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Abstract

Introduction

TiO2 nanotubes grown on titanium alloy are known to increase the
biocompatibility of the alloy when used in dental/orthopaedic implants.
Furthermore, their nanotubular structures can act as antibacterial agent carrier
and as a scaffold for tissue engineering with the aim of adding antibacterial
properties to the implant. This study aims at fabricating an antibacterial and
biocompatible nanocomposite coating on Ti-6Al-4V involving nano-ZnO and

nano-Ag.
Materials and Methods

Initially, TiO2 nanotubes were self-assembled on the polished surface of
medical grade Ti-6Al-4V alloy discs using anodisation. First silver nanoparticles
were chemically reduced from silver ammonia using delta-8-gluconolactone for
different duration on the nanotubes to form TiO2-Ag composite coating. Nano
HA was added to the latter coating with the aim of reducing toxicity from silver,
hence forming TiO2-Ag-HA coating. Secondly, nano-ZnO was thermo-
chemically grown on the TiO2 nanotubes using zinc nitrate and
hexamethylenetetramine. They were then annealed at 350-550 °C hence
forming TiO2-ZnO. HA was grown on the latter coating by a biomimetic method
whereby the coated discs were placed in a concentrated simulated body fluid at

37 °C forming TiO2-ZnO-HA.

The stability of the 4 coatings, TiO2-Ag, TiO2-Ag-HA, TiO2-ZnO and TiO2-ZnO-
HA were assessed using the dialysis method (n=3 each) and then exposed to
S.aureus for 24 hours in BHI broth. Their antibacterial properties were assessed

using different assays and microscopic imaging with respect to different controls
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(n=6 each for assays and n=3 for imaging). Their biocompatibility properties
were assessed in the presence of primary human osteoblast cells in DMEM
media with the help of biochemical assays, molecular gene expression and

microscopic imaging (n=3).

Results

Both silver and zinc coated nanotubes showed significant level of antibacterial
properties with silver coating being more bactericidal than the coating
containing zinc. Nonetheless, the zinc oxide coatings were more biocompatible

than the silver coating.

Conclusion and future works

Nano silver and zinc oxide containing composite coatings were successfully
synthesised and tested in the presence of bacteria and human cells. The final
conclusion was that nano-silver was still toxic and nano-ZnO coatings were

more biocompatible.
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General Introduction
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1. 1 Introduction

Bacterial infection of bone implants is a major cause of implant failure in the
field of orthopaedics and dentistry. In orthopaedics, the majority of bone
implants are for knee and hip joint replacements whereby infection of the latter
can be life-threatening which in turn requires invasive revision surgery as
treatment (Raphel et al., 2016). In dentistry such infections, such as peri-
implantitis, cause inflammatory responses around the implant which lead to loss
of surrounding bone tissue resulting in the need for costly revision surgeries and
sometimes reconstructions of bone defects by bone grafts (Lu et al., 2016).
Peri-implantitis starts with the formation of biofilm at the implant surface with the
host immune system struggling to combat the infection (Roos-Jansaker,
Almhgjd & Jansson, 2017). One of the main solutions to such infection is
targeted antibacterial agent delivery from the surface of the implants
themselves (Gulati et al., 2012a). The latter prevents and/or reduces biofilm
formation from the start. In this context, nanotechnology provides the required

platform for such reactions to happen.

1.2 Nanotechnology in medicine

Nanoparticles are particles with at least one primary geometric dimension of
less than 100 nm (Nemmar et al., 2013; Rogers et al., 2008). Aggregates of
dimensions bigger than 100 nm, formed by nanoparticles, are also considered
to be nano (Handy, Owen & Valsami-Jones, 2008). Nanotechnology involves

the application of engineered nanomaterials that exploit the novel chemical and
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physical properties that become evident at the nanoscale compared to micron
scale materials (Nemmar et al., 2013; Tran, Nguyen & Le, 2013)
Nanotechnology has been applied in various fields such as medicine,
cosmetics, renewable energies, environmental remediation and biomedical
devices (Tran, Nguyen & Le, 2013). The use of nanotechnology in the field of
medicine within the diagnostic and therapeutic areas is known as nanomedicine
(dos Santos et al., 2014; Mazaheri et al., 2015). Nanomedicine is considered to
be an important part of nanotechnology because the biological molecules in the
human body function at a nano-level, hence combatting issues at a nano-level
is believed to bring the best result (Mazaheri et al., 2015). In the field of
orthopaedics and dentistry, nanomedicine is employed because the bone
surface has a nanostructure and mimicking the latter surface would help
osseointegration of implants (Bjursten et al., 2010; Brammer et al., 2009). With
respect to this aspect nano materials are used to coat the surface of medical

implants.

A nanocomposite is a two-phase material with one of the phases containing
particles with at least one dimension less than 100 nm (Kim et al., 2017; Zhu et
al., 2017). Nanocomposite made as coatings on medical devices are used with
the aim of enhancing the properties of the device by enhancing the coating
properties at the nano scale, depending on the materials involved in the
composite (Kim et al., 2017). The synthesis of nanocomposites involves the
growth of nanoparticles onto a matrix material (Sivasakthi et al., 2017). In
orthopaedic implants several types of nanocomposite coatings are employed
with the aim of strengthening, increasing the bioactivity, enhancing lubricating
properties of, and providing anti-microbial properties to the implants

(Bandyopadhyay et al., 2016; Huang et al., 2014; Kim et al., 2017). The goal is
~ 3 _~
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to allow the implants to be accepted by the body and prevent rejection. An
example of such coating is self-assembled TiO2 nanotubes on titanium acting
as a targeted drug delivery system at a nano-level on implants (Losic et al.,
2015). A targeted drug delivery system is a technique of drug delivery directly to
the required specific tissues without being toxic to the healthy parts (Paul et al.,
2017; Sheikhpour, Barani & Kasaeian, 2017). Since the biochemical reactions
in the human body take place at a nano-level, nanoparticles are considered to

be a significant aspect of the targeted drug delivery system.

TiO2 nanotubes on bone implants, grown under specific conditions with specific
morphologies, have been shown to enhance biocompatibility of the implant
(Hao et al., 2013). Having a biocompatible carrier for the drug to be delivered is

a main reason to choose TiO2 as a drug carrier on implants.

Infection of implants is a common cause of malfunction of orthopaedic implants
resulting in failure of the latter hence the need for antibacterial targeted drug
delivery (Connaughton et al., 2014; Gallo, Holinka & Moucha, 2014). Antibiotics
such as gentamicin and cefuroxime have been previously delivered by the
nanotubes on implants (Beyth et al., 2015; Chennell et al., 2013). However
infections related to implants are normally caused by multiple bacteria which
can develop resistance during the treatment period (Getzlaf et al., 2016) . This
is where transition metal nanopatrticles fill in the gap in combatting implants
related infection (Manke, Wang & Rojanasakul, 2013; Reidy et al., 2013). The
nanoparticles are believed to provide the necessary bactericidal properties by
other mechanisms such as direct metal ion toxicity, oxidative stress in some
cases and interference in the glial cell line derived neurotrophic factor (GDNF)

pathway which results in decreased adhesion of cells to material (Manke, Wang
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& Rojanasakul, 2013; Reidy et al., 2013). Among all the nanoparticles, silver
nanoparticles are mostly used because of their exceptional chemical and
physical properties as compared to their macro-self and because they are easy
to manufacture and have been shown to be biocidal (dos Santos et al., 2014).
They are considered to be more efficient of an antibacterial agent compared to

silver in any other different phase (Prabhu. & Poulose, 2012).

1.3 Orthopaedic and dentistry implants

The bones in the human body consist of 10 — 20 % collagen, 60 — 70 % bone
mineral, and 9 — 20 % water, by weight and they have a modulus of 10-30 GPa
(Bauer et al., 2013; Wu et al., 2014). Hence an ideal implant is expected have
the same chemical content and mechanical properties and not be toxic. Several
types of materials have been considered and used as bone implants materials
throughout history. Biomaterials such as metals, ceramics and polymers have
been used on their own, and as part of composite materials (Liu, Tian & Jiang,
2013). In order to allow a successful integration of the implant material in the
body it has to be or modified to be biocompatible, osteoinductive, porous and
have the necessary mechanical properties, microarchitecture and surface
properties that are as close as possible to natural bone (Liu, Tian & Jiang,

2013).

Hydroxyapatite (HA) is a bioceramic material with a chemical composition of
Cas(P0O4)30H and a calcium to phosphate ratio of 1.67 with similar chemical
properties as bone; but lower mechanical properties especially for load bearing
conditions (Arifin et al., 2014; Wagoner Johnson & Herschler, 2011). HA can

hence not be used on its own as a bone implant material. Reinforcement of HA

~5~
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with various biomaterials such as gelatin, collagen, chitosan, carbon nanotubes
and many more have been tried with improvement of the mechanical properties
and addition of other properties such as antibacterial and enhanced
biocompatibility (Venkatesan et al., 2011; Venugopal et al., 2010; Yanovska et
al., 2011). However they cannot be always used in load bearing situations as
the mechanical strength still does not reach the required values (Venkatesan et
al., 2011). Metallic bone implants are chosen in such conditions because of
their high mechanical strength (Razavi et al., 2014). However there are issues
with their modulus (a measure of stiffness), osseointegration and
biocompatibility when metals are used (Chen & Thouas, 2015). Titanium metal
and alloys have lower modulus than the metals used in implants and hence are

considered the best biomaterial for bone implants (Bauer et al., 2013).

1.3.1 Metallic bone implants

The various metals used for bone/dental implants are cobalt based alloys,
stainless steel and titanium and its alloys (Chen & Thouas, 2015). Amongst
these metals or alloys, titanium alloys are considered the best in orthopaedics
and dentistry. This is because titanium alloy has a modulus of 60 — 110 GPa
which is closer to the modulus of bone which is 10 — 30 GPa and lower than the
modulus of the other metals/alloys (Arifin et al., 2014; Bauer et al., 2013). Large
gaps in modulus between implants and bones lead to stress shielding, causing
a decrease in the density of the bone which in turn mostly results in loosening of
implants, the opportunity for infection and hence rejection (Geetha et al., 2009).
As such, titanium is chosen over the other options because of its high

mechanical strength and low modulus.
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Corrosion of metallic implants is another cause of loosening and rejection of
implants. The inert oxide layer present on the surface of titanium alloy is one
feature which prevents leaching of metal ions from the surface of the alloy,
hence preventing corrosion (Al-Mobarak N. A., Al-Swayih A. A. & A., 2011).
However, the naturally formed oxide layer on titanium metal is more stable than
titanium alloy because of the presence of other metal components in the alloy
(Liu, Chu & Ding, 2004; Oshida et al., 2010). Nonetheless the oxide layer can
be manipulated in the presence of specific external factors so that corrosion can
be prevented (Sul, 2003). Such alteration of the surface morphology and
chemistry not only prevents corrosion but they also help in the functionalisation
of the surface with the aim of helping osseointegration (Brammer et al., 2009).
TiO2 nanotube is the preferred choice of surface modification of the oxide layer
on titanium alloy because of its good mechanical strength, excellent resistance
to corrosion, and osseointegration capacity without any cytotoxic effects (Gulati
et al., 2012b; Mizukoshi, Ohtsu & Masahashi, 2013). There are various methods
of synthesising the nanotubes such as sol-gel method, thermal chemical
vapour deposition, thermal spraying, sputtering and anodisation which have
been practiced for years (Durual et al., 2013; Hao et al., 2013). Among the
above examples, anodisation is mostly used because of its simplicity and
reliability (Galstyan et al., 2013). The roughness, chemistry and morphology of
the nanotubes on the surface of titanium alloy are favourable for osteoblast cells
to grow better than on the alloy on its own as shown by many researches (Lan
et al., 2013; Peng et al., 2013). Hence they can successfully act as a scaffold

for tissue engineering in the field of orthopaedics and dentistry.
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1.3.2 Metal Toxicology

Debris from the implants can be a risk of loosening, toxicity and rejection of the
latter owing to the inflammatory process involved in the human body (Dalal et
al., 2012). Metallic ions released in the body can cause inflammation, oxidative
stress, DNA damage, and be toxic (Ortiz et al., 2016). Methods that prevent
corrosion of metal surfaces in the body therefore will help to reduce toxicity.
However, not all approaches to reducing corrosion result in biocompatibility. For
example, chromium based alloy forms a chromium phosphate salt
(Cr(PO4)4H20) which is in turn toxic to osteoblast cells and stainless steel
releases chromium, nickel, zinc and cobalt ions which increases the risk of
toxicity (Dalal et al., 2012; Ortiz et al., 2016). The toxicity of any metallic
material should be tested in different conditions in the presence of different cell
lines to overview the hazard. It is also imperative to do cytotoxicity tests on any
new metallic materials before using them in-vivo (Park et al., 2013). In the case
of bone implants, testing the material in the presence of bone cells would give a

better indication of the potential for biocompatibility.

Surface modification of the implant has been shown to enhance
osseointegration and increase biocompatibility of the material (Zhao et al.,
2013). Nonetheless it is still important to test the toxicity of the material in the
presence of the targeted cells once a surface modification has been performed.
Titanium based material with self-assembled titania nanotubes on the surface
have been demonstrated to enhance the adhesion and proliferation of
osteoblast cells (Sa0OS2 cells) on the nanotubes as compared to titanium
without the nanotubes (Wang & Poh, 2013). Despite the fact that the presence

of the nanotubes increases biocompatibility of the titanium based material the
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addition of hydroxyapatite to the nanotubes further improves the biocompatibility

of the implant material (Portan et al., 2012).

1.3.3 Infection of implants

The most common cause of malfunction and failure of bone implants have been
associated with infection leading to osteomyelitis and removal of the implants in
some cases (Min et al., 2016). Such infections have been mostly associated
with gram-positive bacteria mainly Staphylococcus aureus but the lower
proportion of infection caused by gram-negative bacteria are considered to be
very serious as well (Rodriguez-Cano et al., 2014). Dental implant related
infections have also been associated with S. aureus and in both dental and
bone implants involving titanium metal, the latter micro-organisms have been
shown to have an affinity for titanium and they have the ability of residing the

infectious site for long term (Persson & Renvert, 2014).

Such infections in both bone and dental implants have been associated to the
formation of the infectious agents living in a polymer matrix known as biofilm
which makes the micro-organisms resistant to the body’s immune system
(Besinis, De Peralta & Handy, 2014; Min et al., 2016). The formation of biofilm
has also been related to the resistance to antibiotics (Dapunt et al., 2014) .
Upon placement of implants in the human body, there is a competition between
host cells and infectious cells for attachment and for the micro-organisms to
attach they need help from the host such as adhesins, such as fibronectin,
fibrinogen, fibrin, collagen, laminin, vitronectin, thrombospondin, bone
sialoprotein, elastin, and the matrix-binding protein (Widmer, 2001). As such,

the presence of antibacterial coating on the surface of implants has the ability of
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preventing initial bacterial adhesion and allowing osseointegration to take place

better.

1.4 TiO2 Nanotubes

Growing titanium dioxide (TiO2) nanotubes on the surface of Ti and Ti alloy is a
means of providing the required roughness with a high surface to volume ratio
and high reactivities for cells to attach (Mor et al., 2006). TiO2 nanotubes can be
formed on titanium alloy by several methods. The methods used can be divided
into template-dependent and template-free methods. Examples of the template
dependent method are the atomic layer deposition (ALD) and sol-gel deposition
whereby a template, such as aluminium oxide, is required. The latter techniques
involve several pre and post synthesis steps while being limited to specific
substrates (Galstyan et al., 2013). For example, the processes get divided into
two stages and are not straightforward while at the end, the nanotubes have to
be separated from the template that aided the nanotubes synthesis. One
example of the template free methods is hydrothermal synthesis during which
disorganised results are obtained such as nanoflowers (Mali et al., 2012).
Another example is electrochemical anodisation which is considered to be the
most efficient method for the fabrication of self-organised TiO2 nanotubes. It
involves a simple procedure which is easy to adopt while being inexpensive (Ali
et al., 2011; Dikova et al., 2014). This fabrication process is chosen over all the
synthesis methods available as it allows the formation of uniform nanotubes
arrays and a controllable pore size (Patete et al., 2011; Sreekantan, Saharudin

& Wei, 2011).
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Anodisation is an electrochemical process whereby TiO2 nanotubes can be self-
assembled on the surface of titanium/titanium alloy. The latter metallic material
is made at the anode. Figure 1.1 summarises the anodisation and the

influencing parameters.
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Figure 1.1: Anodisation process figuring the anode which is the sample to be coated
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being in an electrolyte containing ions which causes the redox reactions to take
place. The pH and temperature of the electrolytes are measured using the pH meter.
A voltage is applied to the anode and cathode (copper used in this study) using a
power supply which provides the resulting anodising current. All the data are

recorded in a computer so as to be able to compute all of them together.

