si atoms which occupy the centres of
linked tetrahedra. The short-range order is similar to the crystalline counterparts,
while there is no long-range order present. Amorphous SiO2 is characterized by
a continuous network interconnected in three dimensions, with every tetrahedron
linked by four BOs to four adjacent tetrahedra. The addition of network modifiers
(alkali and alkali earth metal cations) replaces BO with non-bridging oxygen (NBO).
Ionic bonds between NBOs and network modifiers ensure the local charge balance
and the overall charge neutrality. The concentration of NBOs increases, and the
concentration of BOs decreases directly in proportion to the alkali oxide content.5?
A two-dimensional drawing of a bioactive glass structure is shown in Figure 3.

The bioactivity of BAG is connected with its network connectivity (NC) that is
defined as the average number of BO atoms per silicon in the glass network. It is a
general rule that glasses with NC values over 2.4 have negligible bioactivity and it is
increased towards the value of 2.0, which corresponds to silicate structure where
each silicon atom has on average two NBO and two BO (Q2 structure; two silicon
atoms are bonded to another silicons).6% ¢1 The dissolution and bioactivity are
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controlled by NC, so the addition of modifiers decreases the NC by increasing the
number of NBO and thus the solubility of the glass.

Structure of a glass
network

Bridging oxygens

Non-bridging
— CKYgeNs

Network
— formers

|

/
Network modifiers

Figure 3: Structure of bioactive glass networksé2. Network modifiers are disrupting
connectivity of glass structure by forming NBOs.

1.4.2 Bonding of bone to bioactive glasses

Bioactive glasses as well as other bioactive materials (glass ceramics, sintered
hydroxyapatite, tricalcium phosphate) bond to living bone trough the apatite layer,
which is formed on their surfaces in the living body under body environmental
conditions. This apatite is a carbonate containing hydroxyapatite with small
crystallites and a defective structure, which is very similar to the apatite in the bone
in its composition and structure. Therefore, the bone-producing cell, the osteoblast,
can preferentially proliferate, differentiate and mineralize to produce apatite and
collagen on this apatite layer. As a result the surrounding bone can come into direct
contact with the surface apatite without the intervention of the fibrous tissue. When
this occurs a tight chemical bond is formed between the bone apatite and the surface
apatite in order to reduce the interface energy between them®3.

In vitro the bone-bonding ability of a biomaterial, the so-called bioactivity, can be
predicted from the apatite formation on its surface in simulated body fluid (SBF)
with the ion concentration nearly equal to that of human blood plasma. The
composition similarity of SBF and human blood plasma is shown in Table 2. It is
clear that bioactivity is not only a material property but also depends on the solution
used for in vitro tests®4. Therefore, in vitro tests must create similar conditions as in
vivo.

Table 2: lon concentration of SBF and human blood plasma
Ion concentration (mM)

Na+ K+ Mg+ Ca% Cl- HCO3»  HPO42  S042
Human blood plasma 142.0 5.0 1.5 25 103.0 27.0 1.0 0.5
SBF 1420 50 15 2.5 14838 4.2 1.0 0.5

It is thought that there are 5 stages to the formation of hydroxyapatite on
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bioactive glasses in solution? 4?:

FORMATION OF Si-OH BONDS: Exchange of Na* (or K* or Ca2+) ions from the
surface of the glass with H* or H30* ions from solution, leading to the
formation of silanol (Si-OH) groups on the surface:

Si-0-Na + H* + OH- — Si-OH + Na* (solution) + OH* (2)
This stage is usually controlled by diffusion

FORMATION OF SiOH BONDS AND RELEASE OF SOLUBLE SILICA: Loss of
soluble silica in the form of Si(OH)4 to solution, resulting from breaking of Si-
O-Si bonds and the formation of further silanols (Si-OH) at the glass solution
interface:

Si-0-Si + H20 — Si-OH + OH-Si 3)
This stage is usually controlled by interfacial reaction
POLYCONDENSATION: Condensation and repolymerization of a SiOz-rich

layer on the surface depleted in alkalis and alkaline-earth cations, to form
hydrated silica gel:

0 0 0 O
| | | |

0-Si-OH + HO-Si-0 - 0-Si-0-Si-0 + H20 (4)
| | I |
0 0 0 0

ADSORPTION: Migration of Ca2* and PO43- groups on the surface through the
SiOz-rich layer forming a calcium phosphate (CaO-P20s) rich film on top of
the SiOz-rich layer, followed by the growth of the amorphous calcium
phosphate-rich film by the incorporation of soluble calcium and phosphate
from the solution

CRYSTALLIZATION OF HCA: Crystallization of the amorphous Ca0-P20s film
by incorporation of OH-, CO3;, or F- anions from solution to form a mixed
hydroxyl, carbonate, fluoro-apatite layer.

A schematic presentation of those five stages is presented in Figure 4 on two

component glasses Si02-Ca0 and Si02-Naz06>.
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Figure 4: Mechanism of apatite formation on a) a Ca0-Si0O; glass®3, b) a Na,O-SiO; glass in
SBF.65

The first five stages occur on the glass side and do not depend on the presence of
tissue. They are then followed by six biological stages, summarized in Figure 5.
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Figure 5: Sequence of interfacial reactions involved in forming a bond between a bone and a
bioactive glass.2 34

The in vitro bioactivity of bioactive glasses is affected by many factors including
composition, texture, porosity, density and crystallinity. All of these factors influence
the dissolution rate of BAG.

The influence of composition was already evident in the first bioactive glasses,
where only a certain range of compositions were bioactive. Later, by introducing the
sol-gel synthesis of BAG the range of compositions that are still bioactive was greatly
extended. The composition of BAG has a major influence on the network
connectivity that is the most important feature influencing the solubility and thus
the bioactivity of the glasses®® 67,

The crystallization of BAG is undesirable because it reduces the bioactivity since
the crystal phases are in a lower energy state, the structure is more tightly packed,
the bonding is stronger and thus the crystal phase is less soluble®® 69, In general,
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bioactivity increases with decreasing network connectivity. Thus the dissolution
rate of BAG increases with the addition of network modifiers that are responsible for
forming non-bridging oxygens.t% 66 Therefore, the composition of glass is not
important just for the released ions but also for the glass network that is responsible
for the rate of glass dissolution. Silica, as a network former, forms OH groups during
the dissolution of glass, which are the nucleus sites for hydroxyapatite (HAp)
precipitation. Other oxides in a composition are important for disrupting the silica
network and making it less connective.

More recently, it was observed that the formation of a HAp layer is not a critical
stage of the reaction for bone regeneration. The bioactivity is important, but more
critical is the dissolution of ionic products from the bioactive glass, especially the
critical concentration of soluble calcium and silica ions. The released ions stimulate
the expression of several families of genes, including genes encoding the nuclear
transcription factor, and activates growth factors, especially IGF-II along with IGF
binding proteins and proteases that cleave IGF-II from their binding proteins.
The response of those genes and the activation of growth factors modulate the cell
cycle response of osteoblasts to bioactive glass. The osteogenesis (new bone
formation) is controlled by the genes.>0 70-73

1.4.3 Sol-gel bioactive glasses

1.4.3.1 Sol-gel

Sol-gel is a process which enables the preparation of a glass without melting. Glass,
ceramics and composites can be prepared by the sol-gel technique at much lower
temperatures than conventional techniques. In the sol-gel process the starting
compounds also called precursors consist of metal or metalloid elements
surrounded by various ligands. The common precursors for oxides are inorganic
salts, such as nitrates, and organic compounds, such as alkoxides.”4

Sol is a different name for a colloid suspension of submicrometer- and
nanometer-sized particles in a liquid. If those particles have surface-active groups,
like hydroxyl groups, under specific conditions the condensation reaction can start
and the particles can bond together. Water or solvent, which are condensation
products, are trapped between the sol particles, i.e., sol matrix, thus forming an
intermediate product called a gel. The gel is a semisolid with a liquid trapped in the
pores. During gelation M-O-M (M is a metal atom) bonds are formed (or Si-O-Si) with
a controlled hydrolysis of the metal alkoxides. The most common and most widely
studied precursors are tetraethoxy silane (TEOS) with the formula Si(OC2Hs)4 and
tetramethoxysilane (TMOS) with a formula Si(OCH3)s. These precursors are also the
main starting compound for sol-gel bioactive glass synthesis.”4

Metal alkoxides react with water; hydroxyl ion becomes attached to the metal
atom. The reaction is called hydrolysis74:

Si-(OR)4 + H,0 — HO-Si(OR)3 + R-OH (5)

Depending on the amount of water and catalyst, hydrolysis can stop when the
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metal is only partly hydrolysed, as written above, or it can go to completion?4:
Si-(OR)4 + 4H20 — Si(OH)4 + 4R-OH (6)

Partially hydrolysed molecules then link together by condensation. The reaction
where larger and larger molecules are formed by condensation is called
polymerization. The polymerization, to form siloxane bonds, occurs by either an
alcohol or water condensation reaction’#:

(OR)3Si-OR + HO-Si(OR)3 — (OR)3Si-0-Si(OR)3 + R-OH (7)
(OR)3Si-OH + HO-Si(OR)3 — (OR)3Si-0-Si(OR)3 + H20 (8)

During the polymerization of the monomers three-dimensional particles are
formed with OH groups on their surface, which serves as nuclei for further growth.
This further growth occurs by Ostwald ripening. Particles grow in size as highly
soluble small particles dissolve and re-precipitate on larger, less soluble ones. The
growth stops when the solubility between the smallest and largest particles
becomes only a few ppm. However, further growth can be achieved at higher
temperatures and higher pH (above 7).74

The above-described mechanism where a solution of monomers is condensed to
the cross-linked polymer corresponds to the formation of a sol. However, two types
of sol can be formed, as described by Brinker74, polymeric and particulate. The factor
broadly distinguishing the systems is that particulate sols consist of dense particles
rather than polymeric clusters. A polymeric sol is defined as a colloid in which the
solid phase contains no dense (non-fractal) particles larger than 1nm, whereas the
particulate system has particles larger than 1 nm.74

Below pH 7 condensed species aggregate to form chains and a network that
extends through the liquid medium and is thickened into a silica gel, where pores
are filled with water or ethanol. The process of gel formation is slow but can be
accelerated with a catalyst, acid or base. If the reaction is catalysed by acid the
product is a chain and if it is catalysed by a base the product is more branched. The
residual liquid phase left in the gel is eliminated by drying. A dried gel, also called
xerogel, still contains some water in form of OH groups. If no catalyst is added the
gelation can go up to 1000 h.74

At pH above 7, due to the greater solubility, the growth of primary particles
continues by Ostwald ripening. If no salts are added, no chaining or aggregation
occurs, and the particles are repulsive. When salts are added, as it is necessary for
BAG containing oxides other than silica, the aggregation of particles occurs due to
the reduced thickness of double layer. Such a particulate sol or colloids can remain
stably suspended or can be further aggregated into a particulate gel and aged, or
grow so large that they settle out of suspension. Colloids can then be dried to obtain
a powder used for further sintering or melting.”4

1.4.3.2 Bioactive glasses prepared by sol-gel

The sol-gel bioactive glasses are prepared at much lower temperatures than
conventional melt-derived glasses. The presence of network modifiers, which open
the Si-O-Si bonds, reduces the melting temperature of the melt-derived glasses, but
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temperatures above 1300 °C are still needed to prepare the glass. On the other hand,
sol-gel synthesis allows the preparation of glasses at much lower temperatures
(usually around 600 °C). The use of sol-gel expands the bioactive compositional
range up to 90 % of SiO; and also allows a wider compositional range’>. To obtain
bioactive properties in melt-derived BAG the composition has to be within a certain
range (5-17 P20s, 20-50 CaO0, 20-55 SiO; and 10-50 Naz0). Glasses with a higher SiO>
content are inert>0. However, in sol-gel derived BAG a larger amount of silica means
a higher concentration of silanols, more nucleation sites for HAp and therefore
better bioactivity. No source of Na is needed for reducing the melting temperature in
sol-gel. The BAG composition prepared by sol-gel can be as simple as Si02-CaO. This
two-component BAG was proven to be as bioactive as melt derived 45S and 58S576-80,
The higher bioactivity and the higher rate of dissolution was ascribed to the larger
surface area and the textural features, such as the pore size>1 81 82, A higher surface
area of sol-gel glasses is also beneficial for the adhesion of cells on the glass
surface83,

Besides better bioactivity, sol-gel prepared BAG also has a higher degree of purity
as the starting reagents are liquids and not powders, and therefore also a higher
homogeneity. Any contamination with impurities during milling that is necessary to
form smaller particles of melt-derived glass is therefore avoided. Simplified
compositions allow us to avoid he addition of Na;0O that is added to reduce the
melting temperature in melt-derived glasses. Due to this the low-temperature
process coatings and thin films are easier to make. On the other hand, large pores,
large shrinkage and crack formation during gel drying negatively affect the
mechanical properties.

Using the sol-gel process, bioactive glass and other ceramic and glass materials
can be fabricated in various forms: fibres, powders, films, monolithic materials,
highly porous aerogels, microporous membranes, etc. 76

Starting precursors for sol-gel bioactive glass are, due to their availability,
alkoxides TEOS for SiO2 and triethyl phosphate for P20s and usually inorganic salts
for Ca0, Naz0, MgO etc. For Ca, calcium nitrate is most often used, as calcium
alkoxide is very easily hydrolysed and the procedure is therefore much more
complicated84. Na, Zn, Sr and other oxides can be added to the glass in the form of
nitrates acetates or also alkoxides. The introduction of nitrates, also called
the inorganic sol-gel route, demands a thermal treatment at temperatures of 500 °C
to 800 °C in order to remove the residual salt, but the decomposition temperature of
the salts into oxides is often higher than the crystallization temperature of
the bioactive glass.

The method in used literature for BAG preparation using the sol-gel process is
the polymeric sol-gel route. The process involves the hydrolysis of TEOS and TEP
under acidic conditions. Usually, nitric acid is used and is followed by slow gelation
at slightly increased temperatures8>-87, although other acids such as lactid acid®8 or
acetic acid® can be used. Several attempts have been made in order to decrease
the particle size by accelerating the gelation reaction using a basic catalyst such as
NH40H?%9-92, where the base is added after the hydrolysis is completed.

Only a couple of reports were found where the sol-gel BAG synthesis was held
under basic conditions 93 %4, Meiszterics et al. used NH4OH as a catalyst for both the
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hydrolysis and condensation reactions, but the synthesis was unsuccessful as they
report about unwanted calcium salts precipitation?3. In another study, Labbaf et al.
prepared two-component BAG Si0z-CaO by the formation of spherical SiO; particles
using a Stober process?> with ammonia as the catalyst. Calcium nitrate was
introduced into the system when SiO particles were already precipitated and was
deposited on the silica particles. As Ca had to diffuse into the particles from their
surface, after they were already formed, they had problems to incorporate Ca into
the network and were able to obtain the composition only with a maximum of 15
mol.% of calcium.

1.4.4 Antibacterial properties of bioactive glasses

The presence of an implant in the human body is known to increase susceptibility to
infection, activating the host defence and host immune systems. The sources of
contamination with bacteria during the surgery are the patient’'s or medical
personnel’s skin and the air in the surroundings. After the implantation there is an
immediate beginning of the so-called race for the surface, involving extracellular
matrix (ECM) proteins, fibroblasts, osteoblasts, endothelial cells and also bacteria. At
first a conditioning film of ECM proteins is acquired. This film is a biologically active
layer composed of a complex mixture of macromolecules (fibrinogen, fibronectin,
collagen, albumin, vitronectin). Host cells’ adhesion, migration, proliferation and
differentiation are all influenced by the composition and structural organization of
the surrounding ECM, which not only serves as a substrate for host cells but also for
colonizing the bacteria®. Therefore, for good implant ingrowth good antimicrobial
conditions have to be achieved. Bacterial infections thus prevent the adhesion and
growth of the bone tissue, which can lead to longer healing, possible implant failure,
revision surgery or, in the worst case, amputation.

Implant-related infections are commonly caused by S. aureus and S. epidermidis.
S. aureus is a common cause of metal-biomaterial, bone joint and soft-tissue
infections, while S. epidermidis is more common with polymer-associated implant
infections. Both of these staphylococci strains are capable of producing a biofilm,
which means that bacteria attach to the surface of an implant followed by other
bacteria, thus forming multiple layers of bacteria where the bacteria on the interior
of such a biofilm are protected from antibiotics and phagocytosis®. To avoid
bacteria colonization the implant surface has to be modified in a way to prevent
bacteria from attachment. Antibiotics are used to prevent infection and can also be
included in a coating as well as in inorganic components. In the case of the BAG
coating different metal ions, but most often Ag* ions, are applied>® 97-99. Those ions
have a broad spectrum of bactericidal activity even at low concentrations 56,
Different mechanisms for the killing of bacteria are documented, but the most
important is surface binding and damage of the membrane function. The use of
silver in medicine has to be precisely controlled as it can be toxic, not just for
bacteria but also for human cells, and also widespread and uncontrollable use may
result in bacteria developing resistance, which however is less likely than
a resistance to antibiotics100.

Instead of Ag,0 some other oxides such as ZnO, SrO or CeO and CuO can be added.
Zn is considered as an antiseptic materiall%l, however there are not many reports in
the literature about Zn being added to BAG to inhibit bacteria growth or
attachment102-104, [t was proven that the released Zn?* ions cleave the phosphate
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diester bond and the cleavage of DNA which leads to bacterial distraction when Zn is
added to HAp1%5 and that Zn2+ ion released from biomaterials have antibacterial
efficacy, killing many bacterial strains commonly associated with infection after
orthopaedic surgeryl%4. ZnO-containing glasses were shown to have a stimulating
effect on osteoblast cells, and they increase alkaline phosphatase activity and
osteoblast proliferation!%. However, there are many controversial studies
contradicting this positive effect, some also indicating the toxic effect of Zn2* ions,
especially at higher concentrations (2-8 ppm)107-109,

A. Guida et al. studied the effect of Sr added in glass ionomer cements dental
materials as strontium has been suggested to have a caries-inhibitory role!10,
The antibacterial activity was related to the ability of material to interfere with the
bacterial metabolism and growth and was not caused by a pH increase, as in glass
cements the pH is minimally reduced and not increased. The addition of SrO in BAG
is beneficial for bone formation!!1-113, Similar to strontium-renalate, used as
an osteoporosis cure, Sr-substituted BAG promotes an anabolic effect on osteoblasts
and an anti-catabolic effect on osteoclasts!!l. According to Lin et al.l14 Sr also has
some antibacterial properties when added to hydroxyapatite. The antibacterial
properties of Sr-substituted hydroxyapatite, were improved compared to the non-
substituted14,

Copper-containing phosphate-based glasses were also shown to have
antibacterial properties!’> as well as cerium, known by its lower cytotoxicity
compared to Ag* doped glasses116.

Bioactive glass has been shown to have antibacterial properties, also without the
above-mentioned additions. The antibacterial properties of BAG are ascribed to a pH
change and the concentration of the released ions!!’. When ions are released and
exchanged with ions from surrounding fluids, the pH increases. Alkaline pH is
important for HAp nucleation and crystallization, and at the same time it is believed
to have a great effect on bacteria, which has already been reported by several
authors®5 118-121 Bjoactive glass powders that reached the highest pH values during
dissolving also had the greatest effect on the bacteria (S. epidermidis, S. aureus, E.
faecalis, S. mutans)>7. The influence of pH was confirmed by Allan et al., who got the
same results when the pH was raised with NaOH instead of with particulate
bioactive glass powder 119. Zhang also showed that besides pH there is a strong
possibility that a high concentration of released calcium and other metallic ions aids
the antimicrobial effect. Similar conclusions were made by Vaahtio et al. who
observed the effect of Ca?* ions released from CaPSiO ceramics'?2. A high
concentration of released calcium and other ions cause the perturbation of the
membrane potential of the bacteria. The negative potential of the cell membrane is
depolarized by the release of the alkali ions. The effect of metallic oxides, ZnO, MgO
and CaO, was also evaluated quantitatively by J. Sawai et al. 123. Again, the CaO was
the most effective.

Using oxides as antimicrobial agents has recently attracted much interest due to
the better stability relative to organic (antibiotics).
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2 Aims and Hypothesis

The Ti6Al4V alloy is one of the most common materials being implanted into the
human body with the aim to permanently support or replace injured or disease-
damaged natural bone. The alloy satisfies the need for mechanical support, but
unfortunately contains harmful elements, like aluminium and vanadium, both
known as cytotoxic and genotoxic. When attached in a direct contact with bone
tissue in a complex dynamic system, exposed to mechanical loads and surrounding
body fluids, those elements are gradually released into the body. Moreover, the
material as such cannot form strong interfacial chemical bonding with the bone and
in comparison with bioactive materials, its osseointegration rate is slow. Therefore,
our aim was to prevent any direct contact of the metal with the surrounding tissue
and thus reduce the release of metal ions from the alloy and to increase the alloy’s
bioactivity.

Both a reduced ion release and improved bioactivity can achieved by applying a
coating such as titania, where the chosen technique is hydrothermal treatment of Ti-
alloy implant. In comparison with other techniques, a hydrothermal treatment
enables the formation of a coating on complex and porous surfaces. By changing the
procedure conditions and additives, a different titania morphology can be achieved
and the one suitable for cell attachment, proliferation and bioactivity can therefore
be chosen.

Even better bioactivity can be achieved with a bioactive glass coating on a Ti-
alloy. According to the literature data a bioactive glass can strongly improve the
growth of bone tissue as well as the surrounding soft tissue. Usually, bioactive glass
is prepared by a melting method that is inappropriate for applying coatings into
porous implants due to bigger particles than the pores themself. The milling of such
glass, in order to obtain smaller particles, leads to contamination of the powder,
which subsequently prevents its use for biomedical applications. Therefore, our aim
was to prepare nano-sized bioactive glass particles and to develop a coating
technique that would successfully coat the inner side of the pores in the porous
implant with bioactive glass powder, and not just the top surface of the pores, as
achieved with other known techniques, such as different spraying techniques, dip-
coating, etc.

The chosen technique for that was vacuum infiltration.

The more specific aims and goals were as follows:

o To study the influence of hydrothermal conditions on coating morphology
o To verify the bioactivity of TiO coating in simulated body fluid
o To study the correlation between coating morphology and bioactivity and cell

adhesion and proliferation
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Aims and Hypothesis

To prepare a more hydrophilic surface by applying a TiO2 coating

To develop sol-gel synthesis for the preparation of nano-sized bioactive glass
particles

To compare different bioactive glass compositions by means of bioactivity,
antibacterial properties and crystallization

To verify the influence of pH and the silica network on bioactivity and
antibacterial properties

To apply both coatings together and to verify the interaction of BAG with the
substrate material and the possible effect of the TiO: interlayer

To test coatings in vivo, specifically to compare bone ingrowth of non-coated
and BAG coated implants.
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3 Materials and Methods

3.1 Substrate materials

The experiments were performed with disc-shaped samples of Ti6Al4V (grade 5,
UNS R56400) with a diameter of 15.5 mm, thickness of 2 mm, and mean surface
roughness R, of 0.21 pm (Helipro d.o.o0., Slovenia) and composition of 6 wt.% Al, 90
wt.% Ti 4 % V, max 0.25 wt.% Fe and max 0.2 wt.% O, as well as titanium dental
screws (grade 2, LIMA spa, Italy) and porous titanium-coated Ti6Al4V cylinders
(Alhenia AG, Switzerland). The substrates are presented in Figure 6.

b)

Figure 6: Substrate materials: (a) Ti6Al4V discs, (b) Ti dental screw, (c) porous Ti-coated
Ti6A4V cylinder.

3.2 Sample preparation

3.2.1 Hydrothermal synthesis of TiO: coating

Prior to any HT treatment the substrates were ultrasonically cleaned with acetone,
rinsed in distilled water and dried in air. The treatment was performed at different
pH values with (HT B, C, D, E, F) or without the addition of titania (HT A) in the form
of either TiO2 anatase powder (samples HT B, C, D, E) (0.5 pum, Fluka AG, CH) or
Ti(IV)-hydroxide (HT F) precipitated by the hydrolysis of Ti-isopropoxide (Ti(iOPr)as,
Alfa Aesar GmbH & Co., Germany) in distilled water. The Ti6Al4V substrates were
placed into a Teflon container, half filled with a 2.5, 5 or 30 wt.% water suspension
of TiOz or Ti(OH)4 containing 0.4 mol/l Ti(IV) or with a NaOH or NH4NO3 solution.
The additives used for the hydrothermal treatment were NaOH, TMAH, ammonium
citrate, citric acid, CaF; (Kemika, Croatia). The Teflon container was placed in a
stainless steel autoclave treated at 150 °C or 200 °C for 24 h. After the HT treatment
the autoclave was left to cool to room temperature with a cooling rate 0.5 °C/min
and the samples were then ultrasonically cleaned in distilled water before any
further characterization.
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3.2.2 Preparation of bioactive glass coating

3.2.2.1 Sol-gel bioactive glass synthesis

Bioactive glass (BAG) was prepared by polymeric or particulate sol-gel synthesis.
Four different compositions were tested, named 70S, 53S, 5854Zn and 58S4Sr. Their
compositions together with the compositions of two commercial BAGs used in this
study for comparison are described in Table 3. The targeted compositions prepared
in this study were chosen according to reports, which described them as having a
good biological response>8 71, 80,

Table 3: Targeted BAG compositions
wt.% (*mol.%)

BAG Si0z Ca0 P205 Na0 ZnO SrO

70S 70*  30*

53S 53 20 4 23

58S4Zn 58 30 8 4

5854Sr 58 30 8 4
Bioglass® 45S5 45 245 6 245

Vivoxid (Perioglass) 53 20 4 23
* BAG 70S is written in mol.% in accordance with other literature. Corresponding wt.% is 71.4 for
SiOz and 28.6 for CaO.

The polymeric and particulate sol-gel routes are schematically presented in
Figure 39. The preparation of the BAG involved the reaction of stoichiometric
amounts of tetraethyl orthosilicate (TEOS, Si(OC:Hs)s, Alfa Aesar), triethyl
phosphate (TEP, OP(OC:Hs)3, Alfa Aesar), calcium nitrate tetrahydrate (CN,
Ca(NO3)2x4H20), Alfa Aesar), sodium nitrate (NN, NaNOsz, Alfa Aesar), sodium
ethoxide (Na-ethoxide, C2Hs0Na, Alfa Aesar), zinc acetate (Zn-A, Zn(OOCH3)2x2H:0,
Alfa Aesar) and strontium acetate (Sr-A, Sr(CH3C003z)2, Alfa Aesar) according to the
desired composition presented Table 3.

In the polymeric sol-gel route the hydrolysis was catalysed by HNOs. TEOS was
dissolved in EtOH and mixed with H>O and 2M HNO3 with a molar ratio
(H20+HNO3) / TEOS = 8. Other reagents were added in the order presented in Figure
39. On the completion of the hydrolysis the condensation reaction was continued
with aging for 24h or it was accelerated by the addition of 2M NH4OH. The obtained
gels were dried at 60 °C for 24h.

Particulate sols were prepared in basic conditions. Alkoxides were mixed
together with 50 vol.% ethanol in a ratio previously calculated to obtain the desired
glass composition. A mixture of those reagents (M1) was then added dropwise to
another mixture of ethanol, water, NH30H (M2) where nitrates and acetates were
also added. Calcium nitrate was dissolved in an excess of water to avoid Ca(OH):
precipitation. The H20/TEOS molar ratio was 10. The mixture was stirred vigorously
during the addition of drops. The pH value of the mixture M2 was carefully kept
constant at pH 10.3 with the dropwise addition of NH4OH to ensure the same
conditions for the hydrolysis and condensation for M1 till the end of the process and
to avoid possible insoluble calcium hydroxide formation due to the too high pH of
the M2. The process was performed with Titrando 835 (Metrohm, Switzerland).
After being stirred for 1 h, the obtained white suspension was dried in a dryer at
70 °C overnight or in a microwave oven for 5 min at 120 W, 5 min at 380 W and 5
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min at 700 W.

BAG prepared with sodium ethoxide as a precursor for Na;0 was prepared in the
same manner, except Na-ethoxide was added dropwise into the M2 mixture and less
NH4OH was used to keep the pH value at 10.3 as the basic conditions were
established by ethoxide that is a strong base.

3.2.2.2 Sintering studies

The shrinkages of the BAG pellets during sintering were analysed by a research
grade Thermo Mechanical Analyzer TMA Model Q400 V7.4 Build 93 (TA
Instruments, USA), that measures the vertical displacement as a function of
temperature. Experiments were carried out in the temperature range between 100
to 1000 °C with a heating and cooling rate 10 °C/min under argon flow with a flow
rate of 100 ml/min.

Thermogravimetry (TG) and differential scanning calorimetry (DSC) were
performed on a DSC Netzsch STA 449 C (Netzsch, Germany) coupled with a mass
spectrometer (MS) under a flowing argon atmosphere up to 800 °C with a heating
and cooling rate of 10 °C/min.

3.2.2.3 Application of bioactive glass coating on Ti6Al4V

Vacuum infiltration

Ti-alloy samples with porous Ti-layers applied by VPS (samples used for further in
vivo tests) were coated with bioactive glass by vacuum infiltration. The suspension
used for infiltration was 4 wt.% BAG dispersed in ethanol with 0.6 wt.% of
deflocculant PEI 1800. The suspension was dispersed with an ultrasonic finger. Ti-
alloy samples were placed in a vessel equipped with two valves. One served for
evacuation and the other for adding the suspension. The vessel was tightly sealed
and the suspension was pumped into the pores of the coatings. After bioactive glass
addition a negative pressure was held for another 2 minutes. Coatings were then
dried at room temperature and sintered at elevated temperature under vacuum.

Electrophoretic deposition

Samples that were used for the TEM characterization of BAG-coating-Ti-alloy
interface were prepared by electrophoretic deposition on flat surfaces due to the
easier handling. A Ti6Al4V alloy served as the counter positive electrode and as a
negative electrode on which the BAG particles were deposited. Electrodes were
placed on 2 cm distance in the BAG suspension prepared in the same manner as for
the vacuum infiltration. The deposition was maintained at 15 V for 1 min.

3.3 Characterization

3.3.1 Wettability

The wetting angles of the water on the discs were measured before the
hydrothermal treatment, after the hydrothermal treatment, and after the
UV irradiation, using a tensiometer (Attension, KSV Instruments).
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3.3.2 X-ray diffraction analyses

The crystal structure of the TiO; coatings was analysed by X-ray diffractometry
(Siemens D5000, Germany) using Cuke radiation (1.5406 A), with the angle 260
scanned from 20 to 60° using a step of 0.04° and acquisition time of 1 s (or step
0.034° and holding time 5000 s). BAG crystallization was monitored during sintering
by high-temperature X-ray diffractometry PANalytical X'Pert PRO (PANalytical B.V,,
Netherlands) using Cuke radiation (1.5406 A, with the angle 20 scanned from
20-70 °C using a step of 0.04°). Samples were heated 10 °C/min in argon flow and
XRD spectra were collected at 25, 500, 600, 700, 800 and 900 °C.

3.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS, PHI-TFA XPS, Physical Electronics Inc., or
ESCA) and Auger electron spectroscopy (AES, PHI 545A scanning Auger microprobe)
were used to analyse the surfaces and the at-depth composition of the coatings and
to estimate their thicknesses. The at-depth composition of the elements was
obtained with XPS/AES depth profiling, i.e., alternating cycles of sputtering with
Ar ions and subsequent XPS/AES spectra acquisition. For the AES analysis a static,
primary electron beam of 3 keV, with a diameter of ~ 40 um, was used. The AES
depth profiles were obtained by ion sputtering with two symmetrically inclined
1-keV argon-ion beams over area of 5 x 5 mm?. The sputtering velocity during the
AES depth profiling was calibrated on a flat, reference, multilayer structure of Ni/Cr
to be 2 nm/min. The XPS-analysed area was 0.4 mm in diameter. The sample
surfaces were excited by X-ray radiation from an Al K, line at an energy of 1486.6 eV.
The ion sputtering was performed with 3-keV Ar ions over an area of 3 x 3 mm?.
The sputtering velocity during the XPS depth profiling was calibrated on the flat,
reference, multilayer structure of Ni/Cr to be 5 nm/min. The concentrations were
calculated from the intensities of the peaks in the XPS/AES spectra using the relative
sensitivity factors provided by the instrument manufacturer. The sensitivities of
these methods are about 1 at.% and the relative error of the concentrations obtained
using the XPS and AES methods are estimated to 20 %.

3.3.4 Photocatalytic activity

The photocatalytic activity of the TiO2 surface coating was estimated using spin-
trapping electron paramagnetic resonance (EPR) spectroscopy (Bruker Elexsys
E500; 9.6 GHz). A droplet of a solution containing 0.05M spin-trap 5-
(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO; CoH1sNO4P; Vinci
Biochemicals) in 30 % ethanol (adding KOH to maintain a pH of 11) was placed on
the coated discs. The disc was then put under the diode with a wavelength of 365 nm
for 5 min. The solution was taken up into a capillary tube and the trapped radical
signal monitored for 5 min in the EPR spectrometer. The short-lived reactive oxygen
species that will be trapped with the DEPMPO are initially trapped with the primary
ethanol trap, which is then converted into the ethyl radical and trapped on the
DEPMPO. The absence of hydroxyl or superoxide radicals in the spectra proves that
ethanol trapped the primary radical production. The background was measured
with respect to the spin-trap solution placed on a non-coated disc and irradiated
with UV light under the same conditions.
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3.3.5 Leaching of metal ions

The leaching of metal ions was analysed after aging the non-treated and
hydrothermally treated discs in a physiological solution (ultrapure 0.9 % NaCl in
Milli-Q water) at 36.5 °C for 1 or 6 months. Ultrapure 0.9 % NaCl was used as a blank
sample. Prior to the experiments, the aluminium-free polyethylene containers were
carefully cleaned with HNO3 to eliminate any metallic ions that were potentially
present. The whole procedure, including cleaning and measurements, was
performed in a clean room. The concentrations of titanium, aluminium, and
vanadium that leached out of the samples during the 1 month in physiological
solution were measured by inductively coupled plasma mass spectroscopy (ICP-MS).

3.3.6 FTIR

Fourier transform infrared (FTIR) measurements were monitored with a FT-IR
spectrophotometer (PerkinElmer Spectrum 100 FT-IR) equipped with an ATR
(Attenuated Total Reflection) in the mid-IR range 400-1400 or 2000 cm-1.

3.3.7 Particle size distribution

The size of the BAG particles was measured with a laser scattering particle size
distribution analyser Horiba LA-920 (Horiba Ltd., Kyoto, Japan). Powders were
dispersed in ethanol (without any deflocculant addition) by ultrasound that is a part
of the equipment for 5 minutes before measurement.

3.3.8 Electron microscopy

The microstructures of the oxide layer on the hydrothermally treated samples and of
the untreated control sample, the BAG powders, sintered BAG pellets and BAG
coatings were examined by scanning electron microscopy (SEM JEOL 5800, Tokyo,
Japan) and field-emission scanning electron microscopy (FEG-SEM; Zeiss SUPRA
35VP, Carl Zeiss SMT, Oberkochen, Germany and JEOL JSM 7600F, Tokyo, Japan).

For the transmission electron microscopy (TEM) studies the specimens were
prepared as cross-sections, where the specimen discs with the oxide surface or BAG
coating were placed at the centre of the specimen. After cutting, the specimen was
ground and polished into 100-pm-thick discs, which were further prepared
according to standard procedures for TEM specimen preparation by dimpling and
ion milling (BAL-TEC, RES 010) using 4-kV Ar* ions at an incidence angle of 10° to
obtain large electron-transparent areas. The morphology and crystallinity of the
titania film were studied using a 200-keV transmission electrone microscopes (JEOL
2100 FX and JEOL JEM 2010F, Jeol Inc., Tokyo Japan), and analysed with an energy-
dispersive X-ray spectroscopy (EDS).

3.3.9 Mechanical characterization

The adhesion of the coatings to the substrates was evaluated by measuring the shear
strengths of the coatings using an Universal Instron Mechanical Testing System
(Instron 5569, Instron Co.), according to the ASTM F1044-05 standard. The coated
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samples and a non-coated Ti6Al4V cylinder were glued together with FM1000
adhesive film (Cytec Ind. Inc., USA), by applying a load during heating. The load was
applied in the in-plane direction, with a crosshead speed of 1 mm/min, and the
failure loads were determined. Scratch tests and Rockwell indentation tests were
also performed to verify the delamination of the coating during the applied load.
The scratch test was performed using an automatic scratch tester (Revetest®,
SCEM). Load with a normal force 0-100 N was applied with a Rockwell-shaped
indenter. The loading rate was 10 N/mm, the transverse velocity of the sample to
the diamond was 10 mm/min and the length of the scratches was 10 mm. For
Rockwell indentation test the applied load was 60 kg.

3.3.10 Bioactivity testing

The bone-like apatite that formed on the surface TiOz-coated alloy and BAG samples
was observed using an acellular and protein-free simulated body fluid (SBF) as
proposed by Kokubo et al.124, The pH and ion concentrations were nearly equal to
those of human plasma. The cleaned samples were immersed in 30 ml SBF under
sterile conditions in sealed flasks and soaked without stirring for up to 3 weeks. The
entire specimen was submerged in the SBF. The samples were then rinsed with
distilled water and dried in a desiccator. The lower surfaces of the samples (flat
pellet surfaces that were facing the bottom of the flask during the immersion) were
characterised before and after the soaking using FTIR, SEM and energy-dispersive X-
ray spectroscopy.

3.3.11 Bacterial testing

Four different compositions of bioactive glasses prepared by particulate sol-gel
technique were tested for their antibacterial properties. Tests were performed with
bioactive glass pellets sintered at temperatures evaluated with dilatometric
measurements.

Each BAG composition was tested with two different bacteria; S. aureus ATCC
25923 and S. epidermidis 1457. Three different methods of bacteriological tests were
used. Biofilm formation was quantitatively evaluated by viable colony forming unit
(CFU) counts after incubation with S. aureus ATCC25923 or S. epidermidis 1457 and
qualitatively by SEM observation of the BAG surface after incubation. Optical density
measurements were used to see the effect of leaching ions from BAG on the bacteria.

BAG pellets (® = 6 mm, h = 3 mm) were placed in a 24-well plate and covered
with 1 ml tryptic soy broth (TSB) inoculated with S. aureus or S. epidermidis at
a starting density 10* cells/ml. Plates were statically incubated at 27 °C and then
placed on a 3D rotary platform for 24, 48 or 120 hours. After incubation
supernatants were removed from the samples and placed in another well-plate. All
well plates containing BAG were rinsed with 2 ml of phosphate-buffered saline
(PBS). Pellets were then removed from the wells and carefully washed with 3 ml of
PBS for 3 times. Rinsed pellets were placed in a plastic tube with 10 ml PBS and
sonicated twice for 5 min in a sonication bath (Branson 2510-MT, 42 kHz) followed
by 10 s of mixing in a vortex to detach the bacteria from the pellet surface. Next,
tenfold serial dilutions in PBS were made from the supernatants and 100 pl were
plated on tryptic soy agar (TSA). After overnight incubation at 37 °C, the number of
colonies per plate were counted (Figure 7).
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Figure 7: Procedure for biofilm formation test. From left to right; Incubation of bacteria with
BAG pellets, detaching of bacteria from pellets surfaces, serial dilutions and bacteria
colonies on agar plates after overnight incubation.

For the SEM observation the BAG pellets were treated in the same way as
described above, but instead detaching from the pellet surface they were fixated by
the protocol catheter fixation for SEM. The pellets were immersed in 1 ml
glutardehyde (2.5 %) in cacodylate buffer (0.1 M, pH 7.4) for 12 hours at 4 °C, rinsed
in 0.1 M cacodylate buffer (pH 7.4) for 1 hour with 3 changes, rinsed with 1 ml
distilled water for 1 min, dehydrated in ascending ethanol baths, placed in 1 ml of
100 % hexamethyldisizilane for 5 min and at the end air dried.

The optical density of the supernatants was measured at a wavelength of 600 nm
(OD600) with a spectrophotometer Bio-Rad Smartspec 3000 after 24, 48 and 144
hours of incubation of bacteria with BAG samples.

3.3.12 In vitro tests

The in vitro tests were performed on disc-shaped samples of the Ti6Al4V alloy and
on the Ti6Al4V alloy with a porous Ti coating and different surface morphologies.
All of the samples were y-ray sterilised (25 kGy) prior to the tests.

3.3.12.1 Cytotoxicity testing

The first step in the biocompatibility evaluation was to investigate the cytotoxicity of
the materials according to ISO 10993-5 in order to exclude any toxic materials.
Necrotic cell death due to acute toxicity was assessed according to cell viability over
24 h. The cytotoxicity test was performed using mycoplasma-free Balb/c3T3 cells2
(ATCC CCL 163) in direct contact. The cells were seeded in 6-well plates (35 mm in
diameter, Nunc) at a starting density of 35 x 103 cells/cmZ2. Culture medium used
was DMEM supplemented with 5 % (v/v) fetal calf serum (Gibco). The cultures were
incubated at 37 °C in a humidified atmosphere containing 5 % (v/v) CO2 for 24
hours. These cultures were examined with an optical microscope in order to verify
that the cells consisted of a sub-confluent monolayer and that their morphology was
not altered. The culture medium was discarded and fresh medium added to each
well. Non-coated and TiOz-coated titanium samples were carefully placed in the
centre of each of the replicate wells, covering one-tenth of the cell layer surface.
Negative and positive control materials were treated in the same manner. The wells
were then incubated at 37 °C in a humidified atmosphere containing 5 % (v/v) CO2

2 Balbyc: laboratory-bred strain of the albino mouse
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for 24 hours. Positive (BSI disc from Portex Ltd or phenol at 0.64 mg/ml) and
negative (Termanox disc or culture medium) controls were run in parallel, and three
replicates of each sample and control were used for the analysis.

Cytotoxicity was evaluated by counting the viable cells. At the end of the
incubation period (24 h), the culture medium was removed and discarded. The cells
were detached using 0.2 % (w/v) trypsin in Hank's balanced solution (Ca2* and Mg2*
free) and incubated (2 min) with Trypan blue (Sigma) 0.2 % (w/v) in 0.15 M NacCl.
Dead cells (blue) and live cells (uncoloured) were counted using a haemocytometer.

3.3.12.2 Cell coating interaction

Cell adhesion and proliferation were investigated at 1, 3, 9, and 15 days by counting
the viable cells. The test system consisted of human osteogenic cells (HOC) from
bone marrow, to analyse the cells that are responsible for bone formation and
repair, and human endothelial cells (HEC) from microvessels, to analyse the cells
that are responsible for angiogenesis, which is required for bone repair.

First, the samples were covered with a complete culture medium and incubated at
37 °C for 30 min. This pre-coating with serum proteins mimics the in vivo situation
following implantation (for the adsorbed protein layer). The culture medium was
then removed and 10 x103 cells/cm? seeded onto the samples. Finally, the complete
culture medium was carefully added onto the samples and the plates were incubated
at 37 °C in a humidified atmosphere containing 5 % (v/v) COx.

3.3.12.3 Cell counting

At the end of the incubation period (1, 3, 9, 15, or 27 days), the culture medium was
removed and discarded. The cells were counted as already described for the
cytotoxicity evaluation. The negative control was the plastic of the culture wells.

3.3.13 In vivo tests

The in vivo test was performed on Ti6Al4V alloy cylinders with a porous titanium
layer that was non-coated, coated with TiO; or coated with BAG. TiO2 coatings were
applied by hydrothermal treatment and BAG was applied by vacuum infiltration.
Samples were y-ray sterilised (25 kGy).

a) porous Ti

flat TiIGAI4V

Figure 8: Substrate used for in vivo test. (a) Porous titanium-coated cylinder. (b) SEM image
of the substrate surface.
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3.3.13.1 Surgical procedure

The animal experiments were approved by the Veterinary Administration of the
Republic of Slovenia. Fifteen mature male New Zealand rabbits (mean weight
4.5 * 1.0 kg) underwent the operative procedure. Anaesthesia was induced by
intravenous administration of 0.08 mg/kg acetylpromazine (Vanastress; Vana
GmbH, Germany), 30 mg/kg ketamine (Narketan, Vetoquinol) and 3 mg/kg xylazine
(Chanazine, Chanelle Pharmaceuticals Manufacturing Ltd). Anaesthesia was
maintained by intravenous injection of 3 mg/kg propofol (Propofol, Fresenius). After
preparation of the surgical field, a skin incision was made over the medial border of
the tibia tuberosity, approximately 1 cm distal to the knee joint, followed by
dissection of the periosteum and retraction of the tibialis anterior muscle laterally.
A tunnel was drilled into the proximal tibial metaphysis at a 90° angle relative to the
long axis of the tibia, using a 3.2-mm drill bit. A press-graft was pushed into the
tunnel, and the wound was closed in routine fashion. The implant position is shown
in Figure 9a. After 10 weeks, the animals were sacrificed by the administration of the
above-mentioned sedation, followed by intravenous administration of T61
euthanasia solution (Intervet/Schering-Plough). The samples were harvested by
en-bloc3 resection of the proximal tibia, and put into 10 % formaldehyde solution.

a) b) ¢ 3.6 mm
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Figure 9: In vivo tests. (a) Position of implant in rabbit tibia (b) and implant cutting for
histological and morphological examinations.