The anode is the positively charged electrode while the cathode is the
negatively charged electrode and in the electrochemical process, current flows
between the electrodes causing redox reactions to take place (Lewandowski &
Swiderska-Mocek, 2009). The content of the electrolytes determines what type
of reactions take place. The most important part of the electrolytes is the
fluoride ions which cause the oxide dissolution. Among the other ions present in
an aqueous electrolyte, phosphate ions are considered to be best because of
the attachment of phosphate ions to the nanotubes which enhances
osseointegration as compared to other anions (Kim et al., 2008a; Lee et al.,

2009).
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Both the chemical and the electrical aspect are significant in the process and do
affect the resulting nanotubes (Lockman et al., 2010; Poznyak et al., 2012; So,
Lee & Schmuki, 2012). The electrolyte used in the electrochemical process
mainly determines the outcome and various electrolytes have been studied.
They can be classified into organic and inorganic electrolytes. The organic
electrolytes include ethylene glycol, glycerol, and acetic acid (Pozio et al., 2014;
Prosini, Cento & Pozio, 2013; Wang et al., 2011) The inorganic electrolytes are
mainly sulphate and phosphate ions-containing electrolytes (Ghicov et al., 2005;
Hao et al., 2013; Perez-Jorge et al., 2012). Among the two, inorganic or
agueous electrolytes have been shown to allow the manipulation of the
morphology of the nanotubes while generating rough exterior walls as
compared to non-aqueous ones. Such a property has been associated with
stronger adhesion forces between the nanotubes (Kowalski, Kim & Schmuki,
2013; Macak et al., 2007; Xin et al., 2010). With respect to inorganic
electrolytes, Table 1.1 shows the conditions used for anodisation using various
electrolytes. When using sulphate containing electrolytes, no sulphur elements
have been found on the nanotubes formed, while phosphorus in the phosphate
state have been found to attach to the surface of nanotubes (Kim et al., 2008b;
Krasicka-Cydzik et al., 2010). Phosphate ions have also been shown to
enhance the proliferation of osteoblasts cell which would result in better
osseointegration of an implant while being able to buffer the pH of the
electrolytes; thus accounting for the choice of phosphate containing electrolytes

over sulphate containing electrolytes (Kim et al., 2008b; Lee et al., 2009).



Table 1.1: The various combinations of conditions used in the presence of aqueous electrolytes for anodisation and the resulting diameter and

thickness of nanotubes formed

Electrolytes Voltage/ Time/Hrs Temp/°C  Diameter/nm  Thickness /pum Ref
Vv
IM H2SO0s4 + 0.15 wt% HF 20 60 20 100 0.3 Perez-Jorge et
al, 2012
1M H2SO4 + 0.15 wt% HF 20 0.07 20 20 0.1 Matykina et al,
1 100 0.18 2011
0.3 M H3PO4 + 0.14 M NH4F 20 2 90 0.4 Luo et al 2008
30 110
40 180
1M (NH4)H2PO4 + 0.5 wt% HF 15 15 RT 80 0.26 Li et al, 2008
1M (NH4)2S0O4 + 0.5 wt% NH4sF 20 1.1 RT 100 0.6 Macak et al,
2005
1 M H2SO4 + 0.08 M HF 20 0.5 RT 80 0.25 Mohan et al,
2015
0.2 M H3sPO4 + 0.4 M NH4F 20 4 67 1 Sarraf et al,
2015
~13 ~
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Most of the electrolyte recipes contain fluoride (Table 1.1). The effect of the
fluoride ions in the formation of the nanotubes has been shown by different
authors such as Perez-Jorge et al. (2012), Kim et al. (2008), and Ghicov et al
(2005) whereby the changes in current distribution have been compared in
the presence and absence of fluoride ions (Ghicov et al., 2005; Kim et al.,
2008b; Perez-Jorge et al., 2012). When fluoride ions are present, there is an
initial decay of current followed by a rise whereas in the absence of the ions,
the current stays constant after the initial decay and this leads to a uniform
oxide layer being formed with no porosity obtained. This effect has been
demonstrated by other authors (Bauer et al., 2013; Ghicov et al., 2005; Lee
et al., 2009; Macak et al., 2007). These studies also demonstrated the
theoretical chemistry behind the role played by fluoride ions. The reactions of
concern happen at the anode which is the titanium based material which
starts with the formation of an initial barrier oxide layer forming on the
surface of the anode. In the absence of fluoride ions, the non-porous oxide
layer will continue to grow. However in the presence of fluoride ions, the
barrier layer is etched into porous structures. The continuous etching and
oxide layer formation (redox reaction) leads to the formation of the uniformly
arranged nanotubes. Since there is the involvement of hydrogen ions in the
redox reaction, the pH will affect the resulting nanotubes. Cai et al (2005)
reported the increase in height of nanotubes with increase in pH. For the
growth duration of 20 hours, at 10V, the thickness of the nanotubes
increased from 0.32 um to 1.40 um when the pH was changed from 1.3t0 5
(Cai et al., 2005). Paulose et al (2006) worked with sulphate ions similarly

for 30 minutes and observed the same pattern with nanotubes length being
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0.35 um at pH 1.1 and 2 um at pH 5 (Paulose et al., 2006). Even when
phosphate ions were used by Matykina et al (2011), the same pattern was
observed with a height of 0.32 um at pH 4.2 and 1.75 pm at pH 4.6
(Matykina et al., 2011). The above studies also reported no change in
nanotubes diameter when pH was changed. Increase in thickness has been
observed when the temperature of electrolyte solution and duration of
anodisation are increased too (Balakrishnan & Narayanan, 2013; Hao et al.,

2013; Peremarch et al., 2010).

In addition to the chemical changes, alteration in the applied voltage and
duration of the anodisation process affect the resulting morphology of TiO2
nanotubes. The duration of the process has been shown to cause an
increase in the thickness of the nanotubes (Balakrishnan & Narayanan,
2013; Hao et al., 2013; Peremarch et al., 2010). Similar observations have
been observed when the applied voltage is increased (Bauer, Kleber &
Schmuki, 2006). Bauer et al (2006) demonstrated a change of diameter from
15 to 120 nm and length from 20 nm to 1um with respect to voltage varying
from 1 to 25V. The latter study also highlighted a limit in the increase in the
diameter of the nanotubes to 120 nm with respect to change in voltage

(Bauer, Kleber & Schmuki, 2006; Taveira et al., 2005).

1.4.1 Self-assembly of TiO2 nanotubes on titanium based material

The self-assembly of the nanotubes, being dependent on the electrolytes
content, happen through various stages which are explained in this section

(Chen et al., 2013a; Kowalski, Kim & Schmuki, 2013):



Sensitivity: Internal

First there is the formation of the uniform oxide layer in the presence of oxide

ions as per equation 1.1.

Ti* 42 0% D TIO2 ittt equation 1.1

In the presence of fluoride ions, etching of the oxide layer occurs which

results in the formation the soluble [TiFs]?> complex as follows (equation 1.2):

6F +TiO2 + 4H* 2> [TiFe]> + 2H20.......ooiiiiiiiieeecee equation 1.2

The latter complex reacts with the water and hydrogen ions in the

electrolytes to finally form the nanotubes as detailed in equations 1.3-1.5.

[TiFe]? + nH20 >[TiFen(OH)n]Z + nH* + nF............oooii. equation 1.3

[TiFe-n(OH)n]? + (6-n) H20 - [Ti(OH)e]> + (6-n) H* + (6-n) F"...equation 1.4

[Ti(OH)6]> + 2 H* > TiO2+ 4H20.......oiiiiiiiiiieiee e, equation 1.5

Briefly, there is a competition between the etching and oxidation process. If
more fluoride ions are present the etching process will be dominating the
reaction. In such electrochemical reactions, there is a point where there is a
balance between etching and oxidation and this is known as the equilibrium
point (Kowalski, Kim & Schmuki, 2013). Being an electrochemical reaction,
this equilibrium along with the whole anodisation process is dependent on
the voltage applied and resultant current density. As such the chemical

reactions can be associated to the current density involved.

The initial barrier layer formation has been associated with the following

equations (Kowalski, Kim & Schmuki, 2013):

= A EXP(BE) e eeeeeeeiiieeiee ettt e e equation 1.6
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o Q=Y (o T (18 o ) TS equation 1.7

The etching process is a temperature dependent reaction (Arrhenius type
relationship) and followed Fick’s Law of diffusion which was characterised by

the equation 1.8 (Miller, Vandome & McBrewster, 2009; Portan et al., 2012).

—AG

i=aexp(ﬁ ............................................................

equation 1.8

whereby a is a constant, R is the gas constant, T is the temperature and AG

is the Gibbs energy change.

At chemical equilibrium reaction 1.9 happens as follows (Burrows et al.,

2013),
AG=AG°+RTINQ..ceiiii e, equation 1.9

Whereby G° is the maximum amount of energy change happening and Q is
the reaction quotient dependent on the reactants in the reaction and can be

expressed as per equation 1.10:

. 2—
= M ............................................................. equation 1.10

Thus at equilibrium reactions 1.11 and 1.12 happen (Kowalski, Kim &

Schmuki, 2013),
. —AG® .
I =5 exp (W ........................................................................ equation 1.11

[H+]4[F—]6 —AGe
B [TiFe2-] <P ( RT)

........................................................... equation 1.12

Since the energy change to the electric field is determined by equation 1.13:

GO = -NFE . equation 1.13
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the current density can be related to the concentrations of different ions as

per equation 1.14:

. [HY]*[FT]6 nFE° .
I=a miFee-] SXP ( RT) .......................................................... equation 1.14

These equations concentrates on the beginning of the anodisation process

whereby both etching and oxidation are taking place.

A step by step analysis of the nanotube formation in hydrofluoric acid at 25 V
has been performed where the different stages of nanotube formation was
visualised using high resolution microscopy (Dikova et al., 2014). The
nanotubes were concluded to grow in differently on pure titanium as
compared to Ti-6Al-4V alloy. On pure titanium, nano rods were initially
formed followed by the nanotubes whereas on Ti-6Al-4V, nano-nuclei of
oxide originated the nanotubes formation. Macak et al. (2007) used
ammonium sulphate in the presence of fluoride ions at 20 V in order to
fabricate nanotubes with an average diameter of 100 nm. The latter study
investigated the growth of TiO2 nanotubes using various models for diffusion
controlled growth, for evaluating current efficiency and for length expansion
of the nanotubes. The study also analysed the etching versus oxidation
processes with the conclusion that the walls of the nanotubes are thicker at
the bottom and thinner at the top. Nonetheless no study has actually
analysed the step by step growth of the nanotubes from barrier layer
formation till nanotubes formation with the help of high resolution

microscopy.
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Nanotubes forming on titanium metals are more uniform as compared to the
nanotubes formed on titanium alloy such as Ti-6Al-4V. TiO2 nanotubes
formed on the surface of Ti-6Al-4V alloy are divided into two phases one
being the alpha (a) alloy and the second one being the beta (B) alloy and the
nanotubes form successfully on the a-alloy whereas, on the (3-alloy the
nanotubes do not form properly and hence resulting in dips on the surface
(Bortolan et al., 2016; Krasicka-Cydzik et al., 2010). The reason the latter
observations was assigned to the fact that the B-phase has a (B-stabilizer,
vanadium element which dissolves more than the titanium and aluminium

oxide (Bortolan et al., 2016).

The as-formed nanotubes are known to be in the amorphous phase (Sun et
al., 2015). Due to the high thermal stability of the nanotubes, heating the
latter to about 300 -500 °C allows the nanotubes to crystallise and change to
anatase phase (Chaves et al., 2016). Between 550 and 700 °C, the
crystalline structure stays in a dual phase known as anatase and rutile. And
further increase in temperature causes the uniform nanotubes layer to get re-
ordered and enter a complete rutile phase (Khudhair et al., 2016). Since the
aim of using nanotubes on the surface of titanium alloy is to provide a
uniform nano-porous coating, the rutile phase is not considered for synthesis
on implants. The anatase phase is considered to allow better attachment and
proliferation of osteoblast cells on the latter hence making it a good scaffold

for bone tissue engineering (Brammer et al., 2009).
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1.4.2 Scaffold for bone tissue engineering

Tissue engineering is the use of material engineering to induce tissue growth
(Balint, Cassidy & Cartmell, 2014; Hasan et al., 2014). As such bone tissue
engineering involves better osseointegration and effective bone tissue
growth. Scaffolds in bone tissue engineering are biocompatible templates
which act as a platform for better osteoblast cells adhesion and bone tissue
formation (Bose, Roy & Bandyopadhyay, 2012). In orthopaedics, the
implants’ surface or coatings act as scaffolds for bone tissue engineering.
Formulating the right scaffold on the implant surface is significant in obtaining
a longer lasting implant. A scaffold is expected to have the necessary
chemical and physical properties with respect to the environment where
bone is supposed to grow (Tonelli et al., 2012). In the field of orthopaedics,
the desirable scaffold would consist of similar chemical and physical

properties as bone.

TiO2 nanotubes grown on titanium based materials have uniformly distributed
nanostructure, similar to the bone surface and hence can be a good scaffold
for osteoblast tissue engineering. TiO2 nanotubes have been shown to
enhance osteoblast cells growth on the surface due to the nanostructure of
the surface (Peng et al., 2013; Wang & Poh, 2013). The anatase form of the

nanotubes is preferred as a scaffold for bone tissue engineering.

The more bioactive the scaffold is, the better is the osteoblast cell adhesion
and proliferation. The bioactivity provides the necessary proteins and or
chemical component on the surface of the scaffold that cells are positively

attracted to the latter and gets attached. The surface also allows the cells to
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further grow and survive on the surface which enhances osseointegration.
HA is regarded as a biocompatible material. Several methods have been
employed in order to grow HA on the surface of TiO2 nanotubes such as sol-
gel technique, plasma-spraying, biomimetic deposition, electrodeposition,
and laser ablation (Gopi et al., 2011; Huang et al., 2013). Liu et al, (2017) put
emphasis on the alkali treatment of TiO2 before HA could grow on the latter
surface (Liu et al., 2017). Several other studies have also treated the
nanotubes with sodium hydroxide before allowing HA to be successfully
grown on the nanotubes; which in turn increased osteoblast cells attachment
and proliferation (Benea et al., 2014; Brammer et al., 2009). Kokubo (1997)
shed light on the biomimetic method of growing HA on the surface of the
nanotubes by allowing the HA to form at 36.5 °C for 10 days in the presence
of a simulated body fluid at pH 7.4 and ion concentrations (Na* 142.0, K* 5.0,
Mg?* 1.5, Ca?* 2.5, HCOs 4.2, CI- 147.8, HPO4* 1.0, SO4% 0.5 mM) which
are nearly equal to those of human blood plasma (Kokubo, 1997). In the
latter study, the author emphasised on the alkali treatment which works

according to the following equations:

TiO2+ NaOH S NaHTIOz. ..o equation 1.15
NaHTiOs + Ca2+ = Ca (HTiO3)2......ouiiiiiiieiiii e equation 1.16
3Ca (HTiO3)2 + 2HPO43- =2 Caz (PO4)2 ..veeevvveveeiiee e esiie e equation 1.17
2Cas (PO4)2 + 3Ca?* + 4HPO4* +OH- — 10Ca0-3P20s ........... equation 1.18

The sodium hydroxide reacts with the nanotubes forming sodium titanate

(NaHTIiOs) as per equation 1.1 (Kokubo, 1997). NaHTiOs then reacts with
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calcium ions in the SBF which in turn reacts with phosphorus ions forming
calcium phosphate (equation 1.2 and 1.3). If the calcium phosphate is left in
the presence of the simulated body fluid with continuous replenishment while
maintaining the required pH and temperature hydroxyapatite forms as per
equation 4, with the Ca/P ratio being 1.67 (Arafat et al., 2011; Wu et al.,
2014). TiO2 nanotubes thus act better as scaffold for bone tissue to grow
when they are made bioactive with the help of post fabrication heat and alkali

treatment.

1.4.3 Toxicological aspect

Free TiO2 nanoparticles have shown some toxicity to cultured cells, but the
effects are also dependent on the size and crystal structure of the particles
(lavicoli, Leso & Bergamaschi, 2012; Oberdorster, Ferin & Lehnert, 1994)
Mohamed et al (2016) investigated the toxicity of the nanotubes with respect
to cytotoxicity, genotoxicity, cytoskeletal organisation and mitochondrial
health (Mohamed et al., 2017). The latter study observed no deleterious
effect on the mitochondria and a non-significant decrease in the cytoskeletal
integrity. However the study showed some DNA damage and that the cells
were under some oxidative stress. Most studies have shown that TiO2
nanotubes grown on titanium based biomaterial are biocompatible and
enhance the growth of cells on the surface as compared to titanium material
without the nanotubes (Brammer et al., 2011; Feng et al., 2003; Indira,
Mudali & Rajendran, 2014). Since the biocompatibility aspect generally
outweighs the concerns of toxicity, the nanotubes are proposed for use on

implants.
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1.4.4 Antibacterial properties

TiO2 nanotubes have been investigated as a bactericidal agent. The
nanotubes have been demonstrated to exhibit photochemical disinfection
against E. cloacae SM1, E. carotovora, S. iniae, E. tarda and E. coli in fish
farm sterilisation and pesticides successfully (Bekbdlet & Araz, 1996; Cheng
et al., 2008; Yao et al., 2007). The bactericidal properties have been
attributed to the photocatalytic properties of TiO2 nanotubes. And hence,
when grown on implants to be inserted in the human body where there is no
UV light, their bactericidal properties diminish or even disappear (Yang et al.,
2016). Using the nanotubes matrix as a carrier for antibacterial agents is one
solution which can enhance the antibacterial properties of the nanotubes in
the human body (Roguska et al., 2016). This is where TiO2 nanotubes act as

a localised drug delivery system.