3.3.13.2 Specimen preparation for in vivo tests

The bone implant specimens were removed from the formaldehyde, rinsed with
0.2 M cacodylate buffer, dehydrated through a graded series of ethanol, and
embedded in Epon (Epoxy Embedding kit, Sigma-Aldrich, Switzerland). The
embedded samples were sectioned vertically along the long axis of the implant
(see Figure 9b) using a circular water-cooled diamond saw. One half was ground
with SiC papers and polished with diamond paste for scanning electron microscopy
(SEM) examination, energy-dispersive X-ray (EDS) analyses, and for quantitative

3 En bloc resection: Surgical removal by cutting, as of a tumor or a portion of a structure or organ.
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analyses of the bone ingrowth. The second cross-section was used for the further
parallel cutting of a thin slice for histological examination (see Figure 9b). The cut
slices were then additionally thinned to 50-70 pum by grinding, and then finally
stained with Van Gieson picrofuchsin red and Stevenel’s blue. Van Gieson red stains
the mineralised bone red, and Stevenel’s blue stains the osteoid and connective
tissue bluish-green. The histological examination was performed on a stereo
microscope (Zeiss Discovery.V8, Karl Zeiss AG, Germany).

3.3.13.3 Quantitative analyses of bone ingrowth

The quantitative analysis of the bone ingrowth was performed on polished
cross-sections of the explanted samples mounted in Epon resin. Bone ingrowth and
bone-to-implant contact were measured on (FEG)-SEM images (JEOL JSM 7600F).
EDS mapping was used to distinguish between the mineralised bone, the implant
and the polymer resin. For quantification of the volume percentage of bone in the
pores, manual stereological analysis was used, with a standard point-count
techniquel2s. Student t-tests were used to analyse the differences between uncoated
and coated samples. The relevant area was carefully selected so that only the porous
titanium layer was evaluated. The lineal fraction of the bone-to-implant contact was
measured using Image Tool software (A Division of Evans Technology, Inc., USA).
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4 Results

4.1 Hydrothermal synthesis of TiO: coatings

TiO2 coatings were prepared by hydrothermal (HT) treatment at different
conditions, with and without the addition of Ti*4* ions and with a different source of
Ti** ions. The surface of the Ti alloy before the HT treatment is presented in
Figure 10, which shows the surface morphology before the treatment. The grooves
remaining from the machining of the substrates can be clearly seen on the sample
surface. The mean surface roughness (Ra) measured with profilometer is 0.21+0.02
pm.

Figure 10: SEM image of the surfaces of the Ti6Al4V alloy samples before HT treatment.

After the HT treatment the formation of a thin layer was reflected
macroscopically by a colour change. The samples showed characteristic interference
colours, depending on the thickness of the titania layer!26. The light-grey colour of
the untreated substrate changed with increasing thickness through blue, gold or
purple and finally to dark grey, for the samples with the thickest oxide layers. The
HT treatment strongly affected the surface morphology of the samples: the grooves
became less visible because of the oxide coating that formed on the surface.

4.1.1 Hydrothermal treatment without addition of Ti4* ions

In the first set of hydrothermal (HT) experiments (HT A1, A2 and A3) treatments
were performed just in water solutions at different pH values, where the pH was
adjusted by NH4NO3, NaOH or TMAH (Table 4). No additional Ti** ions were added.
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Table 4: Hydrothermal treatments without addition of Ti** ions.

Additives
H’;‘:Z;’:&eerft‘al NH.NO3 NaOH TMAH t
(pH) (pH) (pH) (h) T(°C) substrate
HT A1 5 24 200 Ti6Al4V
HT A2 11 24 200 Ti6Al4V
HT A3 11 24 200 Ti6Al4V

Under all conditions we observed the formation of a thin layer of idiomorphic
anatase crystals on the surfaces of the HT-treated Ti6Al14V samples. Under acidic
conditions (pH=5, adjusted by the addition of NH4NO3z, HT A1) the crystals had a
very distinct anatase morphology (Figure 11a). In addition to bipyramidal {101}
faces the crystals had extremely well developed pinacoidal {001} faces (the
morphology of the anatase crystals is shown in Figure 11d); however, crystals of an
unknown phase were observed as well. The average size of the anatase crystals
grown under these conditions was 50-200 nm, whereas the layer thickness rarely
exceeded the crystal size (Figure 11a). At an increased pH value (pH=11), adjusted
by the addition of NaOH, we observed scattered and randomly oriented anatase
crystals with sizes in the range 50-200 nm (Figure 11b, HT A2). The HT-treated
samples at an increased pH value (pH=11) with TMAH had a similar morphology and
crystal size to the sample treated in NaOH (Figure 11c, HT A3); however, a large
fraction of crystals had poorly developed faces. Under all conditions, the coatings
were not continuous and their thickness rarely exceeded the crystal size.

Figure 11: TiO; coating prepared with hydrothermal treatments without addition of Ti**
ions. SEM image of the surfaces of the Ti6Al4V alloy samples after hydrothermal treatment
with (a) NH4NO3 (HT A1); (b) NaOH (HT A2); (c) TMAH (HT A3); (d) Anatase crystal
morphology.
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4.1.2 Hydrothermal treatment with addition of Ti** ions

4.1.2.1 Hydrothermal treatment in TiO2 powder suspension

The great majority of experiments were performed in a suspension of TiO>
submicron-sized powder (0.5 pm, Fluka AG, CH). Treatment conditions are
presented in Table 5.

Table 5: Hydrothermal treatments in suspensions of TiO, micro-sized powder.

Hydrotherm AEbEEs
al treatment Wrio2 CA* AC** NaOH TMAH T
(wt%)  (wt%) (wt.%) (pH) (pH) t (h) (°C)
HT B1 5 / / 8 / 24 150
HT B2 5 / / 11 / 48 150
HT B3 5 / / 8 / 24 200
HT B4 5 / / 11 / 24 200
HT C1 2.5 / / / 11 24 150
HT C2 5 / / / 11 24 150
HT C3 30 / / / 11 24 150
HT C4 5 / / / 1 24 200
HT D1 5 / / 10 12 24 150
HT D2 5 / / 8 10 24 200
HT D3 5 / / 10 12 24 200
HT D4 5 / / 10 12 72+24** 200
HT E1 5 1 / 10 12 24 200
HT E2%*** 5 / 0.5 8 10 24 200

*CA: citric acid, **AC: ammonium citrate

*#* HT was performed with a longer treatment time (72 h) and also a longer cooling time (24 h)

*#** in HT E2 experiments used for bioactivity test Ca2* ions in form of CaF; (0.5 wt.% according to
TiO; powder) were additionally added
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The first additions of NaOH alone and TMAH alone were tested at 150 °C and
200 °C. The samples treated in NaOH at 150 °C were coated with crystals resembling
anatase morphology (Figure 12a and b; HT B1 and B2) but the coating was not
dense. The particles were randomly scattered all over the alloy surface. At 200 °C
(Figure 12¢, d; HT B3 and B4) the coatings were denser compared to the treatment
at lower temperature. They were composed of tightly packed, rounded particles
with a few larger and again randomly scattered anatase-shaped particles. At higher
pH (pH = 11) the amount of both rounded and bigger particles was greater
compared to the treatment at lower pH values (pH = 8).

Figure 12: TiO; coating prepared with hydrothermal treatments in TiO; suspensions with
the addition of NaOH. SEM image of the surfaces of the Ti6Al4V alloy samples after
hydrothermal treatment with NaOH (a) pH8, 150 °C (HT B1); (b) pH11, 150 °C (HT B2);
(c) pH8, 200 °C (HT B3); (d) pH11, 200 °C (HT B4). The concentration of the TiO; suspension
was 5 wt.%.

For samples treated in TMAH alone at 150 °C three different TiO2 concentrations
were tested: 2.5, 5 and 30 wt.%. The biggest particles were formed with the smallest
concentration (Figure 13a, HT C1) and the densest coating with the higher
concentration (Figure 13c, HT C3). Crystallites were observed only at the lower
concentrations: 2.5 and 5 wt.% (Figure 13a, b; HT C1 and C2). Samples treated in
TMAH alone at 200 °C had a surface coated with spherical particles and a few larger
particles resembling an anatase morphology, the same as observed for the treatment
with NaOH alone at 200 °C. Particles were also bigger than at 150 °C, and the coating
was denser (Figure 13d, HT C4).
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Figure 13: TiO; coating prepared with hydrothermal treatments in TiOz suspensions with
the addition of TMAH. SEM image of the surfaces of the Ti6Al4V alloy samples after
hydrothermal treatment with TMAH (a) pH11, 150 °C, w = 2.5 wt.% (HT C1); (b) pH11,
150 °C,w=5wt.% (HT C2); (c) pH 11, 150 °C, w = 30 wt.% (HT C3); (d) pH11, 200 °C, w =
wt. 5 % (HT C4).

In the third set of experiments with TiO; suspensions both NaOH and TMAH were
used for hydrothermal treatments (Figure 14). At both temperatures the coatings
were dense and composed of TiOz crystals, but the particles were sharper at lower
temperatures (Figure 14a and b; HT D1 and D2). The particles had an anatase
morphology. When the pH was increased the particles became smaller but the
coating was dense at both pH values (Figure 14c, HT D3). A longer treatment time
was also checked in this set of experiments. The HT D4 samples, presented in Figure
14d, were treated for 72 h and had a slower cooling rate than all the other
treatments performed; they were cooled to room temperature in 24 h. The longer
time resulted in larger anatase crystals as well as the development of new crystal
facets. The crystals are elongated, similar to HT D1, but with developed prismatic
{100} faces; they resemble a pencil-like morphology.
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Figure 14: TiO; coating prepared with hydrothermal treatments in TiO; suspensions with
the addition of NaOH and TMAH. SEM image of the surfaces of the Ti6Al4V alloy samples
after hydrothermal treatment with NaOH/TMAH (a) pH12, 150 °C (HT D1); (b) pH10, 200 °C
(HT D2); (c) pH 12,200 °C (HT D3) and (d) HT with longer treatment time (72 h) and slower
cooling (24 h) pH12, 200 °C (HT D4).

In the final set of experiments citric ions were added to the suspension to obtain
the desired pinacoidal morphology of anatase particles with the exposed (001) faces.
The citric ions were added in form of citric acid (CA) or ammonium citrate (AC).
When the citric acid was added the pH was lowered and therefore the amount of
NaOH or TMAH had to be much higher in order to reach the same pH as in the
previous experiments. Figure 15a (HT E1) shows the surface of the alloy after the
treatment with the addition of citric acid. TiO. particles with a characteristic
bipyramidal anatase morphology are no more elongated in the <001> direction.
Instead, they have well-developed {001} facets. However this dense coating is not
homogeneous; large (100-300 nm) anatase particles are mostly found only in the
grooves left from the sample cutting. The rest of the surface is still coated with
smaller spherical particles with undeveloped anatase facets. When as a source of
citric ions ammonium citrate was used, the pH was not lowered and therefore
the concentration of NaOH and TMAH remained the same as in previous
experiments without citric ions. The surface was again densely coated with TiO>
particles having an anatase shape and with large {001} facets (Figure 15b, c; HT E2).
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Figure 15: TiO; coating prepared with hydrothermal treatments in TiO; suspensions with
addition of NaOH, TMAH and citrate ion. SEM image of the surfaces of the Ti6Al4V alloy
samples after hydrothermal treatment with addition of (a) CA, pH10, 200 °C (HT E1); (b) AC,
pH10, 200 °C (HT E2); (c) AC, pH10, 200 °C at lower magnification (HT E2).

4.1.2.2 Hydrothermal treatment in Ti(OH)4 suspension

Instead of using TiO2 powder a different source of Ti** ions was used, i.e., Ti(OH)a4.
The Ti(OH)4+ was precipitated from Ti-isopropoxide by hydrolysis. Samples were
treated in conditions that were favourable for the pinacoidal anatase shape when
using submicron-sized powder. As seen in Figure 16, the surface is completely and
densely coated with spherical particles for a treatment with NaOH/TMAH/CA
(Figure 16a, HT F1). When AC is used instead of CA, the particles start to resemble
the anatase morphology (Figure 16b, HT F2), with developed {101} faces, but with
poor {001}. To reduce the size of the {101} and increase the size of the {001}
surfaces, more AC was added to the suspension, while the pH was kept the same.
Under these conditions the fraction of crystals with the typical anatase shape was
reduced. According to morphology, a large fraction of crystals (up to 200 nm long) of
an unknown secondary phase (Figure 16c, HT F3) was present in the coating.
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Table 6: Hydrothermal treatments with Ti(OH)4 as source of Ti** ions.

Hydrothermal ARV
treatment CA w(AC) NaOH TMAH t(h) T(°C)
(pH) (%) (pH) (pH)
HT F1 3 / 4 10 24 200
HT F2 / 0.5 8 10 24 200
HT F3 / 1 8 10 24 200

Figure 16: TiO; coatin prepared from Ti(OH)s. SEM image of the surfaces of the Ti6AI4V
alloy samples after hydrothermal treatment with (a) NaOH, TMAH (HT F1); (b) NaOH,
TMAH, CA (HT F2); (c) NaOH, TMAH, AC (HT F3).

In subsequent experiments, instead of the flat, disc-shaped Ti6Al4V alloy
samples, substrates with more complex surfaces were hydrothermally treated
according to the above procedures to obtain a TiO2 coating with pinacoidally shaped
crystals (HT E2). The dental implant (Figure 17a, c) and porous Ti-layer on the
Ti6Al4V alloy (Figure 17 b, d) were fully covered with a dense layer of anatase
crystals. This result confirmed that a hydrothermal treatment is a convenient
method for obtaining a uniform TiO; coating of various complex shapes: smooth,
rough, or even porous surfaces.
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Figure 17: TiO; coatings on complex samples following the hydrothermal treatment of
(a, c) adental screw (HT D2) and (b, d) a porous titanium-coated Ti6Al4V cylinder (HT E2).

4.1.3 Characteristics of TiOz coating

4.1.3.1 XPS study of HT-treated samples

The compositions of the surface and oxide layers were analysed by X-ray
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES).

Figure 18 shows the AES and XPS depth profiles obtained from the untreated
sample (Figure 18a), from the HT-treated sample without the addition of Ti** ions
(Figure 18b), from the HT-treated sample in the Ti(OH)4 suspension (Figure 18c)
and from the HT-treated sample in the TiO2 suspension (Figure 18d). The treated
samples differ from the untreated ones in terms of the thickness and the
composition of the oxide layers. As is evident from Figure 18a, for the untreated
sample the oxygen concentration drops from 31 to 6 at.% after just 5 min of
sputtering, whereas it decreases much more slowly when the sample has a HT-
formed oxide layer on its surface. The oxide-layer thickness was calculated from the
sputtering time and the sputtering velocity. Assuming that the thickness is given by
the depth when the oxygen concentration drops to half of its initial value, the
estimated thickness of the native oxide layer on the untreated sample is less than 10
nm. It should be pointed out that the alloying elements Al and V, which have possible
toxic effects, were detected on the surface of the untreated sample (Figure 18a).
When samples were HT treated without Ti** (HT treated in a NH4NO3 solution) ions
the oxide layer became thicker (approximately 180 nm), which is also the size of the
anatase crystal (seen in Figure 11). The concentrations of undesired Al and V ions on
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the surface were also lower (Figure 18b).

A depth profile of the sample treated in the Ti(OH)4 suspension revealed an oxide
with a continuous transition of the Ti and O concentrations (Figure 18c). This can be
ascribed either to the presence of non-stoichiometric Ti sub-oxides at the
layer/substrate interface or to the effect of the non-uniform sputtering of the rough
surface (the nano roughness of the sample’s surface is 35 nm). The first explanation
is supported by the presence of Ti3* and Ti2* peaks in the XPS spectra as well as by
the strong adhesion of the oxide layer to the Ti6Al4V substrate. The thickness of this
layer was approximately 200 nm.

The depth profile of the sample treated in the TiO; suspension (Figure 18d)
confirmed that it had a much thicker oxide layer, as was also observed with the SEM
and TEM analyses (estimated to be 600 nm, Figure 22). It was confirmed that for
those samples the Ti/O ratio is still constant, even after 90 min of sputtering
(~ 180 nm), meaning that the at-depth analyses were stopped in the oxide layer. In
addition, the Ca%* is evidently incorporated into the coating’s structure. Ca2* was
added to improve the bioactivity.

Table 7: Atomic concentration of elements on the surface and 30 nm below the surface for

Ti614V substrate and HT treated samples.
at.% conc. of elements on the surface

sample Ti Al \ 0 C
Ti6Al4V 8.5+1.7 4.7+0.9 1+0.2 31.4+6.2 54.4+10.9
HT in NaOH
solution 23.6%4.7 0 0 60.3x12.1 16.1+3.2
HT in
Ti(OH)4
suspension 23.8+4.8 0 0.2+0.4*10-1  56.8+¢11.4 19.3%¥3.9
HT in TiO2
suspension 5.8+1.2 0 0.8+0.2 22.6+4.5 70.8+14.2
at.% conc. 30 nm below the surface
sample Ti Al \ 0 C
Ti6Al4V 74.5+149 7.5+1.5 3.3+0.7 6.5+1.3 8.2+0.3
HT in NaOH
solution 38.0+7.6 0 0.1£0.2*10-1  61.5+12.3 0.4+0.1
HT in
Ti(OH)4
suspension  43.7+8.7 0 1.0+£0.2*10-1  54.7+10.9 0.6+0.1
HT in TiO2
suspension 30.6+6.1 0 0.9+0.2 51.8+10.4 16.7+3.3

It is important to note that for the samples HT treated in TiO; or Ti(OH)a
suspensions no Al was found in the Ti-oxide layers. The elemental compositions of
all the samples obtained with the XPS and AES analyses on the surface and at a depth
of about 30 nm below the surface (obtained after the corresponding sputtering time)
are given in Table 7. The main difference in the surface compositions between the
samples is the presence of metal ions. It should be mentioned that a part of the
oxygen and carbon detected at the surface is a consequence of molecules being
adsorbed from the air. Vanadium was not detected in the surface layer of the other
samples treated without an additional source of Ti** ions. As already observed with
the EDS analysis of the sample treated in a TiO2 suspension, a small amount of V was
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still present on the surface of the samples treated with an additional source of Ti%*
(Table 7), which is the influence of the solid solubility of V in TiO2. However, the
concentration of undesired Al and V ions is strongly reduced.
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Figure 18: AES and XPS depth profiles obtained on the surface of: (a) untreated Ti6Al4V,
(b) HT treated without addition of Ti4* ions, (c) HT treated with addition of Ti** in the form
of Ti(OH)4 and (d) HT treated with addition of Ti4*ions in the form of TiO, powder.
Sputtering velocity for AES was 2 nm/min (a) and for XPS was 5 nm/min (b, c, d).

The Ti 2p spectrum from the surfaces of all the samples showed that
characteristic binding Ti 2p peaks appeared at binding energies of 458.8 and 464.3
(shown in Figure 19a). These binding energies are characteristic for TiO; and
confirm that the surface is mainly composed of TiO2. The O 1s spectrum from the
surface also has two characteristic binding peaks (Figure 19b). The peak at the
binding energy 530.1 eV corresponds to oxygen atoms bonded in TiO;. The peak at
532.3 eV is characteristic for Ti-OH or for adsorbed water molecules on the surface.
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Figure 19: XPS spectrum obtained on the surface of the sample with TiO; coating (HT D2);
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4.1.3.2 TiO: phase detection of HT-treated samples

The structure of the oxide surface layer on the hydrothermally treated samples was
analysed using XRD. The spectra of untreated and treated samples are shown in
Figure 20. The peaks at 38.6°, 39.6°, 53.4°, 35.4°, 40.5° 260 belong to the substrate
(Figure 20a). The XRD study confirmed the anatase structure of an oxide layer on all
treated samples that had enough thick coating to be detected by conventional XRD.
The small anatase peak at 20 of 25.3° which corresponds to the (101) plane of
anatase was already observed in spectra of the sample treated without the addition
of Ti** ions, but only in TMAH solution (HT A3). Due to the thin and inhomogeneous
coating the intensity of the peak is small (Figure 20b).

The coating formed in acidic conditions seems to be even thinner, as no anatase
peaks were detected; therefore, the anatase phase had to be confirmed by Raman
spectroscopy.
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Figure 20: XRD spectra of non-coated and TiO; coated Ti6Al4V; (a) non-coated Ti6Al4V;
(b) HT treatment without addition of Ti*+ (HT A3); (c) HT treatment in TiO, suspension with
addition NaOH/TMAH (HT D2); (d) HT treatment in TiO suspension with addition of
NaOH/TMAH/AC (HT E2); (e) HT treatment in Ti(OH)4 suspension (HT F2).
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When treatments were performed in hydrothermal conditions containing an
external source of Ti#* ions (HT D2, E2 and F2), the peaks became higher and more
peaks were visible; the peaks corresponding to (101), (004), (200) as well as, (103),
(105) and (211) anatase planes were visible. Coatings formed in the TiO2 suspension
with TMAH or NaOH alone could not be determined by XRD even at prolonged
holding times. No peaks were observed on either of the coatings, showing their
amorphous state (HT B3). A few crystals that were scattered on the sample surface
after treatment in the TiO; suspension with the addition of NaOH were not enough
thick to be determined by XRD, but were confirmed to be anatase by Raman
spectroscopy (see Figure 21b).

The samples treated in the TiO; suspension with the TMAH/NaOH/AC addition
(Figure 20c, d) were much denser and the coating was much thicker, therefore
anatase peaks were much more visible compared to HT A3. Both spectra had a peak
at 20 of 25.3° that belongs to the (101) plane and 20 of 39.6° that belongs to the
(004) plane.

XRD spectra also confirmed the anatase structure for the coating prepared with
HT in the Ti(OH)4 suspension (Figure 20e). Due to the thick oxide layer this spectra
had the highest anatase peaks and besides the peak corresponding to the (101)
planes, a high peak corresponding to (001) is visible, as well as (100), (103), (105)
and (211). An additional peak is observed at around 32°, which could belong to a
brookite phasel27 or possibly to some Ti sub-oxide.

For anatase TiO; six characteristic Raman modes could be detected at 144, 197,
399, 513, 519, and 639 cm'! 128, Raman spectra, provided for samples with too thin
TiO2 coatings to be detected with XRD, are shown in Figure 21. Both spectra indicate
the presence of anatase.
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Figure 21: Raman spectra of TiO, coated samples; (a) treatment in NH4NO3 solution
(HT A1); (b) treatment in TiO, suspension with addition of NaOH (HT B3).
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4.1.3.3 TEM/SEM study of HT-treated Ti6Al4V samples

The TEM was used to examine the contact between the Ti6Al4V substrate and the
titania layer, the crystallinity and crystallography of the titania particles, and finally
their chemical composition. We analysed the sample HT treated in a TiO2 suspension
according to the procedure HT E2 with the thickest oxide layer. The thickness of the
TiO2 coating, which was estimated by XPS to be more than 180 nm, was measured
from the SEM cross-section image to be around 600 nm (Figure 22). Figure 23a
presents a TEM cross-section of the TiO; layer (upper part) on the Ti6Al4V substrate
(lower part).