1.4.5 Drug delivery system

The administration of drugs such as anti-inflammatory and anti-bacterial
drugs are not always effective. Some of the reasons for such observation
have been assigned to poor distribution, organ toxicity, clinical side effects in
the patients and a lack of selectivity (Jia & Kerr, 2013; Losic et al., 2015).
Increasing the concentration of drug administered may increase efficacy, but
this will also worsen the negative aspects of the drugs. A localised drug
delivery system is one solution to this dilemma, whereby the required drug
can be delivered in the required amount directly to the site in need hence
reducing the risk of toxicity and side effects (Jia & Kerr, 2013). In the case of

orthopaedic implants, the antibacterial and/or inflammatory drugs can be
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delivered directly by making the surface of the implant behave as the carrier

(Losic et al., 2015). In this context, various drugs can be delivered through

different methods on the surface of implants and they are summarised in

Table 1.2.

Table 1.2: Classification of bacterial agents that can be used on the surface of

implants
Type of Antibacterial Examples of  References
antibacterial agent antibacterial
agent agent
Inorganic Metallic materials  Silver (Wei et al., 2015)
Zinc (Liu et al., 2014)
Copper (Zhu et al., 2007)
Organic Antibiotics Vancomycin (Zhang et al., 2013)
Gentamicin (Zhang et al., 2013)
Polymers Chitosan (Song et al., 2016)
Peptides Cytokines (Lai, Jin & Su, 2017)
DNA
Mixture Composites Chitosan/HA (Vaca-Cornejo et al., 2017)
Silver/TiO2 (Wei et al., 2015)
ZnO/TiO2 (Liu et al., 2014)

Silver/Chitosan

(Mishra, Ferreira &
Kannan, 2015)

Most of the drugs can be delivered with help of TiO2 nanotubes on titanium

based implants. This in turn enhances the properties of the nanotubes with

the addition of a drug delivery system (Gulati, Aw & Losic, 2011; Jia & Kerr,

2013). Among the different antibacterial agents (Table 1.2), the organic

antibacterial agents can be easily degraded by changes in the surrounding
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environment or by mechanical forces; and some of them are specific to a
limited number of species of microorganisms and cannot combat multiple
infections (Gallo, Holinka & Moucha, 2014; Gulati, Aw & Losic, 2011; Huang
et al., 2015b). Hence the choice for inorganic metallic antibacterial agents

are preferred as the drugs to be loaded in TiOo.

Before loading the nanotubes with the chosen drug, several factors have to
be taken into consideration. The drug has to be mechanically and chemically
stable, biocompatible and most importantly the nanotubes have to be able to

load them first and release them in a systematic way (Gultepe et al., 2010).

Nanoparticles can be very toxic depending on the size, surface chemistry,
chemical component and dosage in which it is exposed to human cells. As
such when loading the nanotubes with nanoparticles the distribution and
attachment of the particles to the walls of the nanotubes have to be taken
into consideration. There are two approaches through which the
nanoparticles attach to the walls of the nanotubes namely physisorption and
chemisorption out of which, physisorption is mainly caused by van der Waals
force which is weak (Kwon et al., 2013). Chemisorption involves ionic and
covalent bonding which are stronger than physisorption. Depending on the
release rate expected and the toxicity of the nanopatrticle, the attachment

method is chosen.

1.5 Nano-silver

Silver nanoparticles have been known for over 120 years (Chernousova &

Epple, 2013). They are considered to be the best inorganic antibacterial



agent with the ability to combat many infecting agents (dos Santos et al.,
2014; Prabhu. & Poulose, 2012). They have been studied as part of TiO2
nanotubes matrix with the aim of forming antibacterial nanocomposite
coatings on titanium based materials. There are several methods of
synthesis of silver nanoparticles during which the particles formed are in
different shapes such as spherical, bipyramids, discs, rods, cubes, prisms,
rings, platelets, triangular prisms, and octahedral depending on the
conditions used to grow them (Chernousova & Epple, 2013). The commonly
used shape for antibacterial nano-silver is the spherical shape. The most
common method of synthesis in solution is the chemical reduction method
whereby there is a precursor of silver, a reducing agent and a stabilising
agent (Wei et al., 2015). However, when growing the silver nanoparticles on
the walls of TiO2 nanotubes photochemical reduction is mostly used along
with several more methods which are summarised along with the
microorganism targeted (Table 1.3).

Table 1.3: Method of silver nanoparticles synthesis on TiO» nanotubes and the

bacteria against which their antibacterial properties were tested.

Method of synthesis Bacteria Reference

Silver mirror reaction  Escherichia coli Bacteria (Li et al., 2013)
Magnetron sputtering  Staphylococus aureus (Bai et al., 2015)
Electrochemical Aggregatibater (Yeniyol et al., 2014)
actinomycetemcomitans
Tannerella forsythia

Campylobacter rectus

Sensitivity: Internal
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Electron beam Staphylococcus aureus  (Uhm et al., 2013)

evaporation

Photochemical Staphylococcus aureus  (Zhao et al., 2011)
reduction
Spin coating Escherichia coli (Chen et al., 2013b)

Table 1.3 shows that silver nanoparticles synthesised using either method
have exhibited antibacterial activity against various bacteria. From the
various researches as mentioned in the table above, it was found that the
antibacterial activity is dependent on the size and distribution of the
nanoparticle, size and depth of the nanotubes and the attachment of the
particles to the nanotubes (Cheng et al., 2013). Their antibacterial properties
are correlated with radical oxygen species (ROS) formation, silver ions
release and internalisation of the silver nanoparticles (Manke, Wang &
Rojanasakul, 2013). One more interesting aspect of silver nanoparticles is
that it has the ability to inhibit biofilm formation as well (Besinis, De Peralta &
Handy, 2014; Cheng et al., 2013). Long term antibacterial activities from
silver nanopatrticles loaded in TiO2 nanotubes have been demonstrated by
many studies in the past, in-vitro (Yeniyol et al., 2014; Zhao et al., 2011) .
However, toxicity to human cells remains an issue due to initial fast release

of silver from the coating (Gao et al., 2014).

In this context, all researches involving the fabrication of silver nanoparticle
loaded titania nanotubes to be used on implants have to involve a toxicity

test in the presence of the cells around which the silver is expected to
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provide the antibacterial properties. Making the silver nanoparticles adhered
to the nanotubes more stable and controlling the release of silver form the
composite coating is one solution which has attracted the attention of
researchers (Zhao et al., 2011). Another solution is the use of another broad
range inorganic antibacterial agent. From table 1.2, copper related
nanomaterial was found to be another antibacterial agent with good
antibacterial property and low toxicity to human cells (Hostynek & Maibach,
2004). Nonetheless they are not widely used because of the fast oxidation of
the nanopatrticles in air and the chemical and physical instability of the
copper oxides formed at temperature below 200°C (Akhavan & Ghaderi,
2010). The other choice is ZnO nanoparticles which are considered to have
good antibacterial properties and less toxicity than both silver and copper

nanoparticles (Bondarenko et al., 2013).

1.5.1 Chemical reduction of silver ions to silver nanoparticles

Silver nanopatrticles can be synthesised using different methods. One
example is the electrochemical method, whereby the source of silver is a
piece of silver metal which is used as an electrode in an electrolysis
procedure in the presence of a solvent (Khaydarov et al., 2009). Another
method of synthesis is thermal decomposition which involves the
decomposition of a silver complex at a specific temperature (Navaladian et
al., 2006). Silver nanoparticles have been fabricated using laser ablation
method also which involves the application of the a laser beam to a solvent
containing silver (Valverde-Alva et al., 2015). There are a few more methods

using which silver nanoparticles can be successfully synthesised. However,
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chemical reduction is one of the most common and simplest method of
fabricating Ag-NPs (Lee & Meisel, 1982) and similar reduction of silver salts
have been used to form Ag-NPs on the surface of TiO2 nanotubes (Abou EI-
Nour et al., 2010; Pinto et al., 2010). Several types of reducing agents have
been used such as ascorbic acid (Chekin & Ghasemi, 2014), sodium citrate
(Gorup et al., 2011), sodium borohydride (Dong et al., 2010), hydrazine
(Tatarchuk et al., 2013) and hydroquinone (Pérez et al., 2008). Glucose has
also been shown to affect the reduction of silver nitrate into silver
nanoparticles (Hussain et al., 2011). In the latter study, detailed
investigations on the redox reaction between Ag™, [Ag(NH3)2]* and glucose
were carried out. The silver nanoparticles were formed in the presence of
glucose as per Figure 1.2. The researchers used silver ammonia to prevent

colloidal formation of the nanoparticles.

H OH H OH
1
e} T . K HO i
HoNe ) on +IAGINHLLT = o\ 0] N\ 0H- [Ag(NHy) I
n MHy H i
H H
(Complex)
g oM g on
Ho T g . RBHO 0
Ho OH-[AgINH, )" —— o H OH +Ag® + 2NH, + H’
H H H H UH "
{radical}

g JOH y oH
.+ HO O HO 0
FAGINH,).T" + ”mo;"ﬂ* o\ T +Ag” + 2NH, + H*
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Figure 1.2: The reduction process of silver ammonia complex to silver
nanopatrticles in the presence of glucose starting with (A) the complex binding
with the glucose molecule, (B) the formation of silver nanoparticles, ammonia and
a radical ending with (C) a lactone molecule, ammonia and the nanopatrticles.
Note. From ‘Time dependence of nucleation and growth of silver

nanoparticles’(Hussain et al., 2011).

(A)

(B)
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To start with, the silver ammonia complex, formed by adding ammonia
solution to silver nitrate, reacts with the glucose molecule and attaches to the
—OH part. Subsequently, the resulting complex will break down to form silver

nanoparticle and ammonia.

Once the silver ammonia is prepared, the reaction is simple and can be
carried out at room temperature provided there is enough ventilation. The
other reducing agents are either too toxic on their own or they release toxic
chemicals that could affect the morphology of the TiO2 nanotubes or make it
unsafe to be used in the human body. As such, there is a need for reducing
agents similar to glucose which is not toxic and does not produce toxic
chemicals that can damage the nanotubes. Delta-gluconolactone is one such

example which is widely available.

1.6 Nano-zinc oxide

Zinc oxide nanoparticles have antibacterial properties against both gram-
positive and gram negative bacteria and because of low oral zinc toxicity to
humans it has been successfully been used in food products or food related
materials (Xie et al., 2011). This antibacterial effect has been associated with
zinc ions release, internalisation of ZnO nanoparticles in the bacteria,
electrostatic interactions and ROS formation (Sirelkhatim et al., 2015) . The
mentioned processes disturbs the physiological biochemical pathways in the
cells resulting in malfunction or death of cells. The shape and size of the
nanoparticles are considered to have an effect on the degrees of
antibacterial properties with smaller nanoparticles being more biocidal than

bigger nanopatrticles (Stankovic, Dimitrijevic & Uskokovic, 2013)
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(Raghupathi, Koodali & Manna, 2011). The method of synthesis determines
the morphology of the resulting zinc nanoparticle (Talebian, Amininezhad &

Doudi, 2013).

There are several methods of growing ZnO nanoparticle on the surface of
TiO2 nanotubes which include hydrothermal method, electrodeposition,
pyrolysis deposition, atomic layer deposition, self-assembled monolayer and
many more (Binggiang Cao and Weiping Cai and Yue Li and Fenggiang Sun
and Lide, 2005; Liu et al., 2014; Roguska et al., 2014; X L Liu, 2012; Xiao,
2012). These methods give rise to nano-zinc oxide in different shapes and
dimensions, such as flower-like, hexagonal rod-like and spherical-like
(Talebian, Amininezhad & Doudi, 2013). All of the various shapes have been
shown to have antibacterial properties, with the smallest sizes generally
exhibiting the highest antibacterial properties. The surface defects of the zinc
oxide are also proposed as a method of antibacterial activity due to
mechanical effect and zinc ion dissolution at the defect (Rekha et al., 2010).
Hence manipulation of the shape, size and surface defects can be used to

optimise the potential antibacterial activity.

Large amount of zinc oxide nanoparticles in the human body have been
shown to be toxic to several cells including fibroblast cells, which is involved
in wound healing and many more cells. Making the situation worse, systemic
exposure led to neurological effects in the past (Vandebriel & De Jong,
2012). Hence there is a need to reduce zinc ion dissolution in the human
body whenever zinc is being applied on surface coatings. As mentioned
before localised drug delivery require small amount of the antibacterial agent

in order to be effective. Even though, the zinc oxide nano composite coatings
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would not release massive concentration of zinc or zinc oxide, toxicity test
would be considered to ensure the prevention of overdose to the human

body.

1.7 Nano-hydroxyapatite

Hydroxyapatite is a bioceramic material which has similar structure to bone
but it does not have the mechanical strength required to work in load bearing
application (Arifin et al., 2014; Lugovskoy & Lugovskoy, 2014). Nonetheless
when used in conjunction with titanium alloy, HA add to the properties of the
alloy, hence increasing the osseointegration of the alloy in the body
(Fernandes et al., 2013; Lugovskoy & Lugovskoy, 2014). Hence using TiO2
nanotubes as a scaffold for the growth of nano HA is a good combination for
enhancing osseointegration. Several techniques have been used to grow or
add nano-HA on the surface of metals and alloys such as sol-gel technique,
plasma-spraying, biomimetic deposition, electrodeposition, laser ablation and
so on (Gopi et al., 2011; Huang et al., 2013). Due to the similar chemical
properties as bone, nano-HA can be added to the nano-ZnO and nano-Ag
loaded TiO2 nanotubes with the aim of reducing the toxicity of the

antibacterial agent to the bone cells.

All nanomaterials have been known to have some levels of toxicity due to the
small size which can enter cells and hence, even though HA is known to
enhance biocompatibility, the toxicity aspect has to be analysed as well.
Nano-HA has been shown to cause inflammation and induce oxidative stress

of exposed human epithelial cells (Tay et al., 2014). However for long term
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use, nano-HA of size less than 50 nm has been shown to be non-toxic in

rodents (Remya et al., 2017).

In a recent study, toxicity of nano-HA has been shown against micro-
organisms whereby antibacterial activity against Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumonia and Salmonella typhi has
been observed in the presence of nano-HA (Baskar, Anusuya & Devanand
Venkatasubbu, 2017) . Hence addition of nano-HA to nano-Ag or nano-ZnO
coated TiO2 nanotubes might also enhance the antibacterial activity of the

composite coating.
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1.8 Hypotheses

Various hypotheses were tested in this study which are as follows:

v

The pH of the aqueous electrolytes and initial sweep rate of voltage
applied for anodisation in the self-assembly of TiO2 nanotubes affects
the morphology of the resulting nanotubes (Chapter 2).
Post-anodisation treatment of TiO2 nanotubes and duration of
exposure of Ti alloy to and concentration of silver source have an
effect on the morphology and distribution of nano-Ag on the surface of
the nanotubes (Chapter 3, 4, 5).

Concentration of zinc nitrate used for nano-ZnO synthesis and
annealing of nano-ZnO has an effect on the morphology and
distribution of the resulting nano-ZnO coating and nano-HA formed on
the coating (Chapter 6).

Nano-ZnO coated TiO2 nanotubes can exhibit the same level of
antibacterial properties against S. aureus as nano-Ag coated TiO2
nanotubes while being able to maintain biocompatibility (Chapters 5,
6, 7).

Nano-HA coated on the surface of the nano-Ag and nano-ZnO coating
can help reduce toxicity of the nanocomposite coating (Chapters 5, 6,

7).



1.9 Aim and Objectives

The overall aim of this study was to synthesis nano-silver or nano-zinc oxide
particle in a matrix of TiO2 nanotubes self-assembled on the surface of Ti-
6Al-4V. Furthermore the resulting coating would be characterised in the
presence of S. aureus for antibacterial properties and in the presence of
primary human osteoblast cells for toxicological studies. Silver nanoparticles
are known to be antibacterial but high levels of silver nanoparticles can be
toxic to mammalian cells, hence the need for a method to synthesis uniformly
distributes silver nanoparticles with a low toxicity to osteoblasts. Zinc is an
essential metal that is homeostatically controlled by mammalian cells, and so
is likely to be more biocompatible than silver as a non-essential metal. Zinc is
not as strong a biocide as silver, so this offers a good trade of some biocidal

activity but with good biocompatibility/safety for human tissue.
The specific objectives of the study were:

v" To optimise the self-assembly of TiO2 nanotubes on the surface of Ti-
6Al-4V to achieve a uniformly distributed nanotubes coating on the
surface of the alloy.

v" To optimise the synthesis of uniformly distributed silver nanopatrticles
on the surface of the TiO2 nanotubes matrix with the aim of having a
good surface coverage and stability of the coating.

v" To characterise nano zinc oxide coating in both the presence and
absence of nano HA.

v' To assess the antibacterial properties of the nano-Ag and nano-ZnO

coated TiO2 nanotubes on Ti-6Al-4V discs with respect to negative
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and positive controls with and without nano-HA. This will be performed
in the presence of S. aureus, the first line of infection during surgeries.
To look into the biocompatibility of the latter coatings with respect to
the controls. This will be performed by exposing the coatings and the
controls to primary human osteoblast cells in DMEM media for specific
number of days after which biochemical assays, PCR and microscopic
imaging will be used to do the assessment.

To analyse and compare all the properties of the various coatings
(surface coverage, stability, antibacterial, biocompatibility, molecular

biocompatibility).



Chapter 2

Optimisation of the anodisation process
for the self-assembly of TiO2 nanotubes
on the surface of Ti-6Al-4V discs
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2.1 Introduction

Among the various parameters affecting the anodisation process for the self-
assembly of TiOz, the initial change in voltage is known to affect the
formation of the initial barrier oxide layer (Peremarch et al., 2010; Taveira et
al., 2005). The barrier oxide layer is the building base for the final nanotubes
formed. Nonetheless, there is less information about the effect on the initial
sweep rate of voltage in the literature. The barrier layer is the initial uniform
oxide layer formed during anodisation onto which etching occurs for the
nanotube formation as per equation 1.2 in Section 1.4.1. The quality of the
barrier layer determines the adhesive strength of the nanotubes and their
bonding on to the substrate on which they are grown (Li, Yu & Yang, 2009;

Paulose. et al., 2007; Wang & Lin, 2008).

Using the theories behind the chemical and electrical reactions happening
during the anodisation process, this chapter analyses the detailed growth of
the nanotubes on the surface of Ti-6Al-4V alloy. It provides an insight in the
initial stage of anodisation which is the major step determining the end result.
This chapter also studies the effect of pH of electrolyte and the initial voltage
sweep rate on the resulting current density and the resulting morphology of
the nanotubes. Altogether, conclusions were made with respect to the effect
of pH and initial voltage sweep rate on the initial etching sites of the

nanotubes on the barrier layer.



2.2 Materials and methods

The experiment involved growing TiO2 nanotubes on the surface of Ti-6Al-4V
discs while monitoring the variation of current density over the anodisation
time when pH and sweep rate was changed. All the chemicals used in this
chapter were of analytical grade and were purchased from Sigma Aldrich,
Irvine, UK. The resulting morphology and adhesive strength was analysed
with respect to the change in pH and the optimum one was selected for
further experiments. The same tests were performed with respect to the
change in sweep rate and the optimum pH and the optimum initial sweep

rate for anodisation was selected (see below).

2.2.1 Ti-6Al-4V disc pre-anodisation preparation

A sheet of medical grade Ti-6Al-4V alloy of 1 mm thickness (William Gregor
Ltd, London, UK) were initially laser cut into 15 mm discs by Laser
Industries Ltd (Saltash, UK). The alloy was then polished with #400, #800
and #1200 grit silicon carbide (SiC) paper (Elektron Technology Ltd,
Torquay, UK) using a polisher-grinder (Buehler UK Ltd, Coventry, UK) with
the aim of removing the naturally formed oxide layer on the surface of the
discs. Subsequently the discs were polished with 6 micron and 1 micron
diamond paste (Agar Scientific, Stansted, UK) to further reduce the
roughness of the surface after which they were ultrasonicated (12 MHz) in a
mixture of NaOH (1 M), NaHCOs (1M) and Na CeH707 (1.5 M) in a ratio of 1 :
1: 1.5 respectively, for 10 minutes. The latter cleaning process was

expected to remove any contaminant from the polishing process and any
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residual oxide parts. The roughness of the surface was measured using an

OLS 3000 LEXT laser microscope before and after polishing.

2.2.2 Anodisation of Ti-6Al-4V discs

A dual output programmable power supply (Metrix electronics limited,
Tadley, UK) was used for the anodisation process. A Labview program was
designed as per Appendix A so that the initial sweep rate, voltage applied
and the duration the voltage could be controlled via a laptop connected to the
power supply. Ammonium fluoride was then prepared by dissolving 0.5 g of

solid ammonium fluoride in 100 mL of ultrapure water.

The ammonium hydrogen phosphate, NH4H2PO4 was prepared in deionised
water at room temperature; for 1 L of solution, 115.03g of NH4H2PO4 was
added to 1 L of deionised water. Then, 100 mL of 0.5 wt % NHa4F (0.5 g of
NH4F per 100 mL of ultrapure water) was added to 100 mL of 1 M NH4H2PO4
and the resulting mixture was made more acidic by adding drops of 3 M
HsPO4 and more alkaline using 3 M NaOH and the pH was read using LabX
pH meter (Mettler Toledo Ltd., Leicester, UK). A square-shaped copper
sheet of 15 mm dimensions was used as a cathode and the 15 mm diameter
Ti-6Al-4V discs were used as the anode. A schematic diagram of the
electrochemical cell is shown in Figure 2.1. The laptop used stored the

collected current values at 0.2 second intervals.
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Figure 2.1: Electrochemical cell setup for anodisation

Anodisation was then performed for 3600 s with no initial ramp at 20 V with
the pH of electrolytes being 3, 4 and 5 in 6 replicates (n = 3 for imaging, n =
3 for interfacial adhesion test). After optimising the pH with respect to the
morphology, porosity and adhesive strength (details given below),
anodisation was performed again using 0.2, 0.5, 0.8, 1.0 and 1.5 V/s as the
initial sweep rate in 6 replicates (as above). The resulting anodising current
was collected with respect to time and voltage every 0.2 seconds for the
whole 3600 s under the different anodisation conditions. The current value
was divided by the area of anodised surface to obtain current density values
with mA/cm? as unit. The data from the 3 repeats were combined and
presented using Matlab. The anodised samples were ultrasonicated in
deionised water at 12 MHz for 10 min to remove the excess attached ions

and then dried using an air dryer.

2.2.3 SEM imaging and measurements the of TiO2 nanotubes

Three repeats of the anodised samples at different pH and voltage sweep
rates were viewed under high resolution scanning electron microscope

(SEM, JEOL7001F SEM, Plymouth Electron Microscopy Centre, Plymouth)
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for surface imaging and the associated energy-dispersive X-ray
spectroscopy (EDS) was used to analyse the elemental composition of the
nanotubes with the help of AZtec analysis software supplied with the EDS
attachment (Oxford Instruments, Oxford, UK). Once in the microscope
vacuum chamber, each sample was viewed at 3 different areas and
photographs and measurements averaged on each sample, before
calculating mean values per treatment. In each area viewed , the diameter of

6 individual nanotubes were read.

The porosity of the coating was calculated using Matlab image analysis. The
SEM images at magnification x50 000 were used for porosity calculations.
The program code created would first crop the image from the SEM, in .tiff
format, to remove the labels. Then the contrast of the image was enhanced
to adjust the pixel intensity. Subsequently a median and average filter was
applied with the aim of smoothing the image. Otsu’s Method of thredsholding
was performed to distinguish in between intensities (Liu & Yu, 2009). Last
the image was converted to black and white after which the porosity was
calculated by dividing the number of black pixels by the total number of
pixels. It was assumed that the spacing between the tubes were similar in all

images.

2.2.4 Interfacial adhesion test

The adhesion of the TiO2 nanotubes to the titanium alloy was compared with
respect to pH and sweep rate. The test was conducted using a universal
testing 3345 machine (Instron, Buckinghamshire, UK). To start with, the end
of a rod of 40 mm length and 3 mm diameter was roughened using a #150
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silicon carbide sheet (SiC). It was then glued to the anodised Ti discs from
the appropriate treatment (n = 3 each) and 3 non-anodised titanium alloy
discs were used as a control each time the test was done. The glue was a
two component SD 8824 epoxy resin (Matrix composites materials company,
Bristol, UK), freshly prepared according to the supplier’s protocol. Briefly,
component A was mixed with component B a 100 to 22 ratio by weight. The
rods were glued at a 90° angle with respect to the discs, with the help of a
triangle ruler and the glue were allowed to harden. In order to maintain the
same quantity of glue for every repeats, same type of plastic toothpicks were

used with one layer of coating in the same direction at all times.

Subsequently, the rod was pulled off vertically at a rate of 1 N/s with the
discs strongly held at the bottom of the instrument. The resulting load
required to pull off the coating from the discs was recorded. The area that
was successfully pulled off was measured using a microscope with an
integrated digital camera (Olympus BX 61 M with Olympus Stream Software,
Engineering Lab, Plymouth University, Plymouth, UK). The resulting pulled

off load per unit area minus the controlled value was then calculated.

The pull-off test, not being completely optimised, at this stage was
considered to be part of a pilot study for another student’s PhD project as
this study would provide the adhesive strength between the TiO2 coatings on

their own and as part of nanocomposite coatings.
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2.2.5 Growth of TiO2 nanotubes at different time interval

Using the optimum pH and initial sweep rate, anodisation was performed on
the Ti-6Al-4V discs for several durations, with the aim of visualising the
development of the nanotubes through time. At 5, 10, 15, 20, 25, 30 and 60
minutes the anodisation was stopped and the samples were cleaned and
dried (n=3 each). They were then visualised under the high resolution
microscope and the change in the nanostructure of the surface was

observed and deductions on the growth of the nanotubes.

2.2.6 Statistical analysis

In this chapter, current density data was plotted using Matlab. The remaining
data was plotted using SigmaPlot 13.0 and data were analysed using
Statgraphics Centurion XVII (StatPoint Technologies, Inc.). The normally
distributed data with equal variances (Levene’s Test) were analysed using
One-way ANOVA with the Fisher's LSD test post-hoc to identify the
location of any differences. In case of unequal variances, the data were
transformed before analysis by ANOVA. Where data were non-parametric
and could not be transformed, the Kruskal-Wallis test was used. Data are
presented as mean = S.E.M unless otherwise stated. The default 95.0 %
confidence level was used for all statistics. Alphabets were the used to
denote the various statistical difference between the samples being

analysed.

~ 44 ~
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2.3 Results

2.3.1 Effect of pH on anodisation current, nanotubes morphology and

adhesive strength of nanotubes to Ti-6Al-4V alloy

The change in anodisation current due at different pH with respect to time
and voltage are presented in Figure 2.2 and Figure 2.3 respectively. At all
the different pH from 1 to 10 s the anodisation current increased gradually.
Briefly, after 10 s the current density spiked to a maximum value per unit
area of sample being anodised for the specific pH. From about 15 to about
25 s (12 V), the current decreased after which it remained almost constant till
the 3600 s of anodisation where the voltage was maintained at 20 V. There
is a transient rise of current density over time with the biggest increase at pH
4. Current density was also voltage-dependent with the greatest density at

around 9V, regardless of pH.
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Figure 2. 2 : The effect of the change in pH on the (A) anodising current density

with time in the first 1 second and (B) voltage in the first 1 second.
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The wall thickness of the nanotubes increased from pH 4 to 5 as seen in
Figure 2.4 A. However the tube diameter decreased with increase in pH
with a significant decrease at pH 5 (Transformed One-way ANOVA, p <
0.05, n = 3). Figure 2.4 B showed that anodisation performed in
electrolytes at any pH (3-6) resulted in similar final current density at 3600
s (Kruskal-Wallis, p= 0.73, n=3). The porosity was significantly different
from each other with the porosity at of the nanotubes at pH 4 having the

lowest value (Kruskal-Wallis, p = 0.003, n=3).
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Figure 2.4: The effect of the change in pH on the (A) nanotubes pore diameter
and wall thickness and (B) porosity of the nanotubes coating and the current
density at the end of the anodisation. The alphabets present the significance in
difference between the differently treated samples at 95 % confidence interval
(Transformed One-Way ANOVA, n = 3)
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The interfacial adhesion between the nanotubes and the substrate was
found to be highest at pH 4 as shown in Figure 2.5 (Transformed One-way

ANOVA, p< 0.05, n=3).

10

Pull-off per unit area / GPa
N
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pH

Figure 2.5: The effect of the change in pH on the pull off load per unit (for
adhesion test) whereby the alphabets present the significance in difference
between the differently treated samples at 95 % confidence interval (Kruskal-
Walllis, n = 3).

The guantitative observations were visually confirmed by the SEM images in
Figure 2.6. Another observation was that more nanotubes were grown at pH
5 (141 £ 6 nanotubes per square micrometer) as compared to pH 3 (71.5 +2

per square micrometer) (n=3).
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2.3.2 Effect of initial sweep rate on anodisation current, nanotubes

morphology and adhesive strength of nanotubes to Ti-6Al-4V alloy

Figure 2.7 A and B highlights the changes in anodising current density with
respect to time and voltage. It was also observed that the maximum current
density reached during the process increases with increase in voltage sweep

rate as seen in Figure 2.8 A and B.
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Figure 2.7: The effect of the change in initial sweep rate on the (A) anodising
current density with time in the first 1 second and (B) voltage in the first 1 second

of the anodisation process.

Sensitivity: Internal



(A)

SR1.5

e 0
)
[

Current DensitylmAmm .
o]
N

20 40 SO 80 10C

2 4 S 8 10 12 14 16 i8

YWoltagesvws
(C) 0.6 ' ' : =
0.5 -
~
= - |
E o4
E SRO.2
="
‘s 0.3 =
=
=1
= SRO.8
= /
E o.2F e SRO.5 =
[=2 //’_/(//JSR1.O
oo e SR1.5
| e = e S
o1 fE——————— —
[m———.
1%00 1500 2000 2500 3000 3500 4000
Timefss
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second and (C) with time between 1000 s and 3600 s of the anodisation process.
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The resulting nanotubes had smaller tube diameter with increasing sweep
rate while the wall thickness remained unchanged as seen in Figure 2.9 A

and B (Transformed One-way ANOVA , n=3).
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Figure 2.9: The effect of the change in initial sweep rate on the (A) nanotubes
pore diameter and wall thickness and (B) porosity of the nanotubes coating and
the current density at the end of the anodisation whereby the alphabets present
the significance in difference between the differently treated samples at 95 %
confidence interval (Transformed One-Way ANOVA, n=3).
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The pull off test showed a variation in adhesion strength of the nanotubes to
the coating with the maximum adhesion exhibited by the sample which
underwent anodisation at an initial sweep rate of 0.5 V/s as shown below in

Figure 2.10.
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Figure 2.10: The effect of the change in initial sweep rate on the pull off load per
unit are for adhesion test whereby the alphabets present the significance in
difference between the differently treated samples at 95 % confidence interval
(Transformed One-Way ANOVA, n=3).
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Figure 2.11 provides the visual confirmation of morphology changes
described above with respect to the initial sweep rate. With increasing sweep
rate, the nanotubes look smaller and less uniform. It was also observed that

there were more nanotubes per unit area with increasing sweep rate.
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. Figure 2.11: SEM images of the TiO»
nanotubes formed after anodisation

; with an initial sweep rate of (A) 0.2, (B)
0.5(C) 0.8, (D) 1.0 and (E) 1.5 VIs.
' Images are at x50 000 magnification.
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2.3.3 Different stages of self-assembly of TiO2 nanotubes

During the first 5 minutes the surface of the 3 alloy could be outlined from
the a alloy as seen in figure 2.12 A. At the beginning of the process, the 8
alloy was etched quicker than the a alloy as seen in Figure 2.12. With time
the nanostructures formed by etching developed into circular nanostructures.
Fifteen minutes into the process, the nanostructures on the B alloy became
uniform, only to lose the uniformity after another 5 minutes. Nonetheless the
structures became uniform and porous after 30 minutes. The structure on the
a alloy only became uniform from 30 minutes after which the uniformity of the

nanotubes remained the same.



Figure 2.12: SEM images of the
surface of polished and cleaned Ti-
6Al-4V discs at (A) 5 (Inside figure is
of the same surface at a lower
magnification concentration on just
the alpha alloy), (B) 10, (C) 15, (D)
20, (E) 25, (F) 30 and (G) 60
minutes of anodisation at 20 V (0.5
V/s) in an electrolyte of pH 4 at x 50

000 magnification.
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Figure 2.13 below displays the EDS analysis of the elements present on the
surface of the coating whereby the proportion of vanadium present was
higher in the - alloy than the a alloy while the other elements remained
almost unchanged. The vanadium to aluminium ratio was in alpha alloy and

3.8 in beta alloy.
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Figure 2.13: The EDS analysis of the a- and B- part of the coated discs
surface after 60 minutes of anodisation from Figure 2.12 G.
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2.4 Discussion

2.4.1 Current density variation during anodisation

Anodisation performed in an electrolyte of pH 4 was considered to provide
the best uniformity and morphology of nanotubes with the best adhesive
strength to the Ti-6Al-4V discs. The initial voltage sweep rate used for the

best results was 0.5 V/s.

Roughly a model of the change in current density with respect to time, was
built to emphasize on and discuss the different stages in the anodisation
process as shown in Figure 2.14. The model helps understand the
electrochemical process happening in details. The model was based on the
anodisation curve for the experiment performed using the optimum

conditions obtained in the study.