Figure 22: Cross section images of TiO, coated Ti6Al4V. (a) secondary electron SEM image,
(b) backscattered electron image.
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Figure 23: TEM images of HT treated Ti6Al4V specimen with TiO; addition (HT E2) in cross-
section: (a) The interface between the substrate and titania layer. (b) The surface of the
oxide layer. (c) Experimental and calculated SAED patterns with measured d-values for

anatase. EDS spectra of the oxide layer (bottom left) at 20 and 400 nm distance from the
interface.
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No visible cracks or pores were present along the substrate/oxide interface,
suggesting a strong bonding between the alloy and the titania layer. The oxide layer
was composed of nanocrystalline titania particles. Close to the interface the titania
crystals are smaller and denser, whereas towards the surface their size increases.
The developed crystals that grew in the cavities displayed a distinct morphology that
is common for anatase (Figure 23b). The EDS analysis of the anatase crystals close to
the interface showed a considerable amount of Al (up to 1.7 at.% at 20 nm),
dropping rapidly with the distance from the alloy (below the detection limit at 400
nm). Quantitative EDS analyses showed a small amount of V throughout this layer. In
the inset of Figure 23, showing the EDS spectrum of the titania layer at 400 nm, the
low intensity V-Kg (5.426 keV) line is enlarged, while the V-Kq keV line partly
overlaps with the Ti-Kg line (4.931 keV). The presence of vanadium can be attributed
to the equilibrium solid solubility of V in the anatase structure!?. The selected-area
electron diffraction (SAED) patterns recorded from the nanocrystalline oxide layer
showed diffraction rings with d-values that correspond to anatase (Figure 23c). All
the diffraction rings in the SAED patterns could be matched to the lattice planes of
anatase.

4.1.3.4 Adhesion

Next, we verified the strength of the adhesion. Using a scratch test we estimated the
titania layer to be well attached to the alloy's surface (Figure 24a, b), as the layer
next to the scratch did not peel off the substrate and no cracks were observed. The
scratch critical load (L¢) could not be evaluated as the detachment of the coating was
not observed, even at the highest applied load of 60 N.

Strong adhesion of the TiO; layer to the substrate is of utmost importance for
coatings on implant surfaces. With the aim to verify the strength of the adhesion, we
employed various techniques: scratch test, Rockwell indentation and a shear-
strength test. The scratch test should provide the critical load at which the coating
starts to delaminate; however, in our case, delamination did not appear and
therefore the failure of the titania coating could not be determined. As is evident
from Figure 24a and b, the scratch initially formed in the anatase coating extended
with increased load into the substrate without visible signs of delamination. Also,
the Rockwell indentation did not reveal cracks that typically appear by delamination
(Figure 24c).
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Figure 24: Scratch test on the TiO; coated sample; (a) scratch-coating interface, (b) scratch
at lower magnification. (c) Rockwell indentation test.

Using a shear-strength test we confirmed that the TiO2 coatings were firmly
attached to the Ti6Al4V substrate (the mean value for Ti6Al4V discs was >45 MPa).
Any failures occurred within the glue, confirming that adhesion of the coating is
greater than actually detected. The failure in the glue can be seen in Figure 25. Both
the coating on Ti6Al4V and on the porous Ti reached higher values (Table 8) than
required for biomedical coatings, which is more than 22 MPa.

Table 8: Adhesion strength of TiO; coating on Ti6Al4V and TiO; coating on porous Ti sample

Sample Average adhesion (MPa)
TiO2 coated Ti6Al4V 43.7+4.8
TiO2 coated porous Ti 32.7+6.7

Figure 25: Failure of the glue after adhesion test of TiO; coated sample (HT D2); (a) sample
side and (b) and the non-coated counterpart.

4.1.3.5 Leaching of metal ions

The leaching of metal ions during soaking at 36.5° in physiological solution (0.9 %
NaCl) was measured after one month and, for the non-treated sample, also after
6 months of soaking. The amount of metal ions was reduced for all the TiO; coated
samples. The amount of Ti and Al was under the limit of detection. Only a small
amount of V was detected in all the coated samples. Much higher concentrations
were measured for non-coated samples. The results are presented in Table 9.
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Table 9: Titanium (Ti), aluminium (Al) and vanadium (V) ions released from non-coated and
coated discs after one or six month of immersion in physiological solution.

Sample Time ng/cm?

(month) Ti Al v
Ti6Al4V, non-treated 1 1.64+0.02 42.00+0.42 2.57+0.03
Ti6Al4V, non-treated 6 1.98+0.02 27.97+0.28 4.12+0.04
TiO2 coated (HT E1) 1 0* 0* 0.03+0.03*10-2
TiO2 coated (HT D2) 1 0* 0* 0.11+0.01*10-1
TiO2 coated (HT C4) 1 0* 0* 0.004+0.004*10-2

*under the limit value that is calculated according to the control sample

4.1.3.6 Photocatalytic activity

The non-coated and TiOz-coated Ti6Al4V alloy samples were irradiated for 4 h
under UV light (wavelength >290 nm) and then immersed into resazurin dye
solution to qualitatively estimate the photocatalytic activity. After UV-irradiation,
the violet resazurin dye solution was discoloured by the TiO;-coated samples,
appearing pink within 24 h, but this colour change was not seen with the non-coated
sample. As suggested in previous studies, this colour change indicates the formation
of radicals that induce the decomposition of organic substances 130. The effect was
quantitatively analysed using the EPR signal in an ethanol droplet (30 % EtOH/KOH)
that remained on the discs during 5-min of UV irradiation (365 nm) for the ethanol-
spin trap mixture. The data confirmed significant radical production, which is the
consequence of the excited TiOz-coated sample (Figure 26). For
a comparison, Degussa P25 TiO2 powder, which is known to have good
photocatalytic properties, was evaluated in a similar way; the powder and spin trap
were admixed in ethanol and UV-irradiated for 5 min. The EPR signal of the TiO;
coating was increased 10-fold and the signal for the TiO, P25 22-fold compared to
the blank.
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Figure 26: EPR signal for a TiO,-coated sample and Degussa P25 TiO, powder compared to
KOH (blank).
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4.1.3.7 Wetting

After the hydrothermal treatment the wetting angle of the titanium alloys decreased.
As presented in Table 10 the wetting angle decreased from 91° for non-treated
Ti6Al4V down to 30° for a sample that was fully coated with pinacoidally shaped
anatase. Almost no change was observed for coatings with nanosized and
amorphous particles (89 and 87°), while amorphous coatings with at least a few
anatase crystals were less hydrophobic, i.e., the wetting angle was 78°. The most
hydrophilic were crystalline anatase TiO2 coatings.

Table 10: Wetting angles for non-treated and TiO; coated samples with different

morphologies
Coating Average
Sample description wetting angle
)
Ti6Al4V, non-treated / 91
TiO2 coated (HT in Ti(OH)4 + NaOH/TMAH/CA) amorphous 87
TiO2 coated (HT in TiO2 + NaOH) few crystals 78
TiO2 coated (HT in TiO2 + NaOH/TMAH/CA) crystalline 48
TiO2 coated (HT in Ti(OH)4 + NaOH/TMAH/AC) crystalline 43
TiO; coated (HT in TiO2 + NaOH/TMAH/AC) crystalline 37

An additional decrease in wetting angle was measured after UV irradiation of the
discs for 4h. It can be seen in Figure 27a-c how the wetting angle on the Ti6Al4V
alloy decreases after hydrothermal treatment to 55° and after the UV irradiation it
drops to 9°. The change from the hydrophobic to a hydrophilic surface can be
ascribed to the photocatalytic decomposition of the organic impurities on the disc
surface. The effect is particularly pronounced in the case of the porous Ti-coating on
the Ti6Al4V alloy, with which the original high wetting angle on the titanium of
nearly 120° dropped drastically after the hydrothermal treatment, as reflected in a
sudden penetration of the water droplet into the pores (Figure 274, e).

a B

S

Figure 27: Wetting angles on Ti6Al4V disk; (a) before and (b) after the hydrothermal
treatment and (c) after HT treatment and UV irradiation. Wetting angles on porous Ti coated
Ti6Al4V; (d) before and (e) after hydrothermal treatment-top view; the dark grey circle
represents the liquid penetrated into the pores.
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4.1.4 Bioactivity testing of TiOz coatings in acellular SBF

The bioactivity was tested on TiOz-coated as well as on non-coated discs. Non-coated
discs did not exhibit any ability to form hydroxyapatite (HA) in simulated body fluid
(SBF), even after a prolonged soaking time (5 weeks). Though the non-treated
Ti6Al4V sample retained its surface morphology while soaking for 3 weeks in SBF,
apatite formation was observed on some hydrothermally treated samples
(Figure 29). The Ca/P ratio was confirmed by EDS to be 1.67+0.01, which is the
stoichiometric ratio of hydroxyapatite. Moreover, bioactivity was observed only for
the TiO2 coatings with specific morphologies. In our experiments, amorphous TiO;
coatings or coatings with round-shaped crystals (anatase crystals with no sharp
edges) never induced apatite formation (Figure 28). Differences in the bioactivities
were also seen across the different crystalline coatings. No hydroxyapatite
nucleation was observed on the surfaces with bipyramidal anatase morphology,
elongated in the <001> directions, i.e., for crystals with no or very small {001} facets
and, consequently, very large {101} facets; however, slight bioactivity (Figure 29a)
was observed for elongated crystals with large {100} facets and, consequently,
smaller {101} facets. On the other hand, very good bioactivities (Figure 29b, c) were
seen for coatings with anatase crystals expressing {001} facets (pinacoidal anatase,
Figure 29e, f). In addition, smaller crystals resulted in better bioactivity; although
the samples were soaked in SBF for the same duration, the surface of the sample
with larger pinacoidal crystals (Figure 29e) was only partly covered with apatite
(Figure 29b), whereas the sample with smaller crystals (Figure 29f) was fully
covered with apatite (Figure 29c¢).

The thickest and the most dense hydroxyapatite layer apparently formed on the
TiO2 coating with pinacoidal anatase crystals and the addition of Ca2* ions
(Figure 29d). The bioactivity expressed by apatite formation on this surface can be
ascribed to the presence of the Ca2+, as seen in the XPS spectra of the coating (see
Figure 19d).

Figure 28: Bioactivity test. SEM images of TiO> coatings that were soaked in SBF but induced
no HAp formation. (a) amorphous TiO; coating prepared by the HT C3 procedure but using
nano-sized TiO; powder, (b) HT F1, (c) HT D1.
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Figure 29: Bioactivity test. SEM of anatase-coated Ti-alloy surfaces before and after soaking
in SBF for 3 weeks. (a) Sample with bipyramidal anatase crystals with large (100) facets
(surface before soaking is shown in Figure 14d); (b) sample with larger pinacoidal crystals
after soaking; (c) sample with smaller pinacoidal crystals after soaking; (d) sample with
larger pinacoidal anatase crystals and addition of Ca2+ ions; (e) surface from b before
soaking; and (f) surface from c before soaking.

4.1.5 Invitro characterisation of the cell-coating interaction

To determine the effects of the surface characteristics of the material for
implants, in vitro tests were performed on two types of TiO2 coatings with different
grain morphologies of the anatase TiO2 crystals: (a) bipyramidal, elongated in the
<001> directions (sample 2, HT D1)); and (b) with small pinacoidal crystals (sample
3, sample 5, HT E2), and on two different substrates: (a) Ti6Al4V and (b) Ti6Al4V
with a porous titanium coating. The morphologies of these samples are illustrated in
Figure 14a and Figure 14c, respectively.

The as-received Ti6Al4V alloy with (sample 4) and without the porous titanium
layer (sample 1) were also tested for comparison.

Table 11: Composition of the analysed samples.

5}

E" Substrate TIOZ Coating

3

1 Ti6Al4V -

2 Ti6Al4V bipyramidal anatase crystals (HT D1)
3  Ti6Al4V pinacoidal anatase crystals (HT E2)

4  Ti6Al4V with porous titanium coating -

5  Ti6Al4V with porous titanium coating  pinacoidal anatase crystals (HT E2)
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4.1.5.1 Cytotoxicity tests on Balb/c cells

No cytotoxic effects were observed for the hydrothermally treated Ti6Al4V alloy
(samples 2 and 3). With the Balb/c 3T3 cell the viabilities were expressed as
percentages of the negative control, i.e.,, 102 % for sample 2, and 115 % for sample 3
(Figure 12). The results obtained for the pure Ti6Al4V alloy (without the TiO;
coating; sample 1) were similar, at 103 %. For the Ti6Al4V alloy with the porous
titanium layer, the percentage of viable cells was 88 % (sample 4), while it was 91 %
for the TiOz-coated Ti6Al4V with the porous titanium (sample 5). Indeed, no
significant inhibition of the cell growth was observed for any of the test materials
considered and the cell morphology was not altered.

Table 12: Balb/c 3T3 cell viabilities following direct contact with the samples.

Sample Cell viability
Number* (% negative control)
1 103

2 102

3 115

4 88

> 91

*see Table 11 for details

4.1.5.2 Cell-coating interaction

To compare the TiO2-coated samples and the non-coated samples, the results were
normalized to the negative controls, i.e. the plastic material of the wells. As
illustrated in Figure 30, the adhesion and proliferation of human osteogenic cells
(HOC) after day 1 was better for the samples coated with TiO2, either with
bipyramidal (sample 3) or pinacoidal anatase (sample 4) particles, compared to non-
coated samples (sample 1). Over time, the cell spreading and proliferation decreased
for both coated and non-coated samples. For TiOz-coated sample 2 (bipyrmidal TiO>
crystals), after 24 h (D1) adhesion was high for both cell types. Although the
morphology observed in terms of the adherence of HOC was very good (data not
shown), after 3 days (D3) 90 % of the cells were detached. This negative effect was
even greater for the human endothelial cells (HEC), none of which were attached to
the sample by day 3. Due to detachment and negative proliferation, the test was
stopped at day 3.

On the other hand, for TiO;-coated sample 3 (pinacoidal TiO2 crystals), good HOC
adhesion and spreading were observed. The cell density after day 1 was higher than
that of the non-coated sample. Up to day 3 the HOC continued to proliferate well,
with the density remaining greater than that of the non-coated sample. However, the
HOC started to detach after day 3, which was particularly obvious by day 9, when the
cell density decreased by more than 50 % to values lower than that of the non-
coated sample. At this stage, HEC adhesion and spreading appeared to be better than
that of the HOC. Thus, the HEC slowly proliferated, resulting in a cell density greater
than that of the non-coated sample by day 9, which is an interesting result when
taking into account the sensitivity of the HEC.
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Figure 30: Adhesion and proliferation of human osteoblast cells and human osteogenic cells
on the Ti6Al4V alloy. HOC and HEC adhesion and proliferation on the (a) non-coated
(sample 1) and (b) TiOz-coated Ti6Al4V alloy samples with different anatase morphologies
(samples 2 and 3, respectively).

Figure 31 shows the proliferation of the samples on non-coated and TiO2-coated
Ti6Al4V alloy with a porous Ti layer. Both samples 4 and 5 (non-coated Ti layer and
TiOz-coated Ti layer) exhibited very poor adhesion after day 1 for both HOC and
HEC, and no significant cell proliferation thereafter. However, the HOC continued to
proliferate on the substrate very slowly until day 15 (Figure 31b). No significant HEC
adhesion and growth was observed (Figure 31b).
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Figure 31: Proliferation of human osteoblast cells and human osteogenic cells on the porous
titanium-coated Ti6Al4V alloy. (a) Sample 4, untreated porous titanium, showing adhesion
of the HOC and HEC. (b) Sample 5, TiO2-coated porous titanium, showing adhesion of the
HOC and HEC.
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4.1.6 In vivo test

The in vivo tests were performed using Ti6Al4V alloy cylinders (Figure 8) with
a porous titanium layer that was either non-coated (6 implants) or hydrothermally
(HT E2) coated with TiO; (8 implants). The samples were extracted from the rabbit
tibia after 10 weeks of implantation and examined in two ways: a) stained
histological preparations of the perpendicular cross-sections of the implants and
adjacent newly formed bone (~300-um-thick slices) were examined with optical
microscopy, and b) polished bulk cross-sections were analysed by SEM and EDS.

These in vivo tests showed the beneficial effects of the hydrothermal treatment. In
both kinds of samples (non-coated and TiO2 coated), no fibrous tissue encapsulated
the implant 10 weeks after implantation (Figure 32). Newly formed mineralised
bone (NB) was in direct contact with the implant surface and had grown into the
porous coating. This new bone had an organised structure, with Haversian canals
and several lacunae and osteocytes. The spaces between the trabeculae were filled
with adipose tissue, which contained many fat and blood cells (Figure 32b, d). The
new bone growth was directed towards and along the implant surface (Figure 32a).
No differences in bone morphology were seen between the non-coated (Figure 32a,
b) and coated (Figure 32c, d) implants, except for the greater amount of mineralised
bone within the pores in the TiO;-coated sample. However, the evaluation of the
occupation of the pores by bone using transmitted light is not reliable because
a large fraction of the pores are not visible due to the particular thickness of the
opaque metallic slices (the pore opening depends on the thickness of the slice).

50 pm

50 um

TiBAI4V

Figure 32: Histological analysis of new mineral bone formation on the non-coated and
Ti02-coated porous titanium. (a, b) A section from the non-coated porous titanium. (c, d) A
section from the Ti0Oz-coated porous titanium. Note the lower magnification in (a). NB, new

bone; OB, osteoblast; BM, bone marrow containing fat and blood cells; Ti, titanium; L,
lacunae; O, osteocyte.



54 Results

Occupation of the pores in the titanium surface layer by bone was clearly seen in
the bulk cross-sections observed under SEM, which enabled a much more reliable
quantification. In contrast to the observations of the slices in transmitted light, with
which only the light-transmitting parts of the pores were visible, the total pore
opening and the corresponding parts of the pores that were filled with newly formed
bone were visible with the SEM. Figure 33 shows a characteristic SEM image of a
polished cross-section of the porous region of the non-coated (sample 1) and TiO3-
coated sample (sample 5). The pores were filled, to a large extent, with new
mineralised bone (grey phase). Interestingly, this new bone grew into the pores
measuring from more than 100 pm (Figure 33, dotted-line square) to just a few
micrometres (Figure 33, dashed-line square).

EDS was performed to identify the phases present and confirm the presence of
the mineralised bone within the pores. Figure 34 shows the elemental concentration
distribution in the bone-implant cross-sections for the non-coated and TiOz-coated
implants. The implant material is characterised by high concentrations of titanium,
with a high carbon and chlorine content, indicating the location of the Epon resin in
which the samples were mounted, whereas the high calcium and phosphorus
concentrations indicate the presence of mineralised bone. Fully mineralised bone
(Figure 34, light grey phase) was confirmed by quantitative EDS, which found a Ca/P
ratio close to 1.7 for both the non-coated and TiO2-coated implants.

P et B i, TIBAI4V L
Figure 33: SEM image of bone ingrowth. (a) Sample 1, non-coated implant, (b) Sample 5,
TiO2-coated porous titanium, showing bone growth into the porous titanium region. Dotted
square: large pore region; dashed square: small pore region. Yellow grid presents a part of a

point grid that was used for quantitative point analyses.
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a) non-coated

b) TiO,-coated

¥ @

Figure 34: EDS mapping of a bone implant cross-section. (a) Non-treated porous titanium,

showing (from left to right): SEM image, and elemental composition of C, Ca, Ti, Cl and P.

(b) TiO2-coated porous titanium, showing (from left to right) SEM image, and elemental
compositions of elements C, Ca, Ti, Cl and P.

Comparison of the EDS mapping of bone implant cross-sections confirmed that
the bone occupied a large portion of the pores in the TiOz-coated sample with the
titanium layer (Figure 34b), but this was not the case for the non-coated implants
(Figure 34a). Bone ingrowth was also evaluated quantitatively, with the analysis
strictly limited to the porous regions and the point analysis used for the
quantification. The analysed region was covered with a point grid using a point
separation that was approximately the same size as the average pore size, and then
the ratio of hits into the bone versus hits into the pores including the bone was
evaluated. As the point ratio is equal to the area and volume ratios, we could
quantify the bone ingrowth (Figure 35). As expected, greater bone ingrowth
occurred with the TiOz-coated implants, as shown by the highly significant
difference (p<0.01) of 22 % for the non-coated implants compared to 44 % for the
TiO2-coated implants. In addition, the bone-to-implant contact, which was evaluated
using a lineal analysis, was approximately the same for both the non-coated and
TiO2-coated implants, i.e., approximately 45 %.
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Figure 35: Percentage of bone ingrowth. Percentages of bone seen in the pores of non-

treated porous titanium sample (left), and TiO;-coated porous titanium (right).

0 value for single measurement, » average of all measurements. (p<0.01), TiO; coated versus

uncoated samples.
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4.2 Bioactive glass

4.3 Bioactive glass synthesis

Bioactive glass (BAG) was prepared by a sol-gel synthesis in order to obtain particles
small enough for coatings inside the pores of porous implants, and to avoid the
milling required to form smaller particles after the melting procedure. To coat the
pore walls within the porous coating with an interconnective pore throat size of 1 to
30 pm!31 and pore size ranging from 100 pm6¢ down to 1 pum, particles have to be
smaller than 1 um, preferentially in the nanometre range.

Different compositions of BAGs were prepared in order to compare and to choose
the best candidate for coating in terms of bioactivity, antibacterial properties,
crystallinity and sintering properties. The compositions and names of the BAGs are
presented in Table 3.

Usually bioactive glass is prepared by melting or polymeric sol-gel synthesis.
Bioactive glasses prepared by melting and milling with compositions that are
commercially available are presented in Figure 36: bioactive glass 45S5 Bioglass®
(NovaMin, Figure 36a) and bioactive glass 5354P BonAlive® (Vivoxid Ltd., Figure
36b).

Figure 36: BAG particles. (a) BAG 45S5 Bioglass® (NovaMin); (b) 5354P BonAlive®
(Vivoxid).