Within the first second of the electrochemical process, there is a big increase
in current density as shown in Figure 2.14 A. This was associated with the
development of an electrode potential at the anode as soon as a circuit was
made. There was a fast rate of electron transfer between the electrolyte and
the electrode during that second. This current was thus determined by the

initial resistance of the electrolyte.
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Figure 2.14: (A, B and C) Current density variation with respect to time during
anodisation zoomed in for various time intervals. (D) Anodisation current density
variation with time highlighting the part when there is no change in current
density. (E) An illustration of the presence of the electrical double layer for the
IPE effect.

Between the decrease from peak A to the increase to peak B, there was no
detectable current for about 500 ms, (from 1 to 1.5 s) as shown in Figure
2.14 D. This was associated with the ideal polarisable electrode (IPE) as
even though there was a change in voltage, no charge was flowing between
the electrolyte and electrode. Therefore the electrical double layer at the
solution/electrode interface acted as a capacitor. When the electrode
potential was applied, some of the ions from the electrolyte got adsorbed on
the surface of the electrode giving rise to desolvated ions (Chen, 2007).
Hence the double layer was formed by firstly, the solvent molecules along
with the adsorbed ions and secondly the solvated ions in the electrolyte as

shown in Figure 2.14 E. In this situation the capacitance was dependent on
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the potential applied and the effect was independent of the content of the

electrolyte.

The current density increase to peak B was related to the resistance of the
electrolytes and followed Ohm’s Law of V = | R. as such, as the voltage was
increasing the current density decreased as well. The current density
stopped increasing when the potential for barrier formation was reached.
Afterwards it decreased to a minimum point until 20V was reached which
was the barrier formation stage as per equation 1.1 (Section 1.4.1). Such
decrease agrees with equations 1.6 and 1.7. Then it increased slightly to
point C as shown in Figure 2.14. This increase is owing to the increase in
voltage and the polarization of the anode. The current density drops after the
voltage reaches the maximum 20V and the polarization stops. The gradual
increase in the current density after peak C was due to the etching of the
oxide layer in the presence of the F~ ions which react with the TiO2 layer

forming soluble [TiFs]* ion as per equation 1.2.

Afterwards, the current density remained almost constant for the remaining
1 hour which was because of the equilibrium of the electrochemical process.
Hence there was a balance between etching and oxidation. Following the
theory mentioned by Macak et al (2007), the dissolution allowed the
nanotubes to grow deeper in the oxide layer while the continuous oxidation
helped the nanotubes to grow longer (Macak et al., 2007). In the meantime
small nanotubes would disappear leaving the larger nanotubes leading to a
small increase in nanotube diameter and porosity with time accounting for

the slight increase in current density in Figure 2.14 A.



This model provided an insight into the electrochemical reactions occurring
during anodisation process with particular attention to the initial 40 seconds
of the reaction. This 40 seconds is crucial in determining the barrier oxide
formation and the etching process leading to the development of the

nanotubes.

2.4.2 Effect of pH

While the pH value was varied, the sweep rate was maintained at a fixed
value. As mentioned before, the barrier formation is dependent on the
resistance of the electrolytes. As such, with increasing pH, the resistance is
expected to decrease and considering Ohm'’s law, the current density is
hence expected to increase. In this study, the resistance of the electrolytes
decreased from pH 3 to 4 and from pH 5 to 6 as seen in Figure 2.8 B. Hence
this part of the anodisation process in the specific electrolytes in this study
agrees with Ohm’s law, confirming the theory that the barrier oxide formation

obeys Ohm’s Law.

During the etching process, the rate of decrease of current density increased
with a rise in pH. This was explained by the decrease in the concentration of
H* ions. Following equation 1.2, when the concentration of H* decrease, the
etching process is not favoured, hence accounting for the above mentioned

observation.

After the etching process, the electrochemical cell reached equilibrium. Since

the etching reaction (equation 2.2) is the slowest process among them, it
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was chosen as the rate determining step and was used to explain the results

with respect to pH and initial voltage sweep rate.

The lower the pH is, the higher the H* concentration becomes hence there is
a higher current density involved. This accounted for the higher current
density reached in pH 3 as compared to pH 4 and 5 when the reaction was in
equilibrium as shown in Figure 2.8 C. Nonetheless, the reaction in
electrolytes with pH 6, behaved differently. This was because, the
concentration of H* was so low, that the etching reaction as per equation 2
was reduced and hence allowing more oxidation to take place. Likewise,
reactions as per equations 1.3 to 1.5 could not happen in the right way
resulting in the accumulation of the hydroxide of titanium which further
decomposed to the oxide of titanium. Since there was less etching, the
resulting current density was not dependent on the etching process only.
Uncontrolled oxidation was happening resulting in the higher current density

at the end of anodisation at pH 6.

An observation was a slight decrease in the diameter of the final nanotubes
prepared in electrolytes of pH 3 -5. Theoretically, the height of nanotubes are
increased with increase in pH as reviewed before. Since nanotubes diameter
increases with increase in height, an increase in the nanotubes diameter is
expected. However, when pH was changed, there was a slight decrease in
nanotubes diameter from pH 3 to 5 with an increase in the number of
nanotubes present per micrometre square. In the presence of more H*, there
was more etching and as such, the initial etching site grew bigger resulting in

the presence of less etching sites and hence less nanotubes. At the higher
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pH, the oxidation process did not allow the etching process to create big

etching sites and as such resulted in smaller and more nanotubes.

2.4.3 Effects of sweep rate

The increase in current density to peak B (Figure 2.8 A and B) with increase
in initial sweep rate, followed Ohm’s law such that when voltage was
increased the resulting current density was increased. As soon as the barrier
layer was formed, although the voltage kept increasing the current density
did not increase. When a high sweep rate was used, the barrier layer was
grown quicker as compared to when a lower one was used but the voltage
required for a higher sweep rate was more than that at a lower sweep rate.
This was because, a larger power density was applied at SR1.5 in order to
form the oxide barrier layer as compared to SR0.2. As such a greater stress
would be generated at the electrode/oxide interface at a higher sweep rate
resulting in a higher current density. The equilibrium of the electrochemical
reaction was maintained at a higher current density when a lower sweep rate
was used. When a lower sweep rate was used, a lower impedance was
encountered in the cell. Since similar voltage was used for all the processes,

the current density increased when a lower sweep rate was used.

Figure 2.9A showed a decrease in the pore diameter of the nanotubes with
increase in sweep rate with no change in porosity. This was explained as
follows. Etching started and ended earlier than the others when a higher
sweep rate was used. As such, when a lower sweep rate was used, more

etching occurred resulting in bigger etching sites and hence nanotubes.
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However since the number of etching sites increased with increase in sweep

rate. Therefore, the porosity did not change much.

2.4.4 Stages of nanotube formation

Etching started earlier in the B alloy as compared to the a alloy because, the
B alloy have more vanadium as compared to the a alloy as confirmed by the
EDS analysis in Figure 2.13. Vanadium is the B-stabiliser in a Ti-6Al-4V alloy
(Luo et al., 2008; Sieniawski et al., 2013; Zeng & Bieler, 2005). As such, the
first oxide to form was that of vanadium which is soluble and as such
accounted for the loss of initial porosity at 25 minutes of anodisation. This
dissolution also accounts for the higher extent of etching in the B alloy. The
nano-grains formed in the beta alloy at 20 minutes, was thus the underlying
alpha alloy grains which developed into a thin layer of nanoporous layer five

minutes later.

The step by step analysis has been first reported in this study whereby the
mechanism behind the self-assembly of the nanotubes in the alpha alloy was
as follows. First there was formation of nanoparticles followed by the
development of ‘doughnut-shaped’ structures due to arrangement of the
nanoparticles with pore diameter slightly bigger than 200nm. Nanopores with
varying diameters are initially formed followed by the assembly of the

uniformly distributed nanotubes all over the surface.

The nanoparticles formed, at the beginning, was due to the beginning of the
etching process in the presence of fluoride ions. The latter led to the

presence of the uniformly spread nanopatrticles all over the surface of the
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sample. Since nanoparticles have the tendency to stick to each other, they
arranged themselves in such a way that the doughnut-shaped structures
were formed as shown in Figure 2.12 A. Since there was oxidation and
chemical dissolution at the same time, neighbouring, ‘doughnut-shaped’
structures grouped together so that the competition reactions and lateral
forces resulted in the formation of the nanoporous surface. This process
continued for 30 min whereby the pores were arranged uniformly with well-
defined walls differentiating the pores from each other. It was observed that
there was a space in between the walls of nanotubes. This followed the
theory derived by Macak et al (2007) whereby it was explained that as the
nanotubes grew longer, the pore diameter decreased, accounting for larger

base and smaller opening (Macak et al., 2007).

2.4.5 Theory of initial etching sites

In this study, Ti-6Al-4V alloy was used and as such, during the anodisation
process, the oxides of aluminium and vanadium were formed along with

titanium dioxide. Nonetheless, the discussion in this work was limited to the
oxide of titanium only, due to the predominance of titanium over aluminium

and vanadium on the coating (X-ray Analysis in Figure 2.13).

Following the observations at different pH and sweep rate, a new theory was
deduced which related the growth of nanotubes to the etching sites at very
early stage. The effect of pH and sweep rate could be illustrated using figure
2.15. Due to the large volumetric expansion in the oxidation process, the
oxide layer is under large in-plane compressive stress. This could cause
buckling or wrinkling according to Hutchinson and Suo (1992) (Hutchinson &
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Suo, 1992). The valley of the wrinkles is under additional surface energy and
becomes preferred sites for etching. At lower pH, etching started earlier so
that the barrier layer was thinner and less stressed. Fewer etching sites per
unit area were expected so that smaller number of nanotubes per unit area
compared to a higher pH. Figure 2.15 A illustrated that there were fewer
nanotubes at lower pH. The wall was thinner while pores were larger due to
the ongoing etching of the walls at higher concentration of hydrogen ions and
it also showed the growth of the nanotubes at a higher pH whereby the
presence of lower concentration of hydrogen ions and hence higher [OH ],
more oxide was deposited on the inner walls of the tubes. This caused the
wall thickness to increase with time. Therefore nanotubes with thicker walls
and smaller pores were obtained at a higher pH. This was in agreement with

the images in Figure 2.6.
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Figure 2.15: Vertical and horizontal cross sections of TiO, hanotubes models
growing (A) in an electrolyte of low and high pH and (B) at an initial low and high
sweep rates. The first part in both A and B highlights the changes happening on
single nanotubes whereas the second part shows the distribution, size and
guantity of the nanotubes grown in the various conditions.

At a higher sweep rate, the reaction was quicker, resulting in a higher stress
being generated accounting for more bulging and as such the presence of
more etching sites with smaller size. It was expected that the in-plane stress
due to the oxidation expansion is proportional to the reaction rate. This was
imaged by Figure 2.15 B whereby more nanotubes with much smaller pores
were formed at higher sweep rate than at lower sweep rate. The final current
density is determined by the etching rate which is determined by the
impedance of the smaller pores. Therefore the final density decreased with
increasing sweep rate due to higher impedance of the pores. Nevertheless

the wall thickness was not significantly affected as shown in Figure 2.8 A.
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2.5 Conclusion

This chapter proved that the initial sweep rate of the applied voltage did have
a significant role to play in the self-assembly of titanium dioxide nanotubes
as well as the pH of the electrolyte being used for anodisation. The resulting
morphology was dependent on the rate at which the voltage was increased
to the target value along with the concentration of hydrogen ions in the
electrolytes. The interfacial adhesion between the formed nanotubes and
the substrate was concluded to be dependent to some extent to pH and
sweep rate. The optimum pH of electrolytes used for anodisation was
concluded to be pH 4 and optimum initial voltage sweep rate 0.5 V/s. The
conclusion was mainly due to the strongest interfacial adhesion between
nanotubes and Ti-6Al-4V disc and the resulting morphology of the nanotubes
with the absence of contaminants. As such, these were used for the further
tests moving forwards. Furthermore, this research work provided a deeper
insight to the different stages of the nano self-assembly which allowed a
theory related to the initial etching sites to be derived involving the formation
of titanium dioxide nanotubes on the surface of Ti-6Al-4V, in the presence of
phosphate and fluoride ions. This would be beneficial in carrying antibacterial

agents in the nanotubes providing a good surface coverage.



Chapter 3

Pilot study- Amorphous TiO2 nanotubes
as a scaffold for silver nanoparticles on
titanium alloy
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3.1 Introduction

In this study, &-gluconolactone was employed to reduce silver ions to silver
nanoparticles on the surface of TiO2 nanotubes grown on Ti-6Al-4V. The aim
was to impart some antibacterial properties by decorating the surface of the
TiO2 nanotubes with Ag-NPs, but also attaching the Ag-NPs in a way that
would allow slow silver release or sustained antimicrobial properties during
use as an implants. The as formed nanotubes during anodisation on titanium
alloy are known to have an amorphous crystal structure and are considered
to be hydrophilic and non-toxic (Roy, Berger & Schmuki, 2011). Therefore,
they will provide the platform for silver ammonia complex to attach while
being more interactive with bodily fluids. Hence this chapter concentrated on
the analysis of the distribution of the silver nanoparticles reduced from silver
ions through chemical reduction on the surface of amorphous TiO2

nanotubes on Ti-6Al-4V.

3.2 Materials and Methods

TiO2 nanotubes were initially self-assembled on Ti-6Al-4V discs using an
anodization process lasting one hour in an electrolyte containing ammonium
hydrogen phosphate and ammonium fluoride of pH 4 and an applied voltage
of 20 V with an initial sweep rate of 0.5 V/s as per Chapter 2 (n = 12 discs).
The as formed amorphous TiO2 nanotubes coated on the titanium alloy discs
were then exposed to silver ions in reducing conditions to promote the

growth of Ag-NPs on them.
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3.2.1 Growth of silver nanoparticles

The silver ammonia solution was initially prepared at room temperature using
reagents bought from Sigma Aldrich, UK. For the preparation of 1L of 0.015
M of silver ammonia, 0.015 M of silver nitrate was first made with 2.545 g of
silver nitrate and 900 mL of pure water. While the resulting solution was
continuously stirred using a magnetic stirrer, 15 mL of 1 M of NaOH was
added to it. The precipitate of silver oxide formed was continuously mixed for
15 minutes to ensure complete precipitation. Concentrated liquid ammonia of
13.4 M concentration and 0.910 density was then added dropwise to the
mixture until all the oxide had dissolved back into solution. Pure water was
then added to the mixture with the aim of reaching a volume of 1000 mL and
the solution was allowed to stir for a further 10 minutes to ensure complete
reaction and mixing. Afterwards, 0.002 M &-gluconolactone solution was
prepared in 0.012 M sodium hydroxide (prepared in deionised water), the

volume of which was dependent on the need for the day.

Two different methods of reducing the silver ions were used. In the first
method (Method 1), silver ammonia was added to the &-gluconolactone
solution first, after which aTiO2 (Abbreviation for amorphous TiO2 nanotubes
coated Ti-6Al-4V discs) was exposed to the mixture. To optimise the reaction
mixture, the concentration of silver ammonia was changed from 0.005 M to
0.015 M while the concentration of d-gluconolactone solution was maintained
at 0.002 M. The various concentrations of silver ammonia used were
0.005M, 0.010M and 0.015M resulting in the formation of silver nanoparticles

on aTiO2 and were labelled accordingly as follows: TiO2-Ag0.005 , aTiO2-
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Ag0.01 and aTiO2-Ag0.015 respectively (n = 6 discs for each). In Method 2,
METHOD 2, aTiO2 was exposed to 0.015M silver ammonia first for 1, 5 or 10
minutes to explore optimising the reaction duration. Samples were washed in
deionised water, in order to remove the excess silver and reactants, air dried
and then exposed to 0.002M the &-gluconolactone solution for 5 minutes.
The three different exposure times to 0.015M silver ammonia are nominally

termed aTiO2-AglG5, aTiO2-Ag5G5 and aTiO2-Agl0G5 respectively.

After the addition of silver nanopatrticles to aTiO2 using both methods, the
coated discs were placed in 10mL of deionised water and then ultra-
sonicated in distilled water at 12 MHz with the aim of removing loosely

attached nanoparticles. They were then finally dried at room temperature.

3.2.2 Morphological observations on TiO2 nanotubes coated with Ag-

NPs

The prepared discs aTiO2-Ag0.005, aTiO2-Ag0.01 and aTiO2-Ag0.015 from
METHOD 1 and aTiO2-Ag1G5, aTiO2-Ag5G5 and aTiO2-Ag10G5 using
METHOD 2 were examined by electron microscopy with the aim of analysing
the distribution and morphology of the silver nanopatrticles attached to the
nanotubes. The nanotubes without any silver treatment was used as a
negative control for the Ag-NPs. High resolution scanning electron
microscope, JEOL7001F SEM was used in conjunction with energy
dispersive spectroscopy (EDS) analysis to visualise and characterise the
elements present on the discs respectively (in triplicate). Once in the
microscope vacuum chamber, each replicate was viewed at 3 different
locations and photographs were taken and saved in tiff format. Images were
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then collected systematically from each specimen. A low magnification was
used with the aim of confirming a full coverage and uniform distribution of
any coating on the alloy, while a high magnification was used to analyse the
morphology of the silver nanoparticles and whether or not they appeared
attached to the TiO2 nanotubes. The EDS was coupled with AZtec analysis
software (Oxford Instruments, UK) with the aim of confirming the presence of
the different elements present on the coating, especially the presence of

silver.