In this study BAG powder was prepared by sol-gel process, where polymeric sol-
gel, was used to prepare the first batch of BAG. For the polymeric sol-gel route an
acidic catalyst is used to accelerate the hydrolysis and after gelation the bulk wet gel
is dried and then ground to obtain powder (route 1, Figure 39a). Polymeric sol-gel
BAG powder with a composition (mol.%) 70Si02-30Ca0 (named 70S) is presented in
Figure 37. As the size of the BAG particles prepared by polymeric route was still too
big, further milling would be unavoidable for use in coatings. The measured particle
size dso for those BAG powders was ~100 pm (Table 13).

To avoid milling, and to achieve a smaller particle size, the sol-gel process was
modified. A slow gelation, which is usual for a standard polymeric route, was
accelerated by a sudden increase of the pH after hydrolysis completion. Ammonia
was poured into the sol while vigorously stirring (route 2 in Figure 39a). The sol
immediately transformed into a wet fluffy gel that in contrast to the above
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procedure became a powder after drying. The size of the particles slightly decreased
~60-80 pm (Figure 37b and Table 13). The insets in Figure 37a and Figure 38a
show the surface of the sol-gel BAG particle at a higher magnification. The surface of
particles prepared by the sol-gel is highly porous and particles are composed of
nanosized sub-units, while the surface of the melt-derived particles is smooth
(Figure 36a). Even though the particle size was not drastically decreased the surface
area was increased due to a different surface structure.

Figure 37: BAG particles. (a) BAG powder prepared by polymeric sol-gel route; (b) BAG
powder prepared by polymeric sol-gel route with accelerated gelation.

As the particle size obtained using the polymeric sol-gel route, with both slow and
fast gelation, was still not sufficiently small to avoid milling and contamination, we
replaced the acid catalyst with a base and accelerated both the hydrolysis and
condensation reactions at the same time. The BAG particles were prepared by the
so-called particulate sol-gel route. Reactants were slowly dropped into the mixture
of water and ethanol, where they hydrolysed and condensed due to the high pH
reached in the mixture by the addition of ammonia. The pH was kept high enough to
make particulates, but still below the pH limit for calcium hydroxide precipitation.
As sudden pH increase can also result in unwanted phase formation, ammonia was
carefully added dropwise and the pH was kept constant throughout the whole
synthesis to achieve the same conditions for all the drops of reagents. Instead of a
polymeric sol (Figure 40a), which is later transformed to a viscous gel, a colloid sol
was formed. The colloid sol has the form of a white suspension (Figure 40b). A
schematic presentation of the conventional polymeric route for BAG synthesis and
the developed particulate route is presented in Figure 39.

Such a colloidal sol gave much smaller particles compared to the polymeric route.
They were spherical with a size between 100 and 200 nm, but highly agglomerated.
The average agglomerate size that depends on the synthesis conditions varied from
11 to 13 um and was still smaller than the size of the non-agglomerated particles
prepared by the polymeric sol-gel route.
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100 nm

Figure 38: BAG powders prepared by the particulate sol-gel route: (a) BAG 53S, the inset
show the BAG agglomerate and (b) BAG 70S. Note the marker difference.

POLYMERIC PARTICULATE
TEOS/EtOH/H20(HNOs) TEOS/TEP/CN/EtOH | | NH3 | Na-ethoxide*
stirring | 30 min |
TE stirring | 30 min pH 10.3
stirring | 30 min
CN NN*/Zn-A/Sr-A/H20/EtOH
route 1 route 2
stirring | 30 min stirring| 60 min
NN drying
route
stirring 60 min
route 1 Y v route 2 Y A 4
ageing/ 24 h + NH3 (2M) ‘ calcination centrifugation
1 2 * Na is added in form of Na-ethoxide or in form of NN
drying / 60 °C /24 h
calcination

Figure 39: Schematic presentation of polymeric and particulate sol-gel routes for BAG.
Reagents in grey are added according to BAG composition, reagents in black are added in all
BAG compositions. See abbreviations in chapter 3.2.2.1.
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Figure 40: (a) Polymeric and (b) particulate sol.

The particle sizes for BAG prepared by different methods are presented in Table
13. Commercial BAGs (45S5Bioglass® and 53S4P BonAlive®) have a very different
particle size, where 45S5 is most probably milled. The particle size of the glass
BonAlive® 5354 is similar to the BAGs prepared by the polymeric sol-gel route in
this study, where the size was slightly smaller when the gelation was accelerated. A
considerable decrease can be seen when the BAG was prepared by particulate sol-
gel. The particle size is around 100-200 nm, however the powder is strongly
agglomerated, as shown in Figure 38, therefore the measured value represents the
size of the BAG agglomerate.

Table 13: Particle size of BAG prepared by different methods and with different
compositions, measured with a laser scattering particle analyser

Synthesis method BAG dso (upm)
name

melting 45S5 (NovaMin®) 9 _
sol-gel 5354 (BonAlive®) 81 _ | C Ommemal
polymeric sol-gel 70S 93

polymeric sol-gel 53S 107

polymeric sol-gel /accelerated gelation 70S 66 E

3]

polymeric sol-gel /accelerated gelation 53S 60 &
polymeric sol-gel /accelerated gelation 58S54Sr 82 E‘
polymeric sol-gel /accelerated gelation __ 5854Zn 59 5
particulate sol-gel 53S 13

particulate sol-gel 70S 11

To avoid particle agglomeration, the zeta-potential (ZP) was measured during
BAG synthesis to see what causes the agglomeration. As presented in Figure 41, the
sol containing only SiO2 and P20s was stable, with a negative potential around -40
mV. When nitrates (Ca and Na) were added into the sol the ZP jumped to +14 mV,
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close to the isoelectric point, which caused agglomeration of the fine particulate sol
particles. The agglomeration of the particles was caused by the change in ZP during
the sol-gel synthesis. We found that smaller BAG particle could not be reached
during the sol-gel synthesis due to the low surface charge of the particles during the
synthesis.

To increase the ZP the powder was washed with water and ethanol by
centrifugation after synthesis (route 2, Figure 39b), as reported by Hong?? and
Labbaf?*. Washing should eliminate the residual unreacted species and organic
components, thus lowering the conductivity and therefore increasing the ZP.

When BAG powder was washed the pH decreased by more than one unit,
however the ZP did not change. By adding more ammonia the ZP increased to 40 mV
(Figure 41), resulting in a more stable suspension and smaller particles.
Unfortunately, this was caused by washing away the loosely bound Ca and Na ions
from the silica network. The BAG composition after centrifugation is presented in
Table 14 below the dotted line, whereas the compositions without centrifugation are
presented above the dotted line. The final composition of BAG powders was
determined, after calcination, by SEM EDS analyses. Two powders, 53S and 70S,
were washed. It can be seen that the concentration of Ca and Na is strongly
decreased and the residual glass is therefore mainly SiO2. The ratio between SiO>
and P05 before and after centrifugation remained similar, which shows that P
content is not affected with the centrifugation.

Due to the drastically changed BAG compositions, the centrifugation was not used
for further experiments and was also not performed on the BAG 5854Sr and 5854Zn.

40
4
+NH,
20 rinsing in EtOH and H O
S
E o1
o
N i
Ca and Na
-20 ~ addition
-40 4 —
+NH_
I I I
8 10 12 14
pH

Figure 41: Dependence of ZP of the BAG sol on the reactants’ addition during the particulate
sol-gel process.
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Table 14: BAGs compositions determined by EDS analyses. * values are standard deviations,
the mean value were determined by averaging 4 measurements. Powders were MW dried.

wt.% / *mol.%

BAG

Si02 Ca0 P,0s  Na;0  SrO  ZnO
70S*  69.7+0.3 30.3x03 [/ / / /
53S 53.8£0.6 21.8#0.3 1.7¢0.2 22.7+0.3 / /  without
58S4Sr 56.6£2.2 31#1.6 8.4+0.6 / 4102 |/  washing
58S4Zn 59.6+1.6 28.6+0.9 6.9+0.4 /] _49%0.3
70S*  84.6+14 15.4+14  / / / / with
53S 85.9£0.3 7+0.3 6.5:04 0.620.1  / /  washing

4.3.1 Sintering studies

To determine the appropriate sintering temperature, dilatometry,
thermogravimetric analysis (TG), differential scanning calorimetry (DSC) and X-ray
diffraction (XRD) were carried out.

Differential scanning calorimetry and thermogravimetry curves for two BAG
compositions are presented in Figure 42. As the heating process proceeds,
a three-step weight loss is observed for the BAG 53S, ending in a final weight of 43 %
of the starting mass and a two-step weight loss for the BAG 70S ending in 46 % of
the starting mass. The first loss between 50-150 °C is about 25 % for both
compositions and is accompanied by a broad endothermic peak in the DSC curve
that corresponds to a loss of water. Up to a temperature near 480 °C the mass
remains quite stable, while there is a second big loss of about 22 % at around 500 °C.
The DSC shows a sharp endothermic peak in this area for which the mass spectra
showed the presence of NO and O groups (M30 and M32). As both compositions
had this peak, the nitrate groups belong to calcium nitrate tetrahydrate used as a
precursor for Ca0. Above 550 °C no significant mass loss (6 %) was observed for
BAG 70S, while BAG 53S has another broad DSC peak between 620 and 660 °C with
an accompanying additional 13 % of mass lost. This peak is correlated to the loss of
NO and O; groups from NaNOs3 as a starting precursor for the Naz0. A small (3 %)
loss of mass for BAG 53S is observed close to 800 °C, also coming from the loss of NO
and Oz groups, whereas no peak is observed for BAG 70S at this temperature. The
DSC curve shows that nitrates from calcium nitrate cannot be removed till 600 °C
and therefore the calcination temperature should be higher than 600 °C. Due to the
calcination, the overall DSC curve shows exothermic behaviour.
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Figure 42: TG and DSC curves for (a) BAG 53S and (b) BAG 70S.

In Figure 43 the TG and DSC curves for BAG prepared from nitrates as well as
acetates are presented, BAG containing Sr. As peaks in the DSC curve are not clearly
visible, mass spectra curves are added to the graph. The weight loss is significant till
570 °C, similar to previous compositions, and is diminishing at higher temperatures.
The overall weight loss is 41 %. Mass spectra showed a loss of water between 50-
150 °C. The largest loss of nitrate groups, coming from decomposition of calcium
nitrate, is present at 550 °C, whereas another two peaks are detected at 220 °C and
400 °C. The gaseous product from the decomposition of acetate, CO2, appeared at
around 400 with the highest concentration at 560 °C and another small peak at 620
°C. No peaks were detected after this temperature.
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Figure 43: TG, DSC and MS curves for BAG 5854Sr.

Dilatometric curves of powder compacts of different BAG compositions are

presented in Figure 44. According to the results BAG 70S, 5854Zn and 5854Sr can be
sintered at similar T, i.e., 850 °C, 810 °C and 850 °C, respectively. When Na is added
into the BAG composition the sintering starts at much lower temperatures ~ 600 °C
and at 650 °C the shrinkage turns into expansion due to formation of gases from
species that were not removed during the BAG calcination. After the removal of all
the gases the shrinkage can be seen again and is completed at 810 °C. The shrinkage
during sintering, except for 53S, is around 8 %.
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Figure 44: Dilatometer curves for BAG 70S, 53S, 5854Zn and 58S54Sr.
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According to the literature data the bioactivity is decreasing with the crystallinity
of BAG, therefore the crystallization that may occur during sintering was determined
by XRD.

The XRD spectra are presented in Figure 45. As shown in Figure 45a, the
two-component BAG 70S stayed completely amorphous till 900 °C, which is above
its sintering temperature (850 °C). The BAG 58S4Zn, despite Zn incorporation,
remained amorphous till its sintering temperature (Figure 45c), whereas a broad
peak in BAG 58S54Sr (Figure 45d) was detected, corresponding to formation of
Calcium silicate crystalline phase. The highest affinity for crystallization was
observed for BAG 53S, where at 800 °C the peaks corresponding to calcium sodium
silicate and silica peaks are detected (Figure 45b).

2o e A 1 : P
- et vt o AR ML 900 °C b .
a')| v Lide 0 L l"-: vihgad .'\M‘]" M ks e g ) 900 °C
" y : 1 " -
s Ll T | ) ' ’ ' 7
T p"""h‘."“-‘n'h‘ AN LAY —L.‘u""-“-du.-»_lkhp- .-f‘io,?-) C h n : . pi PR
a L RN e L L BTSN P T PTG L1 "I o ST, MU, 1Y
stk 800 °C
I I e 700°C| — s
3 o PVt REROTROTE YRR {:; - PN SOl (SR (P ARy i
= | el ETOR S I _ 700 °C
2 w%-wf-‘%%mwwwww_ : e0-c| Z [ eSS bt i
§ W,awﬁﬁ«lw»,\\m'«w‘“-, Fc’.. Qurt TN e e o bscate i 600 °C
b= . b £ rairerarn i . 500 °C
#""W""‘"Jh-\ Kﬁ'ﬂ‘\.ﬂiﬂ PRI T OTIN PP I 500 °C e o e T WMt e A Tl i W)
R L i HR N TR it R i
T MNW ’ 25 °C
ol M“-Mw,ww\w 25 °C o AN ot vt e
e M\m«.«mmm%.wm
T T T T T T T T T T T T T T T T T T
20 30 40 50 60 70 20 30 40 50 60 70
2-theta (%) 2-theta (°)
* i Nodak " el
Ll v
L " b °
e W P HOA i renpbeotira 0 C e, _ 800 °C
" . A " ol o il e Pl e b s b g i el
r__hw,-\.j.'\,»’"r-\r'-l i, 800 °C o \'.;
3 I T TR o] S it 700 °C
o e o ot s VA A P A g A T
r P re e A AN ]
2 M e B e S R W’M"‘M’. F 600 °C
S wmm‘v.w%_w 800 °C S fer . e iy WW-""WWWW-«-
= B i S PR =
T e A "'-“‘"tL‘, " 2 500 °C
ien o \rl:lu““w‘a—«maﬁvﬂo-'«\m - 500 °C " WWW,,w.-\--,.»‘.»_.w'*-'{“\‘a,'-"':'wk“fwu.v.'M--.:-,-N,rN“
i A R el " o,
PPt g AN st s, M«n‘aﬂ,u-».wwwzms E:u
MMM'MMW_M-;.- 25 "(i
T T T T T T T T T T T T T T T T T T
20 30 40 50 60 70 20 0 40 50 60 70
2-theta (°) 2-theta (°)

* Na4sCaa(SisO18) . CaNa4(SiOs)3 + Si02 ¢ Ca,Sio,

Figure 45: XRD spectra at different temperatures for BAG compositions: (a) 70S, (b) 538,
(c) 58S4Zn and (d) 58S4Sr.

Figure 46 presents SEM images of BAG samples sintered at temperatures
evaluated with a dilatometer. The BAG powders were previously calcined at 600 °C
for 2 hours. Calcination is necessary to remove the residual nitrates (see page 42,
Figure 42). The same calcination T was also used for BAG 53S that should be
calcined at 800 °C, but at this T it begins to crystallize and to sinter. Due to
uncompleted calcination and consequential bubbles formation the pellet became
highly porous (Figure 46a). Other samples were less porous but had a lack of
homogeneity, as seen in the backscattered electron image (Figure 46b, c). To
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improve homogeneity a standard drying of powder prepared by particulate sol-gel
method in a heating chamber was replaced by microwave (MW) drying. The more
homogenous composition of MW dried and sintered BAG can be seen in Figure 46d.

Figure 46: SEM image of BAG after sintering: (a) BAG 538, (b) BSE image of BAG 58S4Sr,
(c) BSE image of BAG 70S dried at 70 °C, (d) BSE image of BAG 70S dried in microwave oven.

To avoid the formation of gases and high porosity of the BAG 53S due to
calcination during sintering, sodium nitrate was replaced with sodium ethoxide. The
sol-gel process had to be modified in order to prevent an increase of the pH above
11 due to basic ethoxide. The amount of NH4OH was therefore lower and the pH was
mainly controlled by the ethoxide dropping (route 3 in Figure 39). TG
measurements showed that the overall mass loss is 40 %, similar to the BAG 53S
prepared from nitrates (Figure 47). There are three main weight losses. The first
two endothermic DSC peaks, from 50 to 150 °C, are ascribed to the loss of water. The
second loss ascribed to decomposition of acetates is from 150 to 350 °C. The third
mass drop starts at 600 °C for which the mass spectrum shows the presence of NO
and mainly CO. By using ethoxide instead of salts the thermal conversion to oxides
is finished at 720 °C. Those samples therefore had to be calcined at higher
temperatures than the ones synthesised from the salts. According to the dilatometric
curves the sintering started at 800 °C, therefore pellets were sintered at 900 °C. The
sintered pellet had no macropores (Figure 48b) but were partially crystalline
(Figure 45b and grey dots in Figure 48b).

For the further experiments, as well as for in vivo tests, Na in a form of NaNO3z was
used due to simpler sol-gel route and because at final BAG was meant to be used as a
coating in porous system, where bubbling is not a disadvantage.
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Figure 47: (a) TG, DSC and MS curves and (b) dilatometer curve for BAG 53S prepared from
sodium alkoxide as a Na;O precursor.

Figure 48: Optical micrograph of sintered BAG 53S pellet prepared by sol-gel from;
(a) nitrates and (b) alkoxides.
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4.3.2 FTIR

Figure 49 shows the FTIR spectra, in the 400-2000 cm! spectral range, for BAG
powders after calcination at 600 °C. Bands are located at around 463, 810, 930,
1070, 1210, 1420 and 1490 cm-1. The bands positioned at 463, 810, 930, 1070, 1210
are related to the silica network; the band at 463 to Si-O-Si symmetric bending, 810
to Si-O to symmetric stretching of bridging oxygen between tetrahedron, at 930 to
Si-O stretching of non-bridging oxygen (NBO), 1070 and band at 1210 cm to
symmetric and asymmetric stretching of Si-O-Si. The band at around 1070 also
belongs to the P-O stretching vibrations®2. The band at around 1420 cm-! found in
a spectrum of BAG 53 is assigned to the asymmetric stretching vibration of ionic
nitratel32 left in the glass after a thermal treatment at 600 °C. The bands at 880 and
1490 cm! found in the BAG 58S4Zn spectrum may be attributed to vibrations of the
C-0 groups from acetates also left after the thermal treatment of glass.

The main difference between the spectra is in a shoulder at 930 cm-! that
indicates the presence of NBOs and is ascribed with two NBO per silica tetrahedron,
i.e.,, Si-O- that is ionically bound to Ca2* or Na* counter ions or are showing the
presence of Si-OH groups. Si-OH groups are important for the bioactivity for HAp
nucleation133 as are NBOs, as they break the lattice connectivity and thus assure
faster degradation of the material and faster leaching of ions. The strongest band is
present in BAG 53S that has consequentially the lowest network connectivity and
should therefore be the most bioactive. A strong band at this wavelength is also seen
in BAG 70S and a weaker band for BAG 58S4Sr. BAG containing 4 % of Zn has a
narrow, almost no band for NBO groups, thus this BAG has a very good silica
network connectivity.

58S4Zn
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708
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Figure 49: FTIR spectra of powders; 70S (black), 53S (red), 5854Zn (blue) and 5854Sr
(green).
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4.3.3 pH change of the BAG immersed in SBF

The pH change of the BAG powder and the sintered pellet immersed in SBF was
measured with time (Figure 50). The pellets were sintered at temperatures
evaluated by sintering studies (810 °C for 5854Zn and 53S, 850 °C for 70S and
58S4Sr). The change of the pH induced by the powders was measured in a
suspension and for the pellets on their surface. The pH values were measured to
access the possible effect of an increased pH on bacteria and cell growth. SBF was
used to achieve similar conditions to a human environment.

Different BAG powders a caused different pH change in the range between 8 and
10. The highest values were reached with BAG 70S and 53S; 70S due to the smaller
particle and agglomerate size and 53S due to the Na;O content. It is worth to
mention the difference between the curves for the same BAG powder composition,
53S, but prepared by different methods, particulate and polymeric. Much bigger
polymeric BAG (53S pol) particles with a smaller surface area are dissolving slower
and are therefore not increasing the pH so fast.

The pH measured in SBF close to the surface of the sintered BAG is lower than for
the powder suspensions. The highest pH value isa not reached anymore by BAG 70S
but by 53S, which became highly porous after sintering due to the loss of nitrates.
The lowest pH increase is actually reached by 70S, which is pointing at its lower
solubility. The difference in pH for sintered BAG is, however, not as big as it is for
BAG powders. Also, the absolute values are lower (< pH9).
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Figure 50: pH change of BAG during immersion in SBF: (a) for BAG powder dispersed in SBF
and (b) close to the surface of sintered BAG pellets.

4.3.4 Bioactivity testing

Bioactivity of the BAG was evaluated the same way as for the TiO: coatings; by
immersing sintered BAG pellets in acellular SBF. However, the time of immersion for
BAG was much shorter, 5 days, because the HAp formation was much faster. All the
compositions showed excellent acellular bioactivity. After 5 days of immersion all
the surfaces were covered with cauliflower-like HAp (Figure 51).
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Figure 51: Hydroxyapatite layer formed on BAG surface after 5 days immersion in SBF for
BAG compositions: (a) 70S; (b) 53S; (c) 5854Zn; (d) 5854Sr.

The most dense layer was formed on BAG 53S. No BAG can be seen on the surface
as it is completely covered with HAp crystals. The least bioactive was BAG 5854Zn
where the HAp crystals were small and the rate of their formation was the lowest.
The HAp crystals were not observed on the surface until day 5, whereas for other
compositions the HAp was formed on the surface already after day 1.

The formation of HAp with time is presented on BAG 70S in Figure 52. The
beginning of the HAp formation can be seen already after 24h, after 3 days the
surface is almost fully coated and after 1 month there is a thick HAp on the surface.
The dissolution of BAG in SBF is also seen on these pictures as around 0.5 pum holes
in the BAG surface after 1 and 3 days, but not after 1 month, when HAp has
completely overgrown the surface.
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Figure 52: Hydroxyapatite formation on BAG 70S pellet sintered at 850 °C for different
immersion times in SBF: (a) 24 h; (b) 3 days; (c) 1 month.

The HAp crystalline phase was confirmed by EDS detection of Ca/P ratio that was
1.67, which is a characteristic ratio for HAp. A more precise analysis to confirm HAp
was made with FTIR spectroscopy (Figure 53) that can distinguish HAp from other
calcium phosphate phases by splitting of the P-O bending peak near 610 cm! and
566 cml.

The unsoaked BAG sample has bands at around 1210, 1070, 810, 465 cm! that
are related to the Si-O-Si stretching of bridging oxygen and the peak around 930 cm-
that is attributed to non-bridging oxygen. The latter corresponds to Si-O- vibrations,
whose negative charge is compensated by cationic species (Ca2*) or simply to Si-OH
groups!34 135 After 5 days of immersion the intensities of the silica network are
diminishing and new bands arise at 566 and around 1068 that are related to P-O
bending. The band at ~880 cm corresponds to CO32;, incorporation of carbonate
into the apatite, resulting in nonstoichiometric HAp - hydroxycarbonated
apatite136. 137, After 1 month the silica network is not seen anymore. Vibrations
corresponding to PO43- are clearly visible instead. The splitting of the bending peaks
near 610 and 566 cm! is a clear evidence for crystalline hydroxyapatitel34 138,
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Figure 53: FTIR spectra of BAG 70S before soaking in SBF, after 5 days and after
1 month of soaking.

4.3.5 Bacterial testing

In order to evaluate and to compare the effect of different compositions, pH and
dissolved BAG ions from sintered BAG pellets on bacteria growth, bacteria tests
were performed in two ways. First, the optical density at a wavelength of 600 nm
(OD600) of the supernatants was measured to evaluate the effect of BAG dissolution
on bacteria in the surroundings. Then biofilm formation on surface of BAG sintered
pellets was quantitatively evaluated by counting the colony forming units (CFU)
upon detachment of the biofilm after incubation of BAG with bacteria.

Optical densities (OD) of the supernatants after 24, 48 and 120 hours were
measured to see the effect of leaching ions from the BAG on bacteria in the
surroundings. The results of 0D600 are presented in Figure 54. The OD600 between
0.3 and 0.5 corresponds to 108 cells/ml.
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No growth was observed for S. epidermidis after 24 hours due to bacteria
sensibility. To start their growth, they had to be gently mixed with a pipette.
The inhibition effect on bacteria growth can be seen for BAG 53S and for BAG
58S4Sr, for both S. epidermidis and S. aureus. Some inhibitory effect is also
demonstrated by the two component BAG 70S, but the effect is present only after the
first day of bacteria growth and is almost completely diminished after 48 hours.
There was a strong influence of dissolved ions from BAG 58S54Sr on S. epidermidis.
The same composition has a smaller effect on less sensible bacteria, S. aureus, where
the bacteria growth is strongly inhibited after the first 24 hours but is lost after
a longer incubation time.
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Figure 54: 0D600 measurements. Comparison of S. epidermidis and S. aureus growth
in BAG surrounding for different BAG compositions as a function of time.

4.3.5.1 Bacterial growth on BAG surface

Biofilm growth was tested on sintered BAG pellets incubated together with bacteria.
A clear difference was observed between the different BAG compositions
(Figure 55). A strong antibacterial activity was shown by the 53S and 58S4Sr BAG
compositions, where the effect was more pronounced for S. epidermidis. For
S. aureus the amount of viable CFU on BAG 53S and 58S4Sr slowly grew with
incubation time and was lower for BAG containing Sr. In contrast, the amount of CFU
of S. epidermidis for BAG 70S remained almost the same and that of S. aureus was
even drastically lowered over time. After 120 hours the viable cells on 70S reached
the same value as 53S. The highest number of CFU was measured on BAG 5854Zn.
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Figure 55: Staphylococcal biofilm evaluation on sintered BAG pellets. Comparison of viable
S. epidermidis and S. aureus CFU recovered from different BAG compositions as a function of
time.

The biofilm formation was qualitatively evaluated by SEM observations. For BAG
70S only a few separated S. epidermidis bacteria were found on its surface.
In contrast, a lot of S. aureus were attached to its surface. A biofilm was observed
already after the first day (Figure 56a). After 48 hours the amount of bacteria
adhering to the surface was reduced (Figure 56b) but the biofilm formation was
again found on the surface after 120 hours. In Figure 56d, showing a biofilm at
higher magnification, the formation of extracellular polymeric matrix (ECM) bonding
together bacteria, can already be seen.

Figure 57 shows the surface of BAG 53S before (a) and after incubation with S.
epidermidis (b, c) and S. aureus (d, e, f). No bacteria were found on the surface of
sintered BAG, however another important feature was observed. After soaking in
tryptonic soya broth (TSB - bacteria culture broth), BAG 53S started to dissolve
which is shown as micrometre-sized pores formed on its surface (Figure 57 b, d).
After 120 hours of incubation BAG surface became covered with spheres, strongly
resembling hydroxyapatite that is formed when BAG is soaked in simulated body
fluid.

Bioactive glasses doped with ZnO and SrO showed a completely different effect on
the bacteria. While there were biofilms formed on BAG 5854Zn already after 24 h for
both S. epidermidis (Figure 58a, larger bacteria aggregates are marked with red) and
S. aureus (Figure 58b, c), BAG 58S4Sr strongly inhibited bacteria growth, as there
were no bacteria found on the surface of any of these samples.



75

Figure 56: Biofilm formation on BAG 70S. S. aureus bacteria on the surface of BAG after (a)
24 h, (b) 48 h, (c) 120 h and (d) higher magnification of bacteria in a biofilm.

Figure 57: Antibacterial effect of BAG 53S. Surface of the BAG (a) before soaking and after
incubation with S. epidermidis for (b) 24 and (c) 48 hours. Surface of the BAG after
incubation with S. aureus for (d) 24, (e) 48 and (f) 120 hours.
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Figure 58: Biofilm formation on BAG 5854Zn and biofilm inhibition of BAG 5854Sr.
(a) S. epidermidis biofilm after 24 hours; (b) S. aureus after 24 and (c) 120 hours.
(d) Surface of BAG 5854Sr after 120 hours incubation with S. aureus.

4.3.6 BAG coatings

Finally, the BAG powder of selected compositions was applied on a flat Ti6Al4V alloy
surface or infiltrated into the porous Ti layer on a Ti6Al4V sample.

4.3.6.1 BAG coatings on flat surfaces

BAG coatings were applied on flat surfaces in order to analyse the interface between
the BAG and the Ti-alloy as well as between the BAG and the hydrothermally applied
TiO2 coating. Instead of a porous surface that was used for in vivo tests, a flat surface
was used to simplify the process for TEM sample preparation. Namely, coatings on
porous surfaces would be difficult to prepare and analyse.

BAG was applied on the surface of flat Ti6Al4V discs by electrophoretic
deposition from an ethanol suspension. As described in previous sections, sol-gel
synthesis resulted in agglomerated BAG powders. The size of the agglomerates after
calcination was more than 10 pum and the powders dispersed in ethanol suspension
were not stable, the zeta-potential was low (Figure 59). Ethanol was used to prevent
BAG dissolution, which occurs in water suspensions. Such an unstable suspension
was not suitable for coatings, therefore BAG powders had to be de-agglomerated.
De-agglomeration was achieved by the addition of the deflocculant polyethylene
imine (PEI 1800). The particle size after the addition of PEI was lowered to about
1 um (Table 15). The increase in ZP by PEI addition is presented in Figure 59.
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Table 15: Particle size of BAG prepared by different methods and with different

compositions
Synthesis method BAG dso (um)
particulate sol-gel/microwave/PEI 53S 0,8
particulate sol-gel/microwave/PEl ~ 70S 1,3

particulate sol-gel/microwave/PEl 5854Zn 0,7
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Figure 59: Dependence of ZP of BAGs on the PEI addition. Amount of PEI in the start point is
0 %, for each further measurement 0.2 % of PEI according to the mass of BAG was added.

For EPD 4 wt.% of BAG in an ethanol suspension was used. The Ti-alloy served as
the negative electrode on which positively charged BAG was deposited. Coatings
were applied at 10 V for 1 min. A BAG coating on a flat Ti-alloy is presented in Figure
60. After deposition, the coatings were dried in air and sintered in a vacuum furnace,
to avoid oxidation of the Ti-alloy, at temperatures determined by dilatometry
experiments, i.e., 810 °C for BAG 53S and 850 °C for BAG 70S. Further
characterization of the BAG coatings on Ti-alloy or TiO; coating is described in
section 4.3.7.
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Figure 60: Green BAG coating deposited by EPD on Ti-alloy.

4.3.6.2 BAG coatings on porous surfaces

The BAG coatings in this study that were used for in vivo tests were prepared on
Ti6Al4V substrates with a porous Ti layer. Therefore, BAGs were applied to the
porous Ti-layer by vacuum infiltration. As for the previously described EPD, a stable
ethanol suspension had to be prepared for vacuum infiltration. BAG particles had to
be de-agglomerated to be able to obtain a small enough particle size to coat the
smallest of the pores in the porous Ti layer implant (see Figure 8).

After vacuum infiltration the samples were sintered at temperatures determined
from dilatometry, 810 °C for BAG 53S, under vacuum to avoid oxidation of the
Ti-alloy substrate. Cross-sections of the implant with BAG-infiltrated porous Ti-layer
are presented in Figure 6la and b (different magnifications). In the optical
micrograph (Figure 61a) the bioactive glass appears as a light phase within the
porous titanium layer (dark phase) on the bulk T6Al4V substrate (dark phase in the
lower part of the image). It is obvious that the bioactive glass has impregnated the
porous titanium layer throughout the whole thickness of layer. Conversely, in the
SEM image (Figure 61b) the metal is white, while the bioactive glass appears as
a grey porous phase with a few micrometres large partially sintered particles. The
BAG is also found in very small pores.

Ti6AI4V

Figure 61: (a) Optical micrograph (polarized light) of polished cross-section of the Ti6Al4V
implant with porous titanium layer impregnated with bioactive glass. (b) SEM micrograph at
higher magnification.
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4.3.7 TiO2/BAG coatings

To verify the interaction of BAG with the substrate material and possible interaction
of the TiO; interlayer on the composition and structure after sintering on Ti6Al4V,
the cross-sections of the coating were examined by TEM. For easier handling and
examination the coatings were prepared on flat substrates. A cross-section of the
BAG 53S coating is presented in the optical micrograph and SEM image in Figure 62.

Figure 62: Cross-section of BAG 53S coating on Ti6Al4V; (a) optical micrograph and
(b) SEM image.

Sintering of BAG on Ti6Al4V substrate resulted in the formation of an
intermediate reaction layer between the substrate and the BAG. In the case of BAG in
direct contact with the alloy the interlayer was ~ 1 um thick (Figure 63 b and c),
whereas it was much thicker, 3 pm, when a titania layer was formed with
hydrothermal treatment (HT D3) before the BAG deposition (Figure 63a). This
interlayer was composed of Ti as well as Si ions, seen in EDS mapping below each
TEM image for different coating in Figure 63. In the upper BAG layer only Si and Ca
was detected and in the substrate only Ti can be seen.

*
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Figure 63: TEM images of BAG coatings on Ti6Al4V substrate. (a) BAG 70S on TiO; coated
Ti6Al4V, (b) BAG 70S on Ti6Al4V without TiO; layer and (c) BAG 53S on Ti6Al4V substrate
without TiO; layer with Ti, Si and Ca EDS maps.
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More detailed analyses of the reaction layer and the BAG phase are presented
below in Figs. 63, 64 and 65.

Results of the quantitative EDX analyses of different layers of cross-section for the
sample coated with BAG 70S without TiO; coating (Figure 64 ) were 60-80 at.%
SiO2, 10-35 at.% CaO, matching with the BAG 70S composition. About 5-10 at.% of
TiO2 was also present in the glass region. The 1 pm interlayer was composed of
28-35 at.% of Si and 72-65 at.% of Ti, corresponding to TixSiy. In the substrate only
elements found in Ti6Al4V alloy were detected; 93 at.% Ti, 5.4 at.% Al and 1.6 at.%
of V. In the glass phase two regions were analysed: a region away from the substrate
at the top of the BAG coating, marked with a rectangle A, and a region closer to the
substrate and reaction layer, marked with a rectangle B. Both regions were found to
be crystalline (diffraction pattern A and B in Figure 64) with a large amount of Ti in
the region closer to the substrate and a smaller amount in the region away from the
substrate.

I
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Figure 64: TEM image of BAG 70S coating on Ti6Al4V substrate without TiO; layer (left) and
diffraction patterns for upper (A) and lower (B) BAG coating with corresponding EDS
spectra.

The quantitative EDS analyses of the different layers in the cross-section for the
sample coated with both TiO2 and BAG 70S (Figure 65), with a 3um-thick-reaction
layer, showed that the composition of the coating next to the substrate contains
mostly elements from the substrate alloy together with a small amount of Si and Ca.
No oxygen is detected in this region. Further away from the substrate, still in the
region marked as interlayer, the Ca and Si content is increasing and oxygen is still
not present, however more C is also detected. The reaction layer has about 25 at.%
of Si and 75 at.% of Ti, showing during the formation of silicides (TixSiy, TixSiyCz).
The glass region contains together with oxygen a lot of Si, increasing the amount of
Ca and also a lot of Ti (50-70 at.% of SiO2, 20-30 at.% of CaO and 10-20 at.% of
Ti02). The amount of Ti is higher compared to the sample coated just with BAG and
without TiO;. A diffraction pattern taken in the glass and reaction zone region,
marked with squares A and B, respectively, showed that the glass phase is
preferentially amorphous (Figure 65b with a diffraction pattern A), whereas the
reaction layer is composed of nanocrystallites (Figure 65c with a diffraction pattern
B) that are 2-5 nm big (Figure 65d) and are surrounded by an amorphous matrix.
The d values of the ring in the diffraction pattern belongs to titanium silicides (TisSi4,
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TisSi3, TiSi). Measured and experimental d values are presented in Table 16.

Figure 65: (a) TEM image of BAG 70S coating on TiO; coated Ti6Al4V substrate (left) and
diffraction patterns for A and B region (A-glass coating, B-interlayer) with corresponding
EDS spectra; (b) TEM image of region A; (c, d) TEM image of region B.

Table 16: Measured d values of diffraction rings in the interlayer diffraction pattern
compared to experimental values of Ti,Siy.

TisSis TisSis TiSi
. dmeas. dexp. dexp. dexp.

dift. "R R k) F k) () (k)
1 246 2436 210 2413 213 2435 210
2 212 2116 112 2123 310 2189 211
3 151 1508 222 1511 413 1515 221
4 130 1286 004 1300 119 1.323 303
5  1.05 1.045 610

Similar results were also obtained with a different BAG composition, BAG 53S.
The BAG was applied directly on the Ti6Al4V alloy without any TiOz coating.
The intermediate reaction layer between the BAG and Ti-alloy was composed of
titanium silicides (25 at.% Si and 75 at.% Ti). The BAG layer composition was 60-70
at.% SiO2, 10-20 at.% CaO, 5 at.% P05 and 5-10 at.% Naz0. Some 5-10 at.% TiO-
was also detected in this layer. The BAG layer was found to be partially crystalline.
Around 50-150 nm large crystallites (marked with A in Figure 66) were embedded
in a glassy matrix (marked with B in Figure 66). The EDS spectra in Figure 66
showed that the glass phase contained more Ti than the crystalline phase (marked
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with A in Figure 66). The crystallites had a lower amount of Ca and were mainly
composed of SiO».

Figure 66: TEM image of BAG 66S coating on Ti6Al4V substrate without TiOz layer (left) and
diffraction patterns for (A) crystallites and (B) glass phase, with corresponding EDS spectra.

4.3.8 In vivo tests

On the basis of the presented results, we decided to modify the composition of the
BAG to be tested in vivo. This way the number of animals was minimised. Instead of
using two BAG compositions, 53S and 70S, we lowered the amount of Na (only 10
wt.% ) in 53§ and thus lowered the possible pH effect on cells and still keep the good
bioactivity. The new BAG composition was 66S (in wt.% 66Si02-20Ca0-10Naz0-
4P,0s).

Finally, samples of Ti6Al4V cylinders with a porous Ti-layer were implanted into
the rabbit tibia to examine the response of the tissue on the BAG and to compare
the osseointegration of BAG infiltrated porous layer implants with non-coated
implants. After 10 weeks the rabbits were sacrificed and samples were prepared for
histological and SEM observation.

Trabecular bone —

Figure 67: (a) Schematic presentation of the implant position in the bone tibia. (b)
Macroscopic images of the histological preparations of samples with BAG coating, and (c)
without BAG. The arrows show the area of interest (the part of the implant in contact with
compact bone). The mineralized bone is stained red and the implant is black.
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Figure 67a illustrates the position of the implants in the rabbit tibia: only a small
part of the 6-mm-long cylinder (<2 mm) was fixed in the compact bone, while
the rest extended into the bone marrow. Some of the implants were in good contact
with bone only on one side. The bone overgrew the outer part of the implant fixed in
compact bone, and further expanded on the part positioned in the bone marrow.
The area of interest was within this 2 mm of the bone-implant interface, as indicated
by arrows in Figure 67b and c.

Figures 68a and b represents characteristic areas of the polished cross-sections of
the samples with or without BAG. In both cases, the bone has grown over the metal
as well as into the pores of the titanium layer. However, there is a clear difference in
the depth of bone growth within the porous titanium layer: the bone overgrew the
whole porous area of the samples with BAG within the pores (Figure 68a), while in
the case of the samples without BAG, only the outer part of the porous layer is
occupied with the newly formed bone (Figure 68b). In addition, in both types of
samples relatively good bone-to-implant contact can be observed. A comparison
between the porous titanium layer and flat Ti-alloy surface can be seen in Figure
68c. On the flat side of the implant, a large gap between the implant and the bone
was formed that indicates that bone-to-implant contact is much worse for flat than
for the rough surfaces.
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Figure 68: Scanning electron micrographs of polished cross-section of the sample (a) with
BAG, and (b) without BAG. (c) Lower magnification image of the BAG-containing sample
with and without porous titanium layer.

The presence of bone in the porous titanium layer was confirmed by EDS analysis
of the polished cross-sections of the explanted implants. The atomic ratio of the
calcium-to-phosphorus content was determined to be close to 1.7, which
corresponds to the natural mineral phase of the bone. ie. hydroxyapatite.
Distribution of elements within the porous titanium layers with or without the BAG
is illustrated in Figure 69a and b, respectively. The light dots indicate areas with
a higher concentration of an analysed element. The implant material is identified
with a high content of Ti, the C-rich areas confirm the presence of Epon resin in
which the samples were mounted, while high calcium and phosphorus
concentrations in the ratio of ~1.7 indicate the presence of mineralized bone.
Si distribution revealed whether some BAG remained in the pores.

As can be seen in Figure 69a and b, Ca and P can be detected much deeper in the
porous region of the BAG-containing samples compared to samples without BAG.
For the latter, the high carbon content and absence of Ca and P in the deeper region
of the Ti-layer confirm that the bone did not fill the pores close to the substrate;



84 Results

instead, they were filled with Epon. The minor presence of Si in the sample with BAG
indicates that the BAG has dissolved during ten weeks of implantation. The small
amount of Si was also detected in the sample without BAG, therefore in both
samples, Si presence could be the consequence of grinding with SiC grinding papers.
This proves that, in the early stage, the BAG gradually dissolves, providing the
necessary concentrations of ions for promoting the bone formation.

Figure 69: (a) EDS mappings of bone implant cross-sections for the sample with BAG,
showing from left to right on top: SEM image, Ca, C; bottom: Ti, P, Si. (b) EDS mappings of the
sample without BAG, showing from left to right on top: SEM image, Ca, C; bottom: Ti, P, Si.

The bone-to-implant contact and the bone ingrowth were also evaluated
quantitatively. The analyses were performed on the part of implant that was in
contact with the compact bone. The part of the implant that was in the bone marrow
was excluded, although in the case of samples with BAG, the mineralized bone was
also found in the porous region of the implant extending in the bone marrow.
The bone-to-implant contact for the samples with and without BAG was equal,
around 52 %. A much more beneficial effect of BAG was observed in the bone
occupation of the pores. The pores of the samples with BAG were 38 % filled with
bone, while significantly lower amount (p<0.05) of the pores without BAG were
filled with bone, only 22 %.

Histological examinations of the stained slices were focused on the appearance of
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mineralized newly formed bone in pores and in contact with metal. Ten weeks after
implantation, all the implants, with and without BAG, showed no sign of
inflammation at the interface with the implant (Figure 70a and b). More mineralized
bone (red) was observed in the pores of the samples prepared with BAG, where the
bone also grew downwards on the implant surface into the bone-marrow region
(see Figure 70c). Newly formed bone in the samples with BAG was also found in the
porous regions of the implant that was away from the original compact bone and
was actually lying in the medullary cavity of the tibia and surrounded by the bone
marrow (Figure 70d). As the whole porous titanium layer of the implant was initially
filled with BAG, bone formation was accelerated not just in the site of the implant
facing compact bone, but also on the site of the implant facing bone marrow. In both
kinds of implants, i.e., with or without BAG, the contact between the implant and the
newly formed compact bone was similar, i.e., good contact with only a few gaps filled
with adipose tissue.

.
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Figure 70: Characteristic histological sections of the samples (a) with BAG, and (b) without
BAG. (c) Sample with BAG at lower magnification, and (d) part of the implant in the bone
marrow. Mineralized bone is stained red. Osteoblasts and bone marrow cells in b are stained
blue. The blue region in the upper part of the image (a) is an artefact caused during the
staining with Stevenel’s blue.
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5 Discussion

5.1 TiO: coatings

5.1.1 Surface morphology of the HT-treated Ti6Al4V samples

Hydrothermal treatments started with experiments where the treatments were
performed without the addition of Ti** ions (Ti** complex). In this case, it was not
possible to obtain dense coatings, their thickness also never exceeded the crystal
size. In contrast to literature reports, where the HT treatment is performed in order
to crystallize the amorphous titania coating that is previously applied by some other
method, e.g.,, chemical treatment, we used as a seed layer for further crystal growth
only the natural titania layer that is always present on the surface of the Ti alloy. The
treatment without Ti** resulted in a non-uniformly coated surface. However, it
showed that the most nicely developed crystals with pinacoidal morphology were
developed by the addition of NaOH. Similar to our experiment, Wong et al. also
obtained a thickness of only a few tens of nm when they HT treated a NiTi alloy in
water#®, however the coating in their study was composed of 10-nm-large grains,
whereas in our study anatase crystals were up to 100 nm. A thicker coating was
achieved when HT treatment was performed in water solution containing Ti** ions,
by Cheng et al.#3. Like in this study, when Ti ions were added into the solution all the
coatings were denser, but also the crystal size was reduced. In contrast to Cheng et
al. 43, Ti** ions in this study were simply added in the form of TiO, powder or
Ti(OH)4, where Cheng et al. dissolved the powder prior to the treatment to obtain a
solution of Ti%* ions. Moreover, their HT treatment had to be performed at two
different temperatures to achieve both nucleation and crystallization, which was not
the case in our study.

The formation of a film on Ti alloy substrates is described by the dissolution and
re-precipitation of TiO2 and also Ti in the substrate alloy3°. Under alkaline
conditions Ti and TiO2 dissolves and re-precipitates in the following mechanisms3?:

e Ti+4H;0 — Ti(OH)3* + OH- + 2H;
TiO2 + 2H20 — Ti(OH)3* + OH-
e Precipitation: Ti(OH)3*+ OH- = TiO; + H20

As both reactions occur during the hydrothermal treatment it is possible to
dissolve TiO2 in the suspension as well as amorphous TiO; that is always present on
the surface, and precipitate them again on the surface of the alloy where nuclei are
formed by heterogeneous nucleation. But as described above, the dissolution and
re-precipitation of the naturally formed titania layer was not enough to form dense
crystalline coatings.