3.2.3 Measurement of silver ion release after 24 hours

Silver ions and/or metals are known to be toxic in the human body. Since the
coating is aimed to be used on implants, it was mandatory to assess the
stability of the silver coating. In this section, the assessment was performed
by measuring the concentration of silver ions released in a liquid medium
having components similar to the human bodily fluid, known as simulated
body fluid (SBF) for 24 hours. This experiment will give an indication on the
stability of the different coatings and as such help in the selection of the best.
First, the SBF was prepared in Milli Q water using Kokubo’s recipe at 37 °C
with the concentration of the ions being Na* 426, K* 15.0, Mg?* 4.5, Ca?* 7.5,
Cl 443.4, HCO3 12.6, HPO4? 3.0, SO4% 1.5 mM (Kokubo, 1997). The
amount of the various salts used were hence as follows for 1 litre of SBF
being made: 7.996 g NaCl, 0.350 g NaHCO3, 0.224 g KClI, 0.228 ¢
K2HPO4.3H20, 0.305 g MgCl2.6H20, 0.278 g CaClz, 0.071 g Na2S0O4, 6.057 g
(CH20H)3CNHz, 40 cm? 1 kmol/m?3 HCI and more 1 kmol/m2 HCI to further

adjust the pH.
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Then 24 plastic containers of 50 mL were acid washed in 5 % nitric acid and
allowed to dry at room temperature. To each containers, 25 mL of SBF was
added followed by the samples aTiO2-Ag0.005, aTiO2-Ag0.01 and aTiO2-
Ag0.015 from METHOD 1 and aTiO2-Ag1G5, aTiO2-Ag5G5 and aTiO2-
Ag10G5 from METHOD 2 and aTiO2 (n=3 for each category) and placed in
an incubator at 37 °C for 24 hours. Three containers were left without any
samples in them to act as a control for the SBF. The latter temperature was
used with the aim of mimicking the temperature of a human body. After the
24 hours exposure, 5 mL from the SBF was taken and pipetted into 15 mL
Falcon tubes. Two drops of 70 % nitric acid was added to the tube to ensure
that the silver stays in the solution and is not adsorbed to the falcon tubes.
Simultaneously this step helps with matrix matching with respect to the
standards being used for the ion measurement. Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-OES) was used to measure the amount
of silver released in the SBF. To start with, standards for the different ions
were prepared in triplicates at 0, 10, 20, 40, 100 ppb for Ag which were
prepared using the certified reference material (CRM) obtained from Sigma
Aldrich, Irvine, UK in 5 % HNOs. The instrument was then calibrated with the
standards. Thenceforth the acidified samples were run through the
instrument with 3 set of measurements being made per sample being read.
After every 5 readings, the instruments were blanked and calibrated again to
correct any instrument drift and prevent any side-effect of the nanomaterial, if
any undissolved, on the instrument. After the readings were obtained the
detection limits for each element was calculated as per section 4.6. Any

value below the detection limit was considered to be zero. The ICP
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measurements thus allowed the analysis of the attachment of silver

nanoparticles to the coatings.

3.2.4 Statistical Analysis

The data obtained from measuring the amount of silver released from the
various silver containing coatings were analysed with Statgraphics Centurion
XVII (StatPoint Technologies, Inc.) and curves were fitted using SigmaPlot
13.0. The means of the replicates were investigated and the normally
distributed data with equal variances (Levene’s Test) were analysed using
One-way ANOVA with Fisher’s LSD test post-hoc. Data are presented as
mean * S.E.M and the analysis used p-values of less than 0.05 for statistical

significance.

3.3 Results

3.3.1 Silver nanoparticles synthesis using Method 1

Using Method 1, silver nanoparticles were successfully formed on the
surface of the nanotubes and not inside the walls of the nanotubes. The
resulting nanoparticles were spherical in shape and had diameters of 102 +
21 nm on all the coatings. Nonetheless, they formed clusters which were
uniformly distributed over the nanotubes surface and the cluster as a whole
had varying dimensions. The space between the clusters varied between 1
to 10 um as seen in Figure 3.1. The spacing between the clusters remained
the same, irrespective of the concentration of silver ammonia used in the

reduction process.
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Figure 3.1D showed a higher magnification of aTiO2-Ag0.005 treatment.
Assuming the clusters fitted in a 2D rectangle, the average dimensions of the
latter rectangular space the latter occupied on aTiO2-Ag0.005 was of
approximately 1 by 0.5 ym. With increasing concentration of silver ammonia,
the distribution and spacing of the clusters remained the same. Nonetheless,
the size of the clusters increased with an average approximate dimension of
1 by 3 um for the aTiO2-Ag0.01 (Figure 3.11B and E) and 5 by 5 ym for the
aTiO2-Ag0.015 treatment (Figure 3.1C and F). The EDS analysis in Figure
3.1G confirmed the presence of silver on the surfaces with a slight increase
in the silver present when a higher concentration of silver ammonia was used
(Figure 3.1 H and I). The X-ray analysis also detected a high level of

titanium, aluminium, vanadium and oxygen for all the treated samples.
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Figure 3.1. SEM images of silver nanoparticles forming micro-clusters on TiO, nanotubes (A) aTiO2-Ag0.005, (B) aTiO»-Ag0.01 and (C) aTiO,-
Ag0.015 being viewed at a low magnification of x1000. Panel D-F shows the respective coatings at a higher magnification of x25 000. Panel

(G-I) shows the respective EDS analysis of the silver nanoparticles.
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3.3.2 Silver nanoparticles synthesis using Method 2

Using Method 2, nano-clusters were formed on the surface and the interior walls of
the nanotubes on the Ti alloy as shown in Figure 3.2. The surfaces of the TiOz2
nanotubes were uniformly covered with the clusters of spherical silver nanopatrticles.
Figure 3.2 A, B and C showed the composite coating at a low magnification which
provided evidence of surface coverage and distribution of the clusters. Figure 3.2 D,
E and F showed the coating at a higher magnification which provided an insight on
the morphology of the clusters and the nanoparticles. Figure 2G confirmed the
presence of silver on the surface through EDS analysis of the nanopatrticles clusters.
Again, the analysis detected titanium, aluminium, vanadium and oxygen. In this
method the incubation time in the &-gluconolactone solution was fixed at 5 minutes,
but the time of exposure to the silver ammonia complex was varied as 1, 5, and 10
minutes (left, middle, and right hand panels in Figure 3.2 respectively). Increasing
the time in the presence of the silver ammonium complex from 1 to 10 minutes,
resulted in a reduction in the size of the nano-clusters (cluster as a whole having at
least one dimensions less than 100 nm) on the surface of the TiO2 nanotubes (Figure
3.2). The nanotubes exposed to the silver ammonia for 1 minutes (aTiO2-S1G5)
created clusters varying from 200 nm to 500 nm. With increase in exposure times
from 5 min (aTiO2-S5G5) to 10 min (aTiO2-S10G5), the size of the clusters as whole,
decreased from 100 — 200 nm to less than 100 nm which were not visible enough on

Figure 2C at lower magnification.
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Figure 3.2: SEM images of nanoclusters of silver nanoparticles. The exposure time to silver ammonia was (A) 1 minutes, (B) 5
minutes and (C) 10 minutes and exposure to &-gluconolactone was maintained at 5 minutes. (D), (E) and (F) shows a higher
magnification SEM images of aTiO2-Ag1G5, aTiO2-Ag5G5 and aTiO2-Ag1l0G5 respectively. (G-1) EDS analysis of the silver

nanoparticles coated aTiOo. 84
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3.3.3 Total dissolved silver in SBF

The total amount of silver dissolved in SBF after 24 hours of exposure of the
samples, from Method 1, to SBF was featured in Figure 3.3 A. The results for the
blank successfully acted as the control for the SBF which did not have any silver.
When aTiO2 was exposed to SBF, again no silver was present in the exposed
simulated body fluid. As compared to the controls, the concentration of silver
dissolved in the SBF from aTiO2-Ag0.005, aTiO2-Ag0.01 and aTiO2-Ag0.015 was

significantly higher after 24 hours (One-way ANOVA, p<0.05, n = 3).

Using Method 1, it was found that with increasing concentration of the silver
ammonia solution used for the synthesis of Ag-NPs on amorphous TiO2 nanotubes,
the amount of silver dissolved in the SBF after 24 hours exposure increased. The
lowest release from aTiO2- Ag0.005 was 3.35 £ 0.17 ppm and the highest was from

aTiO2-Ag0.015 (14.6 £ 0.67 ppm).
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Figure 3.3: Concentration of total silver dissolved in acidified SBF measured by ICP-
OES after 24 hour exposure of the aTiO- discs from (A) method 1 and (B) Method 2 of
silver nanoparticles synthesis. The different letters indicate the statistically significant
differences in between samples at a confidence interval of 95 % (One-way ANOVA,
n=3)
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Figure 3.3 B showed the total silver concentrations in the acidified SBF after the 24
hours exposure of the samples from Method 2 (aTiO2, aTiO2-Agl, aTiO2-Ag5 and
aTiO2-Ag10) to the simulated body fluid. Although aTiO2-Ag10 was exposed to silver
ammonia solution longer, the total amount of silver released from the coating was
less (4.05 £ 0.36 ppm) than the release from aTiO2-Agl and aTiO2-Ag5. As such,
there was less silver release from the Ag-NPs coated samples with increase in the

exposure time to silver ammonia.

Another important observation made was that when 0.015 M silver ammonia solution
was used in Method 1 (aTiO2-Ag0.015), the total amount of silver dissolved in SBF
after 24 hours was 14.6 £ 0.67 ppm. When the same concentration was used in
Method 2, the highest amount of silver dissolved from the coating was 10.3 + 0.15

ppm (aTiO2-Agl), which was lower than the release from Method 1.
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3.4 Discussion

After the self-assembly of TiO2 nanotubes, silver nanoparticles were successfully
reduced on the latter surface using &-gluconolactone as a reducing agent. The
difference in the growth of silver nanoparticles on the surface of the TiO2 nanotubes
using the two different types of chemical reduction were then evaluated. The main
findings were the synthesis of clusters of silver nanoparticles with the dimension of
the clusters as wholes being in the nanometre and micrometre scale. The best
coating was found to be aTiO2-Ag10G5 with the right morphology and distribution of

the nanopatrticles.

3.4.1 Synthesis of micro-clusters (cluster as a whole within the micrometre

scale) of Ag-NPs on amorphous TiO2 nanotubes

Using Method 1, silver nanoparticles, were successfully formed on the nanotubes.
This method shows that changes in the concentration of the silver ammonia, in the
mixture of silver ammonia and &-gluconolactone, does not affect the morphology of
the spherical Ag-NPs formed. Instead, the change in the concentration of silver
ammonia affects the distribution of the nanoparticles. That is more nanoparticles, are
formed with an increase in the concentration of silver ammonia, resulting in the
formation of clusters in the micrometre scale as shown in Figure 3.1. As such, the
increased number of nanoparticles were attached to each other resulting in bigger

clusters.

In section 3.2, the chemical reaction between glucose and silver ammonia was
commented on. The results from this study agrees with the chemical reaction

developed by Hussain et al. (2011) (Hussain et al., 2011). Following that reaction,
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when &-gluconolactone was mixed with the silver ammonia, the silver ions were
assumed to be reduced to nanoparticles as per equation 3.1 and 3.2. The clustering
at the micrometre scale observed in this part of the study was hence associated with
the attachment of many silver ammonia complex to the —OH parts of the &-
gluconolactone molecule. The dissolution of the silver from the coating to the SBF
was very high within 24 hours. This dissolution increased with an increase in cluster
size. This meant that the increase in cluster size did not enhance the attachment of
the nanopatrticles to the nanotubes or other nanoparticles. Since the silver ammonia
was added to the reducing agent before exposure to the samples, the clustering
could have happened before the attachment to the nanotubes wall. As such, this was
associated with the fact that the silver nanoparticles, as clusters, attached to the TiO2
nanotubes. Since the concentration of d-gluconolactone remained unchanged
throughout, the number of clusters did not increase with the increase in the
concentration of silver ammonia. Nonetheless, the number of silver nanopatrticles

increased leading to an increase in the size of the micro-clusters formed on TiO2

nanotubes.
OH OH
HOu, WOH HOy, WOH" [Ag(NHs3)2]"
+ [Ag(NHs)2]" S
@] (@) 0 o .
OH OH e equation 3.1
OH OH
HOu, WOH - [Ag(NHz)o]" HOy, WOH
- +Ag° + 2NHs + H*....... equation 3.2
0”0 0”0
OH OH
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3.4.2 Synthesis of nano-clusters (cluster as a whole within the nanometre

scale) of Ag-NPs on amorphous TiO2 nanotubes

In Method 2, the samples were first exposed to the silver ammonia complex solution
for 1, 5 and 10 min followed by an exposure to the &-gluconolactone. Since the
samples were exposed to silver ammonia and &-gluconolactone separately, the only
way silver nanopatrticles can form would be if the silver ammonia to attached to the
nanotubes first as one whole complex, [Ag(NH3)2]* as per equation 3.3.
Subsequently, when exposed to &-gluconolactone, the silver ammonia complex was
reduced to silver nanoparticle as per equation 3.4 and 3.5. The clusters formed in
this case were smaller but closer to each other as compared to the micro-clusters.
Thus, a longer exposure time to the silver source yielded more nano-clusters closer
to each other on aTiO2. The longer aTiO2 stayed in the silver ammonia solution, the
more molecules would be able to attach to the walls of the nanotubes. Since the
concentration of &-gluconolactone and the exposure time to the latter remained 5 min
for all the samples in Method 2, the resulting morphology and distribution of the Ag-

NPs were dependent on the exposure time to silver ammonia only.
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3.4.3 Comparison of clustering of nanoparticles on amorphous TiO2 nanotubes

O-gluconolactone successfully reduced silver ions to silver nanopatrticles at room
temperature. However, the nanoparticles were not distributed as individual particles
on the surface of the nanotubes. Instead they formed clusters, the whole size of
which was dependent on the concentration of silver ammonia being used and the
exposure time to the latter. Method 1 highlights the change in clustering size with
respect to the concentration of silver ammonia in the mixture of silver ammonia and
0-gluconolactone. Method 2 associated the clustering size with the exposure time to
silver ammonia. The difference between Method 1 and Method 2 was the type of
exposure of aTiOz2 to the chemical reagents. In order to compare Method 1 from
Method 2, aTiO2-Ag0.015 from Method 1 needs to be considered as the
concentration of the silver ammonia used was similar to that use in Method 2. It was

hence concluded that there was a big difference in the size of the cluster of Ag-NPs
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as a whole when the samples were exposed to a mixture of silver ammonia and -
gluconolactone as compared to when the samples were exposed to silver ammonia
first and then &-gluconolactone. The difference in size was from micrometre
dimensions to nanometre dimensions. The latter difference in clustering size was

associated with the way the nanoparticles were formed.

In Method 1, when the samples were exposed to the mixture, the nanopatrticles
would form in the solution first and then attach to the nanotubes. When considering
Method 2, when the samples were exposed to silver ammonia first, the silver
ammonia complexes would be attached to the nanotubes first and then be reduced
by the &-gluconolactone upon exposure to the latter. This was found to be the only
way the reduction could happen when considering the chemical reaction involved. As
such, formation of clusters before attachment to nanotubes was associated with the
formation of bigger clusters as compared to nanoparticle formation directly on the

walls on the nanotubes.

Still comparing aTiO2-Ag0.015 from Method 1 to the resulting coatings from Method
2, it was observed that the total amount of silver dissolved from the coatings in
Method 1 was higher than those from Method 2, irrespective of the exposure time to
silver ammonia in Method 2. As such, it was concluded that the big clusters consisted
of loosely attached silver nanoparticles which were dissolved easily in the presence
of SBF. In comparison, the nanoparticles, in the nano-clusters from Method 2, were
more strongly attached to the nanotubes wall or each other that the release was
lower. From the samples in Method 2, aTiO2-Agl had bigger nano-clusters as
compared to aTiO2-Ag10 and the total amount of silver dissolved from aTiO2-Agl
was higher than that from aTiO2-Ag10. As such it could be concluded that since there

were more nanoparticles attached to each other as compared to those attached to
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the nanotubes wall in aTiO2-Agl. Hence, the nanotubes attached to each other with a
weaker bond as compared to the bond between the nanoparticles and the nanotubes
wall. Such conclusions could be made because the samples were washed in
deionised water after the chemical reduction reactions and any loosely attached
silver ammonia complex or nanoparticles would be removed. As such all the
dissolved silver would be from the silver nanoparticles attached to the nanotubes.
However the dissolved silver dissolved could be in both an ionic state and particulate

state because titanium element was detected by EDS on the nanoparticles.

From all the results and discussion Method 2, involving exposure of samples to silver
ammonia and then &-gluconolactone, proved to provide the best coating with smaller
sized clusters and less silver dissolution. From Method 2, aTiO2-Ag10G5 had the

most uniform coating with less clustering and less silver release from the coating and

as such was considered to be the best coating.