The addition of Ti** ions resulted in more homogeneous coatings, but there were
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also other factors that were influencing the crystal size and morphology.

Temperature influenced the density of the coating. When the temperature was
increased from 150 to 200 °C coatings became denser as the solubility of the TiO>
was greater, and therefore more Ti** ions were available for precipitation on the
Ti-alloy substrate. The influence of temperature can be seen for the HT treatment in
the TiO2 suspension with the addition of NaOH (Figure 12) and with the addition of
TMAH (Figure 13b compared to d). By increasing the temperature the ratio between
dissolution and precipitation rate is changing. Both are increasing with temperature.
However, when the solubility is lower (at lower T) the precipitation rate is higher
than the solubility3°, which according to Divya Rami et al. results in more
bipyramidal, elongated anatase crystals in their c-direction13°. This was also
observed in our HT treatments at 150 °C in NaOH were needle-like anatase particles
were formed (Figure 12a, b compared to c and d) and in HT with TMAH, but only for
the lowest TiO2 concentration. The effect of temperature was also seen by Wong et
al.,, who for the HT treatment of NiTi samples in water by raising the temperature
from 120 to 180 °C increased the density and the thickness of the film from 5 to 56
nm140,

The increase of pH in TiO2 suspensions also helped to produce coatings with
a greater amount of crystals compared to the treatment at lower pH due to the
greater amount of Ti** ions available at higher pH. The pH influence can be seen in
Figure 12a compared to b.

The effect of the concentration of Ti** ions is clearly seen also for the treatment in
Ti(OH)s suspensions. There were many more available Ti#* ions in the Ti(OH)4
suspension than in the TiO; suspension, even though the starting concentration was
calculated to be 5 wt.% for both, but the solubility under the hydrothermal
conditions was much greater for the Ti(OH)s powder (Figure 14a compared to
Figure 16a). The effect is similar to the one seen in Figure 13c, where the
concentration of TiOz suspension was raised to 30 wt.%. As there was too much
material available for growth the faceted crystals could not be formed. The addition
of citrate helped to form anatase crystal facets, but 0.5 wt.% seemed not enough
(like it was for TiO2 suspensions) as the concentration of soluble Ti%** ions was
greater. Increasing the citrate concentration did not help to gain the desired
morphology. Moreover, anatase was forming unusual anatase shapes due to non-
equilibrium conditions, which were described to form from Ti-isopropoxide as
a starting precursor by Horvat et al127,

The addition of NaOH and TMAH was used for raising the pH and thus making
conditions favourable for anatase formation, as it is reported elsewherel4l. NaOH
was added to obtain the desired pH for anatase crystals, as well as TMAH, by which
besides pH, an increase in solubility was also achieved. The increase in solubility
was not promoted just by the pH, but also by the TMAH itself. When TMAH instead
of NaOH was used at the same pH, a greater amount of particles and smaller
particles were formed (see Figure 12 and Figure 13). Dong et al. 142 explained how
TMAH helped to provide Ti* ions: it reacts with the titanium, forming
tetramethylammonium titanate, which then decomposes during the hydrothermal
treatment, providing free titanium ions. TMAH thus helps to produce more free
Ti** ions for crystal growth and in particular it seems to help the nucleation, as the
coatings with TMAH are denser (see Figure 13).
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With the addition of ammonium citrate, anatase with larger {001} facets was
formed. The growth of {001} facets was also enabled with the addition of citric acid.
However, this only happened when the amount of NaOH and TMAH was increased
compared to other treatments, due to the acidic nature of the citric acid, which
reduce the pH of the suspension to low values (pH ~ 2). In order to increase the pH
to values appropriate for anatase conditions, an additional concentration of NaOH
and TMAH had to be added. This resulted in surfaces coated mostly with spherical
particles and with some plate-like (with large {001} facets) anatase particles grown
in the grooves of the substrate. The formation of amorphous-like particles can be
explained by the high concentration of TMAH that increases the solubility and
nucleation, but does not form well-crystallised anatase shapes, as seen in Figure 13d.
It is also possible that a few plate-like anatase crystals were formed by the same
help of TMAH, as it was reported that TMAH (TMA* groups) can selectively adsorb to
the (001) planes through hydrogen bonding, which is also the case for amine
groups42 143, Thus the addition of TMAH should also help to form truncated
bipyramidal anatase crystals. Although citrate ions are widely used in the HT
synthesis of ZnO for the reduction of growth of ZnO {001} planes!#* this is not
the case with TiO». The surface of TiO; in pH values that were used in this study, pH
10 or 12, is highly negative, therefore the inhibition of growth of the {001} facets in
the HT treatment with the addition of ammonium citrate was caused by the
adsorption of positive ammonium groups. The statement is further supported by the
formation of a truncated bipyramidal crystal with the HT treatment in acidic
conditions where NH4NO3 was used (see Figure 11a). The pH value during that
treatment was 5 and according to the ZP measurements the surface of TiO; in these
conditions is still negatively charged. Therefore, the NH4* groups were also able to
bond to the {001} crystal planes and thus reduce their growth rate. However, the
treatment in acidic conditions was not further used due to the thickness rarely
exceeding the crystal size and presence of TiO2 crystals with an unknown
morphology.

5.1.2 Characteristics of TiOz coating

A strongly adhered TiO: coating, with an adhesion shear strength of more than the
required 22 MPa, showed improvements in many areas. The concentration of
released ions, after one month of immersion in the physiological solution at 36.5 °C,
was lower for the coated samples compared to the non-coated samples.
The concentrations of titanium, aluminium, and vanadium were not in proportion to
the original composition of the alloy; due to the higher solubility of aluminium and
vanadium, more of these ions were released into solution from both the non-coated
and coated samples compared to titanium. According to the leaching test with one
month immersion time, the release of Ti and Al can be completely inhibited, while
V is still released. However, with a simple leaching test in the physiological solution
we cannot predict the in vivo situation, but we can still presume that the crystalline
TiO2 coating prepared by hydrothermal treatment, that is less soluble than natural
amorphous TiO2, reduces the amount of aluminium and vanadium as well as
titanium to which the surrounding tissue is exposed.

The photocatalytic activity of the TiO coating was proven by a simple qualitative
test where the resazurin dye solution was discoloured and quantitatively by
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measuring the EPR signal. The EPR signal of the TiO; coated sample confirmed
a significant photocatalytic activity compared to the Degussa powder P25 with
known good photocatalytical properties. Although the powder has a much greater
surface area than the TiO; coating on the disk, the EPR signal of the coating was
increased 10-fold and the signal for TiO; P25 22-fold compared to the blank.

Besides photocatalytic activity the TiO2 coatings induce a change in the wetting
behaviour, which was even more pronounced when the samples were UV irradiated.
This increased hydrophilicity of the TiO; coating can be assumed to have beneficial
effects on bone-cell attachment. The change in the nature of metals, in this case the
titanium alloy and titanium, from hydrophobic to hydrophilic, is especially
important for porous titanium coatings in order to attract the cells into the pores.
A lot of data in the literature relates to the strong antibacterial effect of the radicals
formed by photocatalytically activated anatasel4>.

5.1.3 Bioactivity of TiO: coatings

A common feature of all bioactive materials is a HAp layer formation on their surface
when they are exposed to physiological fluids. It is a complex mechanism that
involves cellular processes. However, it can be predicted using in vitro studies by
soaking in acellular simulated body fluid. Non-coated and non-treated titanium
alloys do not exhibit any ability to form apatite in an SBF solution, even after
prolonged soaking under the conditions of the widely used Kokubo test124, which
was also confirmed in the present study. Though the non-treated Ti6Al4V sample
retained its surface morphology while soaking for 3 weeks in SBF (Figure 28a),
apatite formation was observed on some hydrothermally treated samples
(Figure 29). The Ca/P ratio was confirmed by EDS to be 1.67, which is the
stoichiometric ratio of hydroxyapatite. Compared to other bioactive materials, such
as hydroxyapatite and bioactive glass, the apatite formation time was longer for the
TiO2-coated samples (3 weeks), but this was a valuable improvement over the lack
of apatite formation with non-treated Ti6Al4V.

Moreover, bioactivity was observed only for the TiO2 coatings with specific
morphologies. In our experiments, amorphous TiO2 coatings or coatings with round-
shaped crystals (anatase crystals with no sharp edges) never induced apatite
formation (Figure 28), which was also observed by Grigal et al.14¢ The importance of
crystallinity for apatite formation has already been reported by Wu and
Wang 147, 148,

Although an in-depth study of the mechanism of hydroxyapatite formation on
TiO2 coatings was not performed as part of the present study, the results provide
strong indications that the bioactivity is promoted not only by the surface area or
thickness of the TiO2 coating, as reported by 147. 148, but also by the morphology of
the anatase crystals. Various levels of bioactivities can be explained by the effects of
TiO2 coating morphology, as well as by the different reactivities of the anatase facets.
Indeed, the {001} anatase facets have been reported to be the most reactive 149,
which could be also reflected in their higher bioactivity.

The thickest and most dense hydroxyapatite layer apparently formed on the TiO>
coating with pinacoidal anatase crystals and the addition of Ca2* ions (Figure 29d).
The bioactivity expressed by apatite formation on this surface can be ascribed to the
presence of the Ca2+, as seen in the XPS analysis of the coating (see Figure 19d). This
finding confirms that CaZ* ions are beneficial for the bioactivity of the coating, in
addition to providing a suitable morphology of the TiO; coating, which we think is a
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prerequisite for apatite formation.

The TiO2 bioactivity in most reports is described by the formation of Ti-OH
groups on the surface of TiO2. These OH groups induce apatite nucleation indirectly
by forming calcium titanate on its surfacel®0. The Ti-OH groups are negatively
charged as the pH of the surrounding fluid is 7.4151, Negatively charged OH groups
then attract positive Ca2* ions and a Ca-titanate is formed. With accumulating Ca, the
surface becomes positively charged, and thus it starts to combine with phosphate
ions from the SBF to form calcium phosphate. With time amorphous calcium
phosphate transforms to the most stable form at that pH, hydroxyapatite. This
widely accepted idea was also confirmed by Han et al152, who UV irradiated samples
to form abundant OH groups (negatively charged) on the surface that causes a lower
wetting angle and were also responsible for the negative charge of the titania in SBF
and therefore the bioactivity of the UV irradiated samples was much higher.

In our experiment we found that hydroxyapatite is precipitated from SBF better if
the TiO; particles in the coating contain larger {001} facets. It is known that {001}
facets have a much higher energy (0.90 J]/m2) compared to lower surface free energy
(0.44 J/m?2) of thermodynamically stable {101} facets53. And the coating with the
higher free energy Ti ions exhibit better bioactivity!>4. The {001} facets also have
a high density of surface undercoordinated Ti atoms that are responsible for more
active sites?>2. The Ti-OH groups are responsible for the precipitation of HAp.

No reports were found about the dependence of bioactivity on different anatase
morphology. The difference is often ascribed to the different, usually negative zeta
potential of the TiO; coating in SBF as IEP of the titania is below the pH of the SBF.
Such negatively charged titania then interacts with positively charged Ca ions in the
fluid and in some cases positively charged titania reacts with phosphate ions!50 151,
155, However, none of the reports have considered that their coating prepared at
different treatment conditions could have a different anatase morphology having
different developed facets with different surface energy or possibly a different zeta
potential.

5.1.4 In vitro tests of TiO:2 coatings

The results of the in vitro studies show that the grain morphology of the anatase
coating plays an important role in cell adhesion and proliferation. Both the HOC and
HEC attached well to the TiO; coating with pinacoidal crystals (sample 3, HT E2).
Though the growth of HOC strongly decreased after day 3, the HEC continued to
grow and further colonise the sample until day 9. Thus, compared to the sample with
bipyramidal crystals (sample 2, HT D1), the smaller pinacoidal crystals (sample 3,
HT E2) are obviously more favourable for cell adhesion and spreading. This finding
is similar to hydroxyapatite formation in simulated body fluid, which was also only
seen for the sample with pinacoidal crystals. Though anatase coatings have been
reported to promote cell adhesion and proliferation 156, and a difference exists
between the anatase and rutile forms of TiO; coatings!’, no reports have
investigated the influence of different anatase crystal morphologies. Feng et al.158
showed that the surface energy, the number of surface hydroxyl groups, and the
surface charge can all have a significant effect on osteoblast behaviour, and a
positive surface charge has also been shown to stimulate cell attachment and
spreading on anatase!>®. The crystal planes in anatase have different surface
properties than those of rutile, which results in selective adsorption and activity in
these planes®® and can explain the different activities of the various coatings in
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simulated body fluid, as well as cell attachment. Accordingly, bipyramidal anatase
crystals have a negative effect on cell adhesion, whereas pinacoidal anatase crystals
are more favourable. The cell proliferation was better for pinacoidal anatase than for
the non-coated samples, which can be ascribed to the more hydrophilic surface of
the TiO2-coated alloy.

Compared to the non-coated Ti6Al4V alloy (Figure 30), there was lower HOC and
HEC cell adhesion and proliferation on the non-coated porous titanium layer (Figure
31), which supports the assumption that wetting plays a major role; the wetting
angle of the porous titanium was higher than that of the Ti6Al4V alloy (130° and 91°,
respectively). However, the results for the TiO;-coated samples with a porous
titanium layer seem to disagree with this assumption; compared to the non-coated
reference (sample 4, Figure 31), the TiOz-coated sample (sample 5, Figure 31) did
not reveal a positive effect on cell adhesion. Due to the hydrophilicity of the TiO>
coating, the cells may have migrated into the pores instead of adhering to the surface
and could not be detached completely, resulting in under-counting. This explanation
is further supported by in vivo tests.

5.1.5 Invivo test of TiOz-coated samples

The in vivo tests showed statistically significant difference (p<0.01) between the
non-coated and TiOz-coated alloy with a porous titanium surface layer. Though
bone-to-implant contact was approximately the same (~45 %) in both cases, the
newly formed bone grew much deeper into the porous structure of the TiOz-coated
samples. As a result, the bone ingrowth percentage was double that of the non-
coated porous titanium. Interestingly, the newly formed bone was also observed in
the smallest pores, close to the substrate alloy. Most of the previous reports on a
suitable pore size for successful osseointegrationl¢l-165 have suggested that the
pores should be of an appropriate size to allow the bone cells to enter and attach;
the lower limit in biomedical implants is approximately 30 um¢4, though most
reports have suggested it to be closer to 100 pm. As seen in Figure 33, the pores as
small as only a few micrometres had evidence of new bone, which indicates that the
size of the pores is not a limiting parameter for the successful ingrowth of new bone.
The conclusion regarding the minimum pore size for the cells can be presumed to
have been based on the results from hydrophobic metal surfaces. As shown above
(Figure 27),
the anatase TiO; layer produced by the hydrothermal treatment alters the wetting
behaviour of the naturally hydrophobic titanium metal in such a way that it becomes
more hydrophilic. Thus, the favourable wetting behaviour of TiO2-coated implants
was probably the main reason for the growth of the new bone cells into the smallest
pores throughout the thickness of the titanium layer. The importance of wetting, in
combination with surface roughness and pore size, for was also confirmed by meta
analyses of in vitro results in a more extensive study by Gasik et al.166

5.2 Bioactive glass

5.2.1 Bioactive glass synthesis

The sol-gel method is widely used for bioactive glass preparation. Mostly it is
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prepared by a polymeric sol-gel route using nitric acid as a catalyst. In this study
BAG powders with four different compositions were successfully prepared using a
basic catalyst NH4OH, which resulted in a smaller particle size compared to the melt-
derived or polymeric-sol-gel-route-derived glasses. The size of the BAG powder was
reduced from 90 for polymeric to around 11 pm for particulate after the dispersion
(Table 13), which is the size of the BAG agglomerate. The size of an individual BAG
particle, measured on SEM images, is even smaller, between 100 and 200 nm.

Using ammonia in the polymeric sol-gel route slightly decreased the size of the
BAG particles, but not as much as reported in the literature. Xia et al. claims that they
were able to prepare BAG particles using this method that were smaller than
50 nm°l. However, they measure the particle size only on TEM images where it is
clearly seen that particles smaller than 50 nm are just individual subunits of much
larger agglomerates, most probably strongly connected by the Si-O-Si bond formed
during condensation. Similar results were obtained by Hong et al. who were able to
homogeneously disperse as-prepared BAG in an ethanol solution?2. However, in
their BAG synthesis they used the centrifugation and washing of BAG precipitates
with water, which was observed during this study to cause the elimination of Ca2*
ions from the BAG compositions, especially the one with a low network connectivity
(results not shown). This explains why they were able to disperse particles in
ethanol, as silica itself, without Ca?* ions, has a high ZP (Figure 41). The composition
of their BAG after centrifugation was not reported, neither was the crystal phase
formed during the sintering that could reveal if there was Ca present.

There are a few reports trying to prepare BAG with a basic catalyst92-94,
Meiszterics et al. who used NH4OH as a catalyst for both hydrolysis and
condensation was unsuccessful due to the unwanted precipitation?? of calcium salts.
The precipitants in their study were most probably formed due to a too high and too
sudden pH rise of the system by mixing ammonia directly with other reactants. In
our study Ca(OH); precipitation was avoided by the dropwise addition of calcium
nitrate into the mixture of water, ethanol and other nitrates or acetates (Figure 39)
that contained excess of water for keeping the calcium nitrate soluble and most
important the pH of that mixture (pH10.5) was carefully maintained by the
dropwise addition of NH4OH, where the pH value never exceeded the minimum
value for Ca(OH): precipitation that was calculated for the system to be at pH11.3,
neither it exceed the pH value for silica dissolution. In another study Labbaf et al.?*
tried to prepare the bioactive glass by adding Ca into the system by diffusion
through the surface of the SiO2 particles. Calcium nitrate was introduced into the
system when SiO; particles were already precipitated and was deposited on the
silica particles. As Ca had to diffuse into the particles from their surface after they
had already been formed, they had problems to incorporate Ca into the network and
were able to obtain the composition only with a maximum 15 mol.% of calcium.

With the dropwise addition of the reactants and a controlled pH all four BAGs
were prepared with the desired compositions (Table 14), avoiding unwanted
precipitation. All the glasses were amorphous after calcination, except when using
Na-ethoxide precursor (Figure 45).

The main drawback of the particulate sol-gel synthesis is unwanted
agglomeration of the particles that is caused by the addition of salts into the sol,
especially Ca2* ions that are a source of the ions necessary for bioactivity and HAp
formation. Silica itself is very stable since the silanol groups are the adsorption sites
for water and the silica is stabilized by the layer of adsorbed water that prevents
coagulation even at the IEP74, but the addition of Ca lowers the stability of the sol
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and with that the size of the particles. To lower the particle size to be able to
produce a stable suspension for the deposition and to fill the smallest pores in the
porous substrates, BAG powder was de-agglomerated after calcination by the
addition of PEI, which decreases the size to around 11 um and also increased the ZP
of the ethanol suspension.

After sol-gel synthesis, the BAGs had to be calcined in order to eliminate the
residual organics and nitrates. The calcination temperature has to be lower than the
sintering temperature and the crystallization temperature, which is the case for all
compositions except BAG 53S that is containing NazO. In this composition, prepared
under the previously described condition, a DSC peak correlated to the loss of NO
groups was detected at around 800 °C (Figure 42) which is far beyond the onset
temperature for sintering, and it is finished at 810 °C (Figure 44b). To avoid
sintering of the particles during calcination in this composition, the calcination
temperature was left at 600 °C and therefore residual nitrates in the BAG 53S were
removed only during sintering. This caused bubbling of the BAG sample thus making
it highly porous (Figure 46a). Decomposition of the nitrates at such high
temperatures can be avoided by using a different catalyst, as reported by Lucas-
Gyrot et al.167, or by changing precursors for Na;0. The latter was used in this study.
NaNO3z was replaced by Na-ethoxide. This led to a higher calcination temperature
(650 °C) and also a higher sintering temperature (900 °C). Sintered BAG pellets had
no macroporosity (Figure 47). As the bubbling of the material caused problems in
the bulk pellets and was not causing problems in the thin coatings, NaNOsz as
precursor was kept for BAG synthesis used in vivo studies due to a lower sintering
temperature.

The BAGs prepared by the particulate sol-gel method stayed amorphous till their
sintering temperature, except BAG 53S, where crystallization started arund 800 °C
with the formation of calcium sodium silicates. It is known that the crystallization of
BAG reduces bioactivity but it was also reported that calcium sodium silicate
decomposes and transforms to amorphous hydroxyapatite when exposed to body
fluid and is an easily degradable mineral in vivol68, and therefore this crystal
structure can still be highly bioactive.

Another drawback of the sol-gel synthesis is the inhomogeneous structure of BAG
that is a consequence of the migration of Ca?* ions through the silica structure
during drying and its aggregation16. To avoid that, instead of slow drying in an oven
where the reaction of condensation still proceeds, the drying was done in
a microwave oven. The heating produced by microwave energy allowed a fast
dehydration. The faster drying thus resulted in a more homogenous composition.

5.2.2 Bioactivity

The bioactivity of bioactive glasses was estimated by in vitro studies by soaking
sintered discs in acellular simulated body fluid in the same manner as for TiO:
coatings. All four compositions were immersed in SBF in order to see, compare and
to choose the best candidate for further in vivo studies.

According to the time needed for the HAp formation and according to the density
of HAp formed after 5 days of immersion, the most bioactive BAG was BAG 53S
containing Naz0. A similar bioactivity was also observed for BAG 70S. As seen in the
FTIR spectra these two compositions had a large number of non-bridging oxygen
species (NBO: Si-O- Ca%*/Na*/H*). These NBOs are responsible for breaking the
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continuity of the network between the Si atoms, thus making the glass easier to
dissolve. And by dissolution the Ca?* and Na* ions are released in surroundings and
are further replaced by H* from the SBF solution forming silanol groups that are
playing a key role in the bioactivity!33 170. 171 A corresponding increase in the pH
also promotes the breaking of Si-O-Si bonds and thus the formation of even more Si-
OH groups. Therefore, BAG 53S reaching higher pH values than 70S (Figure 50) is
also resulting in faster HAp formation. BAG 53S was also the only composition that
partially crystallized during sintering (seen in XRD spectra in Figure 45 and in TEM
images in Figure 66). Although it is known that the crystallinity of BAG reduces the
rate of HAp formationl72 173, this composition still retained the highest bioactivity,
which was most probably compensated by high dissolution of amorphous phase.

The BAG containing Sr also showed good bioactivity; it was densely covered with
HAp after 5 days of immersion. This is in contrast to Zn that had delayed HAp
formation where after 5 days surface was covered by HAp only partly. The
difference between those two glasses and also the other two compositions is seen
again in the band corresponding to NBO in the FTIR spectra; in contrast to 5854Zn,
the 58S4Sr has a band at 930 cml. Zn is classified as an intermediate oxide, i.e., it
can act as a glass modifier or a glass former!74, And when 4 wt.% of Zn is added to
the glass composition (858S4Zn), it seems that Zn starts to act as a glass former; The
peak at 900 cm! that is almost not visible for bioactive glass containing Zn is
explained by the lack of NBO in the silica network. As an intermediate oxide Zn
created a more stable glass structure with the formation of covalent links between
the silica tetrahedral and thus the formation of more bridging oxygen (BO) species
rather than NBO. With increasing BO over the NBO the number of nucleation sites
for HAp (Si-OH groups) is low, the dissolution rate is reduced and therefore the HAp
formation is slower. Some reports show that Zn added to BAG increases the acellular
bioactivity107. 175,176 however other studies showed that Zn has the opposite effect:
Aina et al. have shown that Zn is responsible for the reduction of leaching and the
dissolution activity of BAG and an inability to form HAp!77. Similarly, Jaroch et al.
showed that Zn retards the rate of HAp formation and Haimi et al. showed reduced
BAG degradation propertiesi®. The lack of NBO in the FTIR spectra of BAG
containing more than 1 wt.% of ZnO has also been observed by El-Kady et al.178.

The FTIR band at 930 cm! for BAG 58S54Sr is present because Sr is a network
modifier; it acts like Ca with which it can even be replaced. So the addition of Sr
instead of Zn is to obtain a lower network connectivity. It was also reported by other
authors that Sr incorporated BAG increases the acellular bioactivity and has a faster
degradationl79 180, Usually Ca was replaced by Sr that due to its larger atomic size
expands the glass network and makes it less connected!8l. In this study Sr was not
replacing Ca but Sr was added in the first place to the composition to achieving
antibacterial properties, and therefore the role of Sr was in forming more NBOs.

According to the findings in this study and reports described above we can
approximately predict the bioactivity from the molar composition of the BAGs.
To explain: the composition of BAG 53S should be the most bioactive as it contains
the lowest amount, only 53 wt.%, of silica (network former) and a large amount of
modifiers, together 43 wt.% of Ca and Na. It also contains 4 wt.% of P20s which in
bioactive glasses does not go to network, it forms orthophosphate species that
remove cations for charge balancing NBOs and thus increasing the network
connectivity. However, P supersaturation on the other hand drives precipitations of
HAp. BAG 70S has a high amount of SiO2, but compared to 5854Sr and 58S4Zn
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contains the same amount of Ca, no phosphate to increase the connectivity (as it is Sr
and Zn containing BAG, 8 wt.%) and also has no additional network formers (like
Zn). As Sr is a network modifier and Zn can act also as a network former, it is
obvious that between those two glasses Sr should have better bioactivity also due to
the slightly larger atom that expands the network and reduces the rigidity of
the network.

5.2.3 Antibacterial properties

Antibacterial properties are desired for biomedical materials as they can help to
prevent infections in the first stage of implantation and thus help the bone cells in
their “race for the surface” with bacteria. Bioactive glasses have already been
reported to have antibacterial properties, some of them by themselves,>> 119, 182 and
some of them by adding different antibacterial agents, among which Ag is one of
the most popular5é 183, 184 The exact mechanism of antibacterial properties is still
not known. It has been suggested to be based on several factors, including high pH
and osmotic effects caused by dissolved ions. In this study two BAG compositions
were prepared in order to increase the bioactivity and antibacterial effect; BAG
58S4Sr and 58S4Zn. Sr is mostly known to promote bone growth!8> but was also
suggested to have a negative effect on bacteria growth34. Zn is known for its
antiseptic properties 105,186,187 35 well as for bone regeneration88. 189,

The optical density (OD600) measurements showed that only BAG 53S and the
58S4Sr ionic dissolution product have an effect on bacteria growth. BAG containing
Naz0 reached the highest pH values (Figure 50), around 8.5, which could be
the reason for the bacteria growth inhibition. On the other hand, the low pH of
58S4Sr was similar to those of 70S, however their effect on bacteria was totally
different. The difference was especially noticeable for the more sensitive
S. epidermidis and during the first day of incubation also for S. aureus, where 70S had
no and 58S4Sr had high inhibitory effect. The same trend was followed when growth
was evaluated on the surface of BAGs by CFU counting. However, due to the higher
concentration of ions near the BAG surface compared to the concentration in
the surroundings, the intensity of inhibition was bigger when bacteria growing on
BAG surface were counted (CFU) compared to bacteria growth in the surroundings
(0D600).

No inhibition of bacteria growth was seen for BAG containing Zn, although this
BAG was expected to have the greatest inhibitory effect according to the well-known
antibacterial properties of ZnO. The reason for such a contradictory result is most
probably in the ion-leaching activity of Zn-containing glass. It was already reported
that BAG containing only 5 wt.% of Zn reduces the solubility of bioactive glass and
therefore its bioactivity198 177, The low bioactivity of Zn-containing glass was also
proved in this study (Figure 51). If the degradation rate of BAG is slow, the amount
of Zn ions cannot be sufficiently high to influence the bacteria. Besides that, a lower
degradation rate reduces the concentration of Ca?* and other released leached alkali
ions that act bactericidal by depolarising the bacteria membranel23. Slower
solubility is caused by better network connectivity of the Zn-containing BAG which
can be seen in the FTIR spectra (Figure 49). The intensity of the NBO band at
~930 cm, belonging to Si-O- bound to Ca2* and Na* ions, is the weakest for
BAG 58S4Zn. The number of NBO is thus small and therefore the number of Si-O-Si
bonds is greater. On the other hand, the band for NBO species that also plays
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an important role in bioactivity, as they break the continuity in the lattice, is much
more intensive for BAG containing Sr and Na. This explains the reason why both
compositions decrease bacterial growth although BAG 53S reaches much higher pH
values than 584Sr. Moreover, BAG 58S4Sr reaches the same pH values as the
two-component BAG 70S, which in contrast had no influence on the bacteria growth,
shown by OD600 measurements (Figure 54), CFU counting (Figure 55) and strong
biofilm formation on its surface (Figure 56). The antibacterial effect was also shown
by Guida et al. where Sr added to glass ionomer cements showed antibacterial
properties although there was no pH increase due to the acidic nature of the
cements.110 BAG 53S is not just reaching the highest pH values that could be
detrimental for bacteria, but is also having the highest solubility as seen by the fast
degradation process (Figure 52) and the lowest network connectivity (large number
of NBO). Therefore, we cannot say that antibacterial properties of BAG are caused by
the high pH values reached during the dissolution process, as reported elsewhere>>.
118, 190, They are mostly referred to non-physiological concentrations of ions
dissolved from BAG, as reported by Sawai et al. and Stoor et al.117.123, [t has also been
shown that the bactericidal activity of BAG in comparison with a NaOH reference
solution has a significantly higher minimum inhibitory concentration than NaOH
with the same pH191.

As the possibility of bacterial adhesion and biofilm formation is a remarkable
problem concerning biomedical devices it is of great importance that for BAG
coatings on Ti-alloy implants a BAG with a suitable composition is selected, not just
for bioactivity but also for antibacterial properties.

5.2.4 Invivo tests of BAG coatings

To assure both the above-desired properties of the metallic implant, bioactivity and
antibacterial properties, a four-component BAG containing SiO2, CaO, Naz0 and P20s
was chosen for the in vivo tests. The BAG with similar composition, however with
higher amount of Naz0, proved to be the most bioactive when tested in acellular SBF
and also had the greatest bacteria growth inhibitory effect. BAG was applied into the
porous surface layer of a Ti implant by vacuum infiltration. The porous surface layer
has an advantageous effect on the implants: while a gap between the bone and parts
of metal with a flat surface was observed in almost all the samples after explantation
from rabbit tibia, the new bone was well attached to the porous layers with or
without the coating (Figure 68).

The ability of bioactive glasses to enhance bone formation has been presented in
many previous scientific reports>% 73, In addition, stimulation effects on angiogenesis
as well as antibacterial and inflammatory effects were reported 3. 54 119,120 gand also
confirmed in this study. These effects have been ascribed to the availability of ionic
products dissolved from the bioactive glass, especially calcium and silicon ions,
which were recently reported to play a key role in bone regeneration. The ions
released during dissolution of the BAG in the porous metallic structure stimulate
several families of genes and activate some growth factors that control
osteogenesis’1-73. Moreover, the surrounding bone is in direct contact with the
surface apatite formed during BAG dissolution, without the intervention of any
fibrous tissue and consequently a tight chemical bond is formed with the apatite>+ 63,
In spite of all that, due to its poor mechanical properties the application of BAG in
orthopaedic surgery has still been limited to non-loaded applications.

The above-described advantages of bioactive glass have been reported on
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the basis of numerous in vitro and in vivo studies of BAGs with different chemical
compositions and in different forms, such as granules or coatings on metals, while
the enhancement of osseointegration of porous metallic structures by impregnation
with bioactive glass has not been reported before. This is partly due to the
technological limitations given by the relatively coarse particles of melt-derived
bioactive glasses or their limited resorbability defined by their composition and
crystallinity. Differently, the bioactive glass used in this study is characterized by
small particle sizes that enable impregnation of the porous titanium. After the
thermal treatment, a porous BAG structure with high resorbability is formed within
the pores of the titanium layer on implant. The high resorbability of the bioactive
glass is reflected in its absence in the porous titanium layer of the implanted grafts
after ten weeks of implantation in rabbit tibia and, instead, the presence of newly
formed bone. The bone was observed throughout the thickness of the porous layer,
which confirms that the dissolution product of the bioactive glass in the pores
provided an appropriate and stimulating environment for the bone growth.
Conversely, this was not the case for the implants without BAG, where the bone
formed only within the outer part of the porous Ti-layer. In the case of implants with
BAG, the new bone has also formed in the smallest pores, in the deepest parts of the
porous titanium layer and also in the site of the implant facing bone marrow, thus,
everywhere where the implant surrounding was saturated with calcium and silicon
ions released from the bioactive glass. The porous structure of BAG obviously
contributed to fast resorption: in ten weeks, the entire BAG was replaced with
a newly formed bone, which indicates favourable dissolution kinetics under
physiological conditions.

Considering everything, the in-vivo animal study confirmed that the
nanoparticulate bioactive glass prepared by sol-gel introduced into the porous
titanium surface layer on implants promotes osseointegration. Within ten weeks, the
bioactive glass was completely resorbed and substituted with well-attached, newly
formed bone, which overgrew the entire thickness of the porous structure.
The percent of pores occupied by bone was increased from 22 % to almost double
this value (38 %) for the implants contacting BAG, which represent significant
(p<0.05) improvement as it implies faster bone ingrowth during the first weeks after
implantation. The bone-to-implant contact on the other hand was the same for
the samples with and without BAG (around 52 %) which is most probably connected
to the very high solubility of BAG with the composition containing NazO
(see Figure 57). Due to too fast dissolution, most of the released ions from the outer
surface of the implant might had been transported away from the surroundings of
the implantation site before new bone could be formed, which is not the case inside
the pores where BAG is protected from fluid motions.

5.3 TiO2/BAG coatings

In previous sections two coatings, TiO2 and BAG, were described separately,
although both have one common feature: to improve osseointegration. However,
BAG serves only as a temporary coating that helps to promote bone bonding in
the early stages after implantation and is dissolved already after 10 weeks (shown
by in vivo tests), while TiO2 on the other hand is a permanent coating that improves
bioactivity and hydrophobicity and also hinders the release of undesired metal ions.
To combine all these properties we prepared a multifunctional coating of porous Ti,
TiO2 and BAG. BAG would improve osseointegration in the first days and then after
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its dissolution, when surrounding tissue would be exposed to the metal, TiO2 would
serve as a protection barrier for the release of metal ions from the Ti-alloy and as
a more appropriate surface for cells as hydrophobic metal itself.

The sintering of BAG on non-coated and on a TiOz-coated Ti-alloy resulted in the
formation of intermediate layer, composed of 2-5 nm big TixSiy crystallites, at the
BAG-titanium contact, whereas the layer was thicker on the TiOz-coated alloy. Such a
layer was already reported by other authors192 193 and is ascribed to contribute to
the improved adhesion of the BAG to the substrates. The adhesion of BAG within the
porous coating, however, is not relevant. We suppose that the Ti-silicide may, due to
the silicon’s presence, contribute to an improved biological response, even after the
bioactive glass has dissolved.

When both coatings were applied, TiO; and BAG, the BAG coating stayed
preferentially amorphous, whereas the BAG coatings applied directly on the Ti6Al4V
crystallized. And because the crystallinity of the BAG reduces the dissolution rate
and thus the bioactivity, a TiO; intermediate layer is beneficial when BAG is used as
a coating on Ti-alloy. However, the TiO layer increased the amount of Ti present in
the bioactive glass coating. The Ti diffused to the BAG coating during sintering, but
to a greater extent when the TiO; was present. 5-10 at.% of Ti was found in the glass
region without TiO; coating and 10-20 at.% in the glass region on TiO; coated alloy.
The presence of Ti** in the glass region would therefore result in free Ti#* ions that
would go into surroundings of an implant after BAG dissolution, which is
the opposite to what we tried to achieve by TiO; coating prepared by hydrothermal
synthesis. However, the release of the metal ions from the BAG would not be
continuous as it is from metal implants. The amount of Ti ions released from BAG
coating during first week after implantation cannot be compared to a continuous
release from a non-coated implant throughout its lifetime. And after the complete
dissolution of BAG, the surrounding tissue will be exposed directly to a metal
surface, so it is important that the some barrier for metal ions still exist in the long
term.

The coatings, TiO2 and BAG, prepared in this study can be used as individual
coatings or together. But when used together a risk of released Ti** ions from the
BAG during its dissolution in the first weeks after implantation has to be taken into
account. Both coatings are beneficial for orthopaedic and dental implants where
osseointegration in the early stages after implantation is critical for good implant
fixation and faster healing of patients. The hydrothermal treatment is also a very
easy and cheap method that would not increase the cost of the implant, whereas for
the preparation of bioactive glass the coating prices of the pure reactants for sol-gel
synthesis should be taken into account for the final product. However, the use of
BAG prepared in this study by the particulate sol-gel method can be extended for
other products such as additives for toothpaste treating hypersensitivity, fillers for
polymeric scaffolds to improve osseointegration or as bone fillers for non-load
bearing applications.
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6 Conclusions

In the present work, samples with improved osseointegration were prepared by
applying two different coatings. Ti-alloy samples with or without a porous Ti-layer
were coated with a layer of TiO2 by hydrothermal treatment and/or
a particulate bioactive glass prepared by sol-gel synthesis.

The procedure described for the hydrothermal treatment represents a simple,
single-step technique for coating the Ti6Al4V alloy with a protective, bioactive,
photocatalytic layer of anatase TiO> that is firmly bonded to the Ti-based substrate.

The crystal growth during hydrothermal treatment is a dynamic equilibrium of
dissolution and precipitation that is affected by the solution concentration,
temperature and additives. By changing one parameter all the other parameters are
affected, therefore it is hard to predict the right conditions. However, from the
current study it can be concluded that for the formation of a homogeneous anatase
coating with a truncated bipyramidal morphology, that was shown to be important
for cell adhesion and for bioactivity, there must be sufficient Ti** ions, which is
reached in the first stage using a higher temperature, high pH, and addition of
TMAH. Besides dissolution, also the re-precipitation rate has to be high enough for
the particles to grow, which was achieved by NaOH as a mineralizer. For the proper
anatase morphology with truncated crystals ammonium citrate was added, which
lowered the surface energy of the {001} facets, thus making them less prone to
further growth.

We have shown that in a mixture of different additives, such as NaOH, TMAH, and
citric acid, a layer of pinacoidally shaped anatase can fully cover the surface of the
alloy substrate, even on highly complex surfaces such as dental screws and porous
titanium coatings. The layer is strongly attached to the substrate (>22 MPa),
providing the shear strength required for use as a protective coating for implants.
The results suggest that with the anatase TiO; coating, the direct exposure of the
body to
the toxic elements aluminium and vanadium will be strongly reduced. A lower
concentration of these ions is released into physiological solutions at 36.5 °C.

The coating converts the originally hydrophobic implant surface to a hydrophilic
surface, particularly after UV irradiation. The bioactivity of the titanium alloy is also
enhanced by the TiO2 coating; in SBF, apatite-like formation was observed after
3 weeks. This apatite formation depends on the morphology and the size of the TiO>
crystals and is further promoted by Ca2+.

Ti6Al4V alloy discs and discs with a porous titanium layer were hydrothermally
treated to produce an anatase coating with favourable properties for
osseointegration. The non-coated and coated samples were tested in vitro and
in vivo. The in vitro tests confirmed that there were no cytotoxic effects associated
with the TiO2 coating. The grain morphology of the anatase coating appears to play
an important role in cell adhesion and proliferation; the bipyramidal anatase
crystals caused cell detachment, whereas the pinacoidal anatase crystals were
favourable for cell proliferation.

The in vivo tests after 10 weeks of implantation showed an improvement in the
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bone ingrowth for the TiO2-coated samples compared to the non-coated, though the
bone-to-implant contact remained approximately the same (45 %). Due to the
hydrophilic behaviour of the TiO; coating, the bone occupied the pores throughout
the thickness of the porous titanium layer, even in the smallest pores that were only
a few micrometres in diameter.

Thus, the results of this study show that the anatase surface morphology and the
wetting properties have large effects on the osseointegration. Based on the
favourable physical and chemical properties (high adhesion strength, enhanced
wetting, and the decreased release of metal ions) and the favourable in vivo
behaviour shown here, we can conclude that a hydrothermal treatment to achieve
a TiO2 coating on the Ti6Al4V alloy and porous titanium offers a simple and
cost-effective method for improving osseointegration. This method is particularly
advantageous for coating the internal walls of porous titanium layers applied to
implants to provide better support to the bone.

In this study titania was proven to be bioactive, but the rate of hydroxyapatite
formation is still slow compared to other bioactive materials such as hydroxyapatite
or other calcium phosphate ceramics and bioactive glasses. Therefore, bioactive
glass was used as another coating as it is bio-resorbable, has very good bioactivity
and can form a strong bond with soft and hard tissue. It was proposed that
a combination of a porous titanium surface layer coated with BAG would
significantly improve the osseointegration, therefore BAG powder synthesis was
directed to the formation of particles small enough to be able to prepare a coating
within the porous titanium structure. For this reason a particulate sol-gel method
was developed in this study to prepare submicrometer-sized particles.

Bioactive glass powder was successfully prepared by the particulate sol-gel route,
using basic conditions for the first time. 100-200-nm-large BAG particles were
prepared, however they were highly agglomerated due to the large amount of Ca2+
ions that lowered the BAG particle stability in the suspension. With the addition of
PEI, particles with an average size of 1 um were achieved. Moreover, the
inhomogeneity of the BAG powder that is usual for sol-gel synthesis was avoided by
a controlled reactant addition, a strictly controlled pH during the synthesis, and by
fast drying of the powder in a microwave dryer.

Four bioactive glass compositions were examined and compared to choose the
best candidate for the in vivo tests. All four compositions showed good bioactivity,
i.e., hydroxyapatite was observed on the surface after one day of immersion in
simulated body fluid, except for the composition containing Zn. The delayed
bioactivity of this glass was correlated with a lack of NBO groups in the silica
network and is also ascribed to ZnO working as an intermediate oxide, thus creating
a more stable glass structure. The very good bioactivity of 53S and 70S on the other
hand was ascribed to a large number of NBO (Si-O- Ca2*/Na*/H*), which are
responsible for breaking the continuity of the silica network, and thus making
the glass more easy to dissolve and to release Ca2* and Na* ions into the
surroundings.

The antibacterial properties were also correlated to the network connectivity.
The Zn-containing glass with a low degradation rate had therefore no effect on the
growth of bacteria. A larger amount of NBO in the BAG compositions containing Sr
or Na resulted in the inhibition of bacteria biofilm formation. As BAG dissolves
faster, more Sr and Ca and other alkali ions are released from the glass to inhibit
the bacteria growth, as well as the pH values on the BAG surface reaching higher
values, which is detrimental for bacteria growth. However, we showed that the pH is
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not a critical factor for the antibacterial properties as BAG 70S reached the same
pH values during dissolution as BAG 53S, but on the former we observed biofilm
formation.

For the in vivo test BAG containing Na, was chosen due to excellent bioactivity and
antibacterial properties of BAG 53S that has similar composition, but has higher
amount of Na;0. BAG was applied by vacuum infiltration into porous Ti. The high
resorbability of the particulate bioactive glass was proven by in vivo tests and
reflected in its absence in the porous titanium layer of the implanted grafts after ten
weeks of implantation in rabbit tibia and, instead, the presence of newly formed
bone. This bone was observed throughout the thickness of the porous layer, also in
the smallest pores and in the site of the implant facing the bone marrow. Conversely,
this was not the case for the implants without BAG, where the bone formed only
within the outer part of the porous Ti-layer.

When the TiO2 and BAG coatings were applied together on Ti6Al4V, we observed
that an intermediate layer of titanium silicides was formed between the metal and
BAG and this layer was thinner when the BAG was applied directly on the Ti-alloy
(without TiO; coating). A positive contribution of the TiO; coating beneath the BAG
coating was that the BAG stayed preferentially amorphous, whereas it crystallizes
when applied directly on the Ti-alloy. However, more Ti** ions diffused into the BAG
coating when the TiO; was present, which means more free Ti** ions released into
the body during BAG dissolution.

It is supposed that both coatings, TiO2 and BAG, applied together would improve
osseointegration in the first days by BAG and then after its complete dissolution,
when the surrounding tissue would be exposed to the metal, the TiO2 would serve as
a protection barrier for the release of metal ions from the Ti-alloy and as a more
appropriate surface for cells as a hydrophobic metal itself.
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Figure 14: TiO2 coating prepared with hydrothermal treatments in TiO>
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Figure 27: Wetting angles on Ti6Al4V disk; (a) before and (b) after the
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Figure 37: BAG particles. (a) BAG powder prepared by polymeric sol-gel route;
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Figure 57: Antibacterial effect of BAG 53S. Surface of the BAG (a) before
soaking and after incubation with S. epidermidis for (b) 24 and (c) 48
hours. Surface of the BAG after incubation with S. aureus for (d) 24, (e) 48
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Figure 70: Characteristic histological sections of the samples (a) with BAG, and
(b) without BAG. (c) Sample with BAG at lower magnification, and (d)
part of the implant in the bone marrow. Mineralized bone is stained red.
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