In the human body, too much silver can cause severe toxicity. As such the ability to
control the release of silver from an implant coating can provide the necessary
antibacterial properties while being less toxic. In this study, the morphology and
distribution of the silver nanoparticles and the release of silver form the coating were
controlled in various ways. Also the chemistry behind the attachment of the
nanoparticles to the nanotubes wall was investigated which provides the prospect for
further research into Ag-NP containing composite coatings for implants using -

gluconolactone as a reducing agent.
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3.5 Conclusions

Silver nanoparticles forming clusters of dimensions as whole ranging from less than
100 nm to 5 um was successfully synthesised in this study. The effect of the
concentration of the silver source and the effect of the sequence of exposure to the
silver source and the reducing agent used for the nanopatrticle synthesis was
analysed. Increasing the concentration of silver ammonia solution in the mixture of
silver ammonia and &-gluconolactone using Method 1, led to an increase in the size
of the Ag-NPs clusters attached to aTiOz. Using Method 2, the increase in the
duration of exposure of TNT to the silver ammonia solution led to a decrease in the
size and increase in the quantity of the clusters. As such a better distribution of the
nanoparticles and their clusters was provided when the nanotubes were exposued to
the silver ammonia first and then the reducing agent, &-gluconolactone. Method 2
also resulted in the release of less silver ions in the first 24 hours of exposure to SBF
as compared to the release from the samples from Method 1. Nonetheless, there are
more works to be done before this coating could be considered for application on
implants. First, more data could be obtained during the 24 hours of exposure by
measuring the silver dissolved in the SBF over various time intervals. And the
exposure to SBF itself could be extended to more than 24 hours. The total amount of
silver dissolved could be divided in a way to quantify the amount of silver particles
dissolved as compared to silver ions. Such data would allow understanding the

chemistry between the silver nanoparticles and the nanotubes better.
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General Materials and Methods
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4.1 General materials and methods

In this study, two major types of composite coatings were synthesised. The first
category was a silver nanoparticle-containing TiO2 coating on Ti-6Al-4V with and
without HA. The second category was nano zinc oxide-containing TiO2 coating with
and without HA. After the optimisation of the synthesis of the respective coatings,
they were first tested for their stability using a dialysis experiment. Secondly, their
antibacterial properties were tested against S. aureus using biochemical assays such
as the Live/Dead assay, lactate production assay, and trace element analysis to
determine composition. In addition to the latter, high resolution microscopy
associated with surface X-Ray analysis was used to quantify the surface
composition. Lastly their biocompatibility were tested in the presence of primary
human osteoblast cells after which biochemical assays such as lactodehydrogenase
(LDH), alkaline phosphatase (ALP), glutathione (GSH) and protein assays were
utilised after which the electrolyte contents were analysed. At a molecular level, the
expression of focal adhesion kinase (FAK), alkaline phosphatase (ALP), runt-related
transcription factor 2 (RUNX-2), osteocalcin (OC), carbonic anhydrase 1 (CAl),
cyclo-oxygenase 2 (COX-2), interleukin 6 (II-6), tumour necrosis factor alpha (TNF-a),
and superoxide dismutase (SOD) genes in the osteoblast cells exposed to the coated
samples were compared to the uncoated TiO: discs. Focal adhesion kinase is a
protein in cells which is associated with the cytoskeletal structure of the cells which
helps in their adhesion and proliferation (Sista et al., 2013). The gene RUNX-2 is the
first transcription factor which determines the osteoblast lineage and as such a
marker for differentiation (Komori, 2010). Osteocalcin is a calcium binding protein in
the extracellular matrix (ECM) and its genes act as a differentiation marker (D'Alonzo
et al., 2002). Likewise ALP gene is a differentiation marker associated with the
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synthesis of alkaline phosphatase (Pujari-Palmer et al., 2016). Carbonic anhydrase 1
is a protein which promotes calcium salt formation and gives an indication whether
the cells are ready to mineralise (Chang et al., 2012). After confirming the adhesion,
proliferation and differentiation ability of the cells, the inflammatory markers were
investigated being COX-2 which is associated with pathological process in the
human body (Crofford, 1997), IL-6 which inhibits differentiation (Kaneshiro et al.,
2014) and TNFa which inhibits differentiation and causes inflammatory reactions in
the cells (Gilbert et al., 2002). Last but not least, SOD is provides an antioxidant
defence system in the cells (Niska et al., 2015). As such the genetic analysis would

provide an insight on the various processes mentioned at a molecular level.

At the end of the cells exposure, they were also visualised using SEM in association

with energy-dispersive X-ray spectroscopy (EDS) analysis.

This chapter hence describes the core methodologies and those used in multiple

chapters.

4.2 Synthesis of Ag-NP and nano-ZnO loaded TiO2 nanotubes

4.2.1 Post anodisation annealing

TiO2 nanotubes were initially grown on a polished and cleaned surface of the Ti alloy
Briefly, TiO2 nanotubes of an internal diameter of 101.2 + 2.8 nm (mean £ S.E.M., n =
6) were grown on the surface of the Ti-6Al-4V alloy by anodisation. The

electrochemical process was accomplished in 1 hour in 1M NH4HPO4 and 0.5 weight
percent NH4F maintained at pH 4 with an applied voltage of 20 V and an initial sweep

rate of 0.5 V/s. The resulting coated discs with the freshly grown TiO2 nanotubes was
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then annealed at 350 °C for 2 hours in a furnace (Carbolite RWF 1200, Carbolite
Engineering Services, Hope Valley, UK). Care was taken to provide an initial gradual
increase in temperature, and gradual decrease back to room temperature during the
annealing to ensure that the final crystalline phase of the nanotubes was anatase
(Liu et al., 2015). Afterwards, the TiO2 tubes were functionalised with —OH groups by
exposing them to 2M NaOH at 50 °C for 2 minutes (Parcharoen et al., 2014). This

provides a more reactive surface for other reactions to take place on the surface.

4.2.2 Addition of silver nanoparticles and nano zinc oxide

A chemical reduction method was used to fabricate silver nanoparticles on the
surface of the TiO2 nanotubes with the silver source being silver ammonia. Initially a
pilot study was done whereby the nanoparticles were grown on the surface of the
non-annealed nanotubes and the silver released from the surface after 24 hours in
simulated body fluid (SBF) was measured. Chapter 3 gives more details about the
synthesis, characterisation and silver release experiment. Afterwards, the
nanoparticles were grown on the annealed TiO2 nanotubes using the same chemical
reduction process under different conditions, the details of which are described in
chapter 5. The resulting samples after the optimisation study was known as TiO2-
Ag7. Afterwards nano-hydroxyapatite (HA) was sintered on the Ag-Np coated TiO2
nanotubes resulting in a nanocomposite coating on the surface of the titanium alloy

discs which was labelled as TiO2-Ag7-HA.

A hydrothermal technique was used for the synthesis of nano zinc oxide structure on
the annealed surface of TiO2 nanotubes, the details of which are given in chapter 6.
The final nanocomposite coating from the optimisation section was labelled as TiO2-

Zn0/350. Subsequently nano-HA was allowed to grow on the nano-ZnO coated TiOz2
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nanotubes using a biomimetic method in the presence of concentrated simulated

body fluid and the resulting samples was known as TiO2-ZnO-HA/350.

After the synthesis of the composite coatings, TIO2-ZnO/350 and TiO2-ZnO-HA/350
and TiO2-Ag7 and TiO2-Ag7-HA (n=30 for each category), they were used for the

dialysis experiment, antibacterial tests and biocompatibility tests.

4.3 Dialysis experiment and the release of dissolved metal

This experiment was conducted to aid the interpretation of the biological experiments
with respect to the presence of dissolved zinc or silver toxicity, or not; but also to
inform on the stability of the coatings in the simulated body fluid. The dialysis
experiments were conducted according to Besinis et al (2013) in order to explore
dissolved zinc or silver release, presumably derived from the nano-ZnO and Ag-Np
part of the coatings, and also total Ca and P to reflect possible dissolution of the HA
component (Besinis, De Peralta & Handy, 2014). The samples to be tested were the
discs containing TiO2 with Ag-NP, TiO2 with Ag-NP and nano HA, TiO2 with nano-
ZnO and TiO2 with nano-ZnO and nano HA. Discs containing TiO2 nanotubes were
used as controls for the coating. The SBF was prepared in deionised water using
Kokubo’s recipe whereby the concentration of the following ions were: Na* 142, K*
5.0, Mg?* 1.5, Ca?* 2.5, Cl 147.8, HCO3s 4.2, HPO4? 1.0, SO4% 0.5 mM (Kokubo,
1997). The amount of the various salts used were hence as follows for 1 litre of SBF
being made: 7.996 g NaCl, 0.350 g NaHCOs, 0.224 g KCI, 0.228 g K2HPO4.3H20,
0.305 g MgCl2.6H20, 0.278 g CaClz, 0.071 g Na2SO04, 6.057 g (CH20H)3CNH2, 40

cm® 1 kmol/m3 HCI and more 1 kmol/m? HCI to further adjust the pH.
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The pH was adjusted to 7.2 with a few drops of 1M HCI. Experiments were
conducted in triplicate at room temperature in previously acid washed (5% nitric acid)
and deionised glassware. Dialysis tubing (MW cut off, 12 000 Da, Sigma Aldrich,
UK), was cut into 7 cm x 2.5 cm lengths pieces and sealed at one end using a
mediclip, and then filled with one of Ti alloy discs as appropriate with 7 mL of SBF.
Triplicates of dialysis bags with no titanium alloy in them were used as controls for
the SBF. The dialysis bag was closed with another mediclip and the bag suspended
in a 500 ml Pyrex beaker containing 243 mL of SBF. The beakers were gently stirred,
and samples of 4 mL of SBF were collected at 0, 0.5, 1, 2, 3, 4, 6, 8, 24 hours. The
samples were acidified with a drop of 70 % nitric acid and stored for metal analysis
(see section 3.5). At the end of the 24 hours, the dialysis bags were carefully opened
and 4 mL of the fluid therein collected for metal analysis. Dialysis curves were plotted
from the initial elemental measurements for all 3 repeats (using all individual data
points) using SigmaPlot 13.0 (Systat Software, Inc.), after deducting the background
ionic concentrations of the SBF. A 1st order rectangular hyperbola function was used
to fit dialysis curves to the raw data. The maximum initial slope of the curves

informed on the maximum apparent dissolution rate of each substance.

4.4 Antibacterial test

The coated discs were exposed to S. aureus after which biochemical assays and
microscopy were used to analyse the antibacterial properties of the coatings with
respect to various controls. A summary of the whole antibacterial test is illustrated in

Figure 4.1.
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Figure 4.1 (A) Plate setup for the coated samples with the respective controls for
biochemical assays and imaging (24-well plate) (B) Summary of biochemical assays
performed for the antibacterial tests. The figure illustrates one well from the plate in
(A) with the titanium alloy disc at the bottom covered with the BHI broth containing
the S. aureus. Briefly after the overnight exposure, the exposed broth is centrifuged
after which the supernatant is used for the lactate production assay and the pellets
for Live/Dead assay. The bacteria which were attached to the disc were removed
and allowed to grow in BHI broth for 5 hours. Then the resulting broth was
centrifuged and the supernatant is used for the lactate production assay and the
pellets for Live/Dead assay. All the supernatant and pellets were used for ICP as

well.
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4.4.1 Plate preparation and exposure to S. aureus

The experimental design involved exposing S. aureus to the coated samples TIO2-
Zn0/350 and TiO2-ZnO-HA/350 and TiO2-Ag7 and TiO2-Ag7-HA in 24-well, flat-
bottom sterile polystyrene plates (Thermo Fischer Scientific, Loughborough, UK).
TiO2 nanotubes-coated discs were used as a control for the coating, zinc chloride
was used as a positive control for zinc ions and zinc oxide nanoparticles was used as
a positive control for zinc oxide nanoparticle. S. aureus was allowed to grow on its
own as a negative control. Nine repeats were used for each coated samples and the
controls (n = 6 for biochemical assays and n = 3 for SEM). Following the approach by
Besinis et al (2014), the materials were exposed to S. aureus for 24 hours and the
proportion of live to dead cells and the amount of lactate produced were evaluated
and the concentration of zinc, calcium and phosphorus ions released from the
coating in the fluid were measured using inductively coupled plasma optical emission
spectrometry (ICP-OES) (Besinis, De Peralta & Handy, 2014). S. aureus was chosen
as it is considered to be one of the main causes of infection in orthopaedic and dental
implants (Swank & Dragoo, 2013; Tsikandylakis, Berlin & Branemark, 2014). To start
with, S. aureus was cultured in brain heart infusion (BHI) broth (Lab M Ltd, Bury, UK)
at 37 °C. A bacterial suspension having optical density 0.018 at 595 nm absorbance
(Spectrophotometer Genesys 20, Fisher Scientific, Lougborough, UK) was prepared
in the BHI broth at a concentration of 1 x 107 cells/mL. Two mL of the bacterial
culture of S. aureus was pipetted in each well of the 24-well plate containing TiOz,
TiO2-Zn0O/350, TiO2-Zn0O-HA/350, TiO2-Ag7, TiO2-Ag7, ZnClz (0.001M), ZnO
nanoparticles (0.001M), AgNOs (0.001M) and Ag nanopatrticles (0.001M) (n = 9 wells
for each category distributed over a few plates). For the positive controls, 0.001M of

chemicals was used as it was found that 0.001M was the maximum amount of trace
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metal that could be released from the coatings. In addition, 2 mL of the same culture
media with the bacteria were pipetted in 9 empty wells as well for the negative control
and another 9 wells were filled with 2 mL of BHI broth on its own as the positive
control. Each 24 well plates had only 2 repeats of the samples and controls as shown
in Figure 4.1A so that the treatments were the only influence on the bacterial growth.
Four plates were hence prepared with similar composition as Figure 4.1A and one
more plate with just one set of samples and controls, thus resulting in 9 repeats for
each sample and control. The resulting 5 plates were incubated at 37°C on a shaking
table. At the end of the overnight exposure, for 6 repeats of the various categories
(that is 3 plates), the broth from each well were pipetted out and the ratio of live to
dead cells was analysed using a LIVE/DEAD® kit and the quantity of lactate in the
latter was measured. The remaining broth was acidified with 70 % HNO3s and used

for metal analysis by ICP-OES.

Bacterial pellets were obtained using the same protocol as Besinis et al. (2013)
whereby the samples from the wells were sonicated (12 MHz) for 60 s in 2 mL of
sterile saline. The bacterial pellets obtained using this technique was considered to
be the bacteria that were able to attach to the surface of the samples. As such,
performing the biochemical assays on the latter would help characterise the attached
bacteria. One mL of the resulting suspension were allowed to grow in 5 mL of BHI
broth for 5 hours at 37°C on a shaking table with the aim of increasing the amount of
live cells in order to reduce error for the Live/Dead assay (Besinis, De Peralta &
Handy, 2014). The viability of the cells and the amount of lactate in the suspension
was assessed followed by the measurement of the ionic content of the latter. For the
remaining 3 repeats, the supernatant was removed and the samples were prepared

for microscopic imaging the details of which are given in section 4.7.
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4.4.2 Cell viability

The cell viability of S. aureus in both, the exposed broth and incubated adherent
bacteria from the coated samples and controls were assessed using the L7012
LIVE/DEAD® Backlight™ Kit (Invitrogen Ltd, Paisley, UK). One hundred L of the
exposed broth and 100 pL the incubated adhered bacteria from each replicate for the
different categories were transferred to a V-bottom 96-well microplates (Corning,
UK). The microplates were centrifuged at 4000 rpm for 10 minutes in a 2040 Rotors
microplate centrifuge (Centurion Scientific Ltd, Chichester, UK), after which the
pellets in each well were washed with 1 mL of sterile NaCl saline and centrifuged at
4000 rpm for another 10 minutes. The final washed pellets were resuspended in 1
mL of saline out of which 100 uL were pipetted into another 96 well plate flat bottom
microplate. Then, 100 uL of freshly mixed dyes from the LIVE/DEAD kit was added to
those wells and mixed thoroughly. The microplate was then incubated in the dark at
room temperature for 15 min after which the fluorescence of the wells were
immediately measured on the Cytofluor I, fluorescence plate reader at an excitation
wavelength of 485 nm and emission wavelength of 530 nm and 645 nm respectively.
The readings at 530 nm were divided by the readings at 645 nm in order to obtain the
percentage of live to dead cells in the exposed broth and the incubated cell
suspension from the different samples and controls. The kit was calibrated against 0O,
10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 percentage of live to dead cells, the results

of which are illustrated in Figure 4.2 A.

4.4.3 Lactate production

The metabolic activity of S. aureus was assessed by measuring the amount of lactate
using the approach utilised by Besinis et al (2013). The presence of lactate would

~ 104 ~



Sensitivity: Internal

suggest the presence of metabolically active bacterial cells. To start the test, the
lactate assay reagent was prepared by pipetting 1 pl of 2000 units/ml lactate
dehydrogenase (Sigma-Aldrich Ltd, UK) to wells in a flat bottom 96-well plate
followed by 10 uL of 40 mM nicotinamide adenine dinucleotide (NAD) (Melford
Laboratories Ltd, UK) and 200 pL of 0.4 M hydrazine prepared in a glycine buffer of
pH 9. Then, 100 uL of the exposed broth and 100 pL of the incubated adherent cells
from the samples and controls were transferred to a V-bottom 96-well microplate and
were centrifuged at 2000 rpm for 10 minutes. Then 10 pL of the resulting supernatant
was added to the 211 L lactate assay reagent mixture in the flat bottom 96 well
plate. The microplate was then placed in an incubator at 37°C for 2 hours in order to
allow the reduction of NAD to happen if lactate was present. The absorbance was
then read at 340 nm using the microplate reader with the aim of proving that lactate
was present and this presence was quantified using the calibration data obtained
from the triplicates of 10 uL lactic acid as standards (0, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0

mM) reacting with the 211 pL of the lactate assay buffer illustrated in Figure 4.2 B.
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Figure 4.2: Example calibration curve for the (A) Live/Dead® Backlight™ Kit following the
protocol from Invitrogen and (B) Lactate production assay with respect to the standards

used in the respective protocols.

~ 106 ~

Sensitivity: Internal



Sensitivity: Internal

4.5 Biocompatibility test

The nano silver and nano zinc oxide coated discs were exposed to primary human
osteoblast cells after which, biochemical assays were performed on the media
exposed and the cell homogenate and PCR was done on the extracted RNA from the
attached cells. The results were then analysed with the aim of understanding the
biocompatibility of the nanocomposite coatings. The cell culturing and biochemical

assays were done using similar protocols to what was used by (Hadi, 2014).

4 5.1 Osteoblast cell culture

Primary human osteoblast cells (Hob) were obtained from ECACC (European
Collection of Cell cultures). They were initially cultured at a density of 1 x 108
cells/cm? in 75 cm? flasks (Sterilin, Newport, UK) which contained 15 mL of DMEM
(Dulbecco’s Modified Eagle’s medium) with L-glutamine, 10% foetal bovine serum
(FBS), and 1% penicillin-streptomycin (100 IU Penicillin- 100 pg/ ml Streptomycin)
(Fisher Scientific, Loughborough, UK). The media were changed every 3 days and
the cells sub-cultured when confluence reached 80-85 %. For sub-culturing, the cells
were washed twice with phosphate buffer saline, D-PBS, (Fischer scientific, without
added calcium and magnesium), then trypsinized (2 ml of 0.1% trypsin and 1 mM
EDTA) and resuspended in fresh media and counted with a haemocytometer. The
cell viability was checked with trypan blue. All cells were kept at 37 °C in 5 % CO2
and 95 % air. In this study passage 4, 5 and 6 were used on for the different

replicates with the aim of reducing errors.
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4.5.2 Plate preparation for osteoblast cells exposure to samples

A few 24-well plates were used for this part whereby, the sterile coated TiO2 discs

were placed in each well as per Figure 4.3.

Sensitivity: Internal

Figure 4.3: Plate preparation for samples exposure to primary osteoblast cells grown in

DMEM media in triplicates exposed on different plates

Replicate 1 Replicate 2 Replicate 3
SEsa Plate 1 : Plate 4: Plate 7:
@l2o2> 4 passage 5t Passage 6" Passage
x . < g c Plate 2 : Plate 5: Plate 8:
ez g 2 4 passage 5t Passage 6" Passage
> 2, Plate 3 : Plate 6: Plate 9:
% =7 4 passage 5t Passage 6" Passage

Figure 4.4: Different 24-well plates’ setup for biocompatibility tests with each plate
at a different passage number per replicate. Plate 1-3 was the first replicate with the
4™ passage number being used for the biochemical assays, PCR and SEM

analysis.

There were 3 replicates for each sample and control with each replicate being done

in separate plates as shown in Figure 4.4. The cultured media were then pipetted in
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the wells at a concentration of 35 000 cells per well and incubated at 37 °C for 10
days. The cultured media was changed at day 1, 4 and 7 after which the lactate
dehydrogenase activity (LDH), alkaline phosphatase activity (ALP) and the trace
elements and electrolytes concentration were measured using the protocols detailed

in the following sections.

For another 3 repeats, the RNA were extracted from the cells in each well using the
protocols from Qiagen with respect to the Rnease Kit and RNase free DNase kit
(Qiagen, Manchester, UK). Afterwards, reverse transcriptase PCR was performed on
the extracted RNA using Quantinova SYBRGreen RT Kit and its protocol with respect
to specific primers. The remaining 3 repeats were used for high resolution electron
microscopy after the media was removed after day 10 and cells washed with sucrose

buffer.

4.5.3 Biochemical Assays

The first part of the biocompatibility testing involved biochemical assays which
brought forward an insight about the biochemical reactions that took place in the cells

after exposure to the coated samples.

4.5.3.1 Homogenate and media collection

At day 4 and 10, the media in the wells was removed and the attached cells were
washed twice with sucrose buffer (300 mmol/l sucrose, 0.1 mmol/l| EDTA, 20 mmol/l
HEPES buffered to 7.4 with few drops of Trizma base). Subsequently, 1 ml of lysis
buffer (30 mmol/l sucrose, 0.1 mmol/l EDTA, 0.01 % of Triton-X, 20 mmol/l| HEPES
buffered to 7.4 with few drops of trizma base) was pipetted to the wells. The resulting

cell homogenate were further diluted with milliQ water, with the aim of reducing the
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effect of Triton-X on the enzyme activity after which they were sonicated for a few
seconds. The cell homogenates were then used to measure cellular LDH activity,

ALP activity, protein content using BCA, and metal analysis (n = 3 per treatment).

4.5.3.2 Protein assay on homogenate

The concentration of protein in the homogenate was measured using the
Bicinchoninic acid (BCA) method (Pierce, Rockford, USA). Using the protocol from
the BCA kit, 190 ul of BCA reagent was added to a 96-well plate followed by 10 pl of
the cell homogenate from the respective wells from section 4.5.2. The resulting
microplates were then incubated at 37 °C for 30 min. Using a series of bovine 97
serum albumin standards (1.25, 0.625, 0.312, 0.156 and 0 mg/l) obtained with the
BCA kit, the assay was calibrated at a wavelength of 592 nm using a plate-reader
(VersaMax Molecular Devices, Berkshire, UK) and presented in Figure 4.5 A and B
for day 4 and day 10 respectively. Subsequently the absorbance of the incubated

plate was read at the same absorbance.
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Figure 4.5: Example calibration data for protein assay on (A) day 4 and (B) day 10 with

respect to the standards provided with the Kkit.

4.5.3.3 Lactate dehydrogenase assay on homogenate and media

Lactate dehydrogenase leak is known to be a biomarker for cell injury and has been

widely used to quantify cell health or toxicity (Gitrowski, Al-Jubory & Handy, 2014).

In the present work LDH activity in the media and the homogenate was measured at
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day 1, 4 and 10. To start the assay, 1 ml of a reaction mixture containing 0.6 mM of
pyruvate in 50 mM phosphate buffer at pH 7, was added to a 1 ml cuvette, followed
by 0.035 pl of 0.6 mM of NADH after which 0.035 pl of the test sample (cell culture
media/ cell homogenate) was added at the end with rapid mixing using the pipette.
The oxidation of NADH was read at a wavelength 340 nm using a Helios 3
Spectrophotometer (Thermo Fisher, Loughborough, UK) for 2 minutes. The resulting
LDH activity (umol/min/ml) was calculated using an extinction coefficient of 6.3 mM
for a path length of 1 cm. Finally, the intracellular LDH (From homogenate) was

normalized with intracellular protein content (umol/min /mg protein).

4.5.3.4 Alkaline phosphatase assay on cell homogenate and media

Alkaline phosphatase is a known biochemical marker for osteoblast activity
(Sabokbar et al., 1994). In this study the activity of the ALP enzyme was measured in
the external media and the cell homogenate, with the aim of analysing the effect of
the composite coatings on osteoblast function. To start with, 0.665 of the reagent
assay consisting of 0.265 ml of 0.1 M glycine buffer plus 0.330 ml of 0.5 mM p-
Nitrophenylphosphatase (pNPP) in glycine buffer was pipetted to the well of a 96-well
plate. Then 0.065 pl of the sample (external media or cell homogenate) was added to
the wells. The presence of pNitrophenol was measured using a spectrophotometer at
a wavelength of 405 nm (Helios B Spectrophotometer, Fisher Scientific,
Loughborough, UK). The final ALP activity of from each well was calculated using an
extinction coefficient of 18.3 mM for a path length of 1 cm. The ALP activity present
in the media was expressed as nmol/min/ml and for cell homogenate, the ALP
activity was normalised with respect to the protein content and as such expressed as

nmol/min/mg cell protein.
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4.5.3.5 Glutathione assay on cell homogenate

Glutathione is an intracellular antioxidant and a good indicator of oxidative stress and
associated reactions and as such is considered to be crucial in toxicity studies
(Capek et al., 2017). In this study, the cell homogenates were first treated with
dithionitrobenzoic acid (DTNB) by mixing them at a 1:1 ratio with buffered DTNB
which consisted of 10 mM DTNB in 100 mM potassium phosphate at pH 7.5 with
containing 5 mM EDTA. The resulting mixtures were transferred to a 96-well
microplate in triplicates (40 pL each well) to which 20 pL of 2U/mL glutathione
reductase (Sigma, Irvine, UK) was added followed by 260 pL of the assay buffer
consisting of 100 mM of potassium phosphate and 5mM EDTA at a pH of 7.5. After 1
min of equilibration the reaction was started by the addition of 20 ul of 3.63 mM
NADPH. The absorbance for the different wells were read at a wavelength of 412 nm
using a microplate reader over 15 minutes. The total glutathione content per protein
(umol g*) was determined using the calibration data obtained from standards of 0, 4,

8, 12, 16 and 20 mg/mL of GSH as shown in Figure 4.6 and 4.7.
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Figure 4.6: Absorbance readings for standards used in the calibration of the glutathione
assay read at a wavelength of 412 nm. The concentration of glutathione standards used
were (A) 0 mg/mL (R2=0.8999), (B) 10 mg/mL (R2= 0.9978), (C) 20 mg/mL (R2= 0.9652),
(D) 30 mg/mL (R2=0.9994), (E) 40 mg/mL (R2 = 0.9993) and (F) 50 mg/mL (R2= 0.9991)
and the data was made to fit a sigmoidal shape of 3 parameters using SigmaPlot with the

R2 value representing the line fit.
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Figure 4.7 : Calibration data for GSH assay at 0-50 mg/mL GSH standards with

absorbance read at 412 nm over 15 min (R? = 0.9998 for polynomial linear fit).

4.5.4 Relative gene expression using comparative Ct method

A molecular insight about the biocompatibility and toxicity of the composite coatings
to osteoblast cells was provided by genetic analysis, reverse transcriptase
polymerase chain reaction (RT-PCR) combined with comparative Ct. PCR was
performed on day 4 and day 10 of exposure of the cells to the coated samples and

controls.

4.5.4.1 RNA extraction using RNeasy Kit

Using Qiagen’s RNeasy Kit and RNase free DNase protocols (Qiagen, Manchester,
Uk), the RNA from the exposed cells were initially extracted. Briefly, the media was

removed from the wells and the cells were lysed using 350 pL of the lysis buffer
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provided by the kit. After 1 min of homogenisation of the lysate by vortexing, 70% of
ethanol was added to the latter followed by mixing. Afterwards, 700 pL of the
resulting mixture was transferred to the RNeasy spin columns which were centrifuged
at 10 000 rpm for 15 s after which the liquid was discarded. This step was repeated
with Buffer RW1 supplied with the kit with the aim of washing the columns. Using
RNase free DNase kit, DNase was digested if present by the addition of 80 pL
DNase 1 incubation mix to the spin column followed by an incubation period of 15
min at 25 °C. The spin columns were then centrifuged at 10 000 rpm for 15 s after
which the flow through was discarded. The columns were washed with Buffer RPE
through centrifuging twice (First time for 15 s and second time for 2 min). To
complete the extraction, 40 uL of RNase free water was added to the spin column
membrane after which they were centrifuged at 10 000 rpm for 1 min with the aim of
eluting the RNA from the membrane. Using Nanodrop 2000 (Thermo Fisher,
Loughborough, UK), the concentration of RNA was finally measured for each repeat

of exposed cells to the samples and controls.

4.5.4.2 Block preparation using QuantiNova SYBR Green RT Kit

In this study the PCR was performed on a 384-well block and as such the quantities
of the various components used was tailored to the latter. Using the Quantinova
SYBR Green RT Kit, an initial reaction mixture containing 5 pL of 2x QuantiNova
SYBR Green RT-PCR Master Mix, 0.05 pL of QN Rox Reference Dye, 0.1 pL QN
SYBR Green RT-Mix and 3.85 pL of RNase free water were prepared for each well in
the 384-well block. Subsequently, 0.5 pL of the diluted forward primer (diluted x10)
and 0.5 uL of the diluted reverse primer (diluted x10) of the target genes and control

genes were then placed in the wells in duplicates for each RNA sample. To finalise
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the block preparation for PCR, 10 ng of the extracted RNA from each samples were
pipetted into the wells in the PCR block. Figure 4.8 shows the final plate preparation
with a clearer distribution of the PCR primers and sample RNA with the reagents for
1 day and 1 replicate. A second plate of similar preparation was done for the same

day.

Control Tio2 TiO2-Ag? Tiolz_l':@"' TiO2-Zn0  Ti02-Zn0-  Media Water
A
1 | l | l 1 1 |
| I 1 11 1 1
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Figure 4.8: A sample 384-well block preparation for PCR with the 3 replicates per samples
included. One more similar plates was prepared and used as a technical replicate for the

experiment.

The target and control RNA used are listed in Table 4.1.
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Table 4.1: Primers used for PCR in this study

Gene

Primer

Reference

B-Actin

(Internal
Control)
GADPH

(Internal

Control)

FAK

ALP

ocC

RUNX2

CA1l

TNT-a

IL 6

COX 2

SOD 2-16

F: CCCAAGGCCAACCGCGAGAAGATG
R: GTCCCGGCCAGCCAGGTCCAGA

F: GCTCTCCAGAACATCATCC
R: TGCTTCACCACCTTCTTG

F: GGTGCAATGGAGCGAGTATT
R: GCCAGTGAACCTCCTCTGA
F: GACAATCGGAATGAGCCCACAC
R: GTACTTATCCCGCGCCTTCACCAC
F: AGCCCAGCGGTGCAGAGTCCA
R: GCCGTAGAAGCGCCGATAGG
F: TGCGGCCGCCCCACGACAA
R: ACCCGCCATGACAGTAACCACAGT
F: AAATGAGCATGGTTCAGAACATACA
R: ACTTTGCAGAATTCCAGTGAGCTA
F: 5-AGCCCCCAGTCTGTATCCTT-3 R 5-
CTCCCTTTGCAGAACTCAGG-3
F; 5-AGTTGCCTTCTTGGGACTGA-3
R: 5-TCCACGATTTCCCAGAGAAC-3
F: 5-TGCATTCTTTGCCCAGCACT-3
R: 5-AAAGGCGCAGTTTACGCTGT-3
F:5'-CCAGCAGGCAGCTGGCACCG-3'
R:5'-TCCAGGGCGCCGTAGTCGTAGG-3'

4.5.4.3 Comparative Ct for quantitative PCR

(Cheng et al., 2015)

(Lotz et al., 2016)

(Dasari et al., 2010)

(Cheng et al., 2015)

(Cheng et al., 2015)

(Cheng et al., 2015)

(Tarun, 2003)

(Neacsu et al., 2014)

(Neacsu et al., 2014;

Tsaryk et al., 2013)

(Tsaryk et al., 2013)

(Chistyakov et al.,
2001)

After the plate preparation, they were immediately placed in a Quantstudio 12K Flex

Real-Time PCR system (ThermoFisher Scientific, Loughborough, UK). After

assigning the different wells in the different blocks their name and content,

Comparative Ct was selected as the computational procedure to be performed. At

the end of the experiment Ct data was collected which were used according to
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Schmittgen and Livak’s protocol (2008) with the aim of calculating the final relative
gene expression (Schmittgen & Livak, 2008). The calculations for the fold change in

change expression was as follows:
dCt = Ct (target gene) — Ct (internal control)
Fold change, ddCt = dCt (coated sample) — dCt (uncoated sample)

Fold change was related to ddCt so that the downregulation and upregulation of gene

expression was comparable on one chart.

4.6 Change in ionic concentration of media after

Measurements of the relevant trace metals in the media and cells during the
experiments is an important aspect to confirm the exposure to the materials. In
addition, trace metals can cause disturbances to ionic regulation, and thus measuring
the electrolytes in the cells can inform on this mode of toxicity as well as the general
health of the cells. Consequently, trace metals and electrolytes in samples of cells
and media from the exposure to TiOz2, TiO2-Zn0O/350, TiO2-ZnO-HA/350, TiO2-Ag7
and TiO2-Ag7-HA to bacterial and human cells were determined. The measurements
of zinc and calcium in the media also informed on metal leaching from the coatings
and the stability of the latter. An increase in the concentration of zinc in the exposed
media/broth would suggest leakage from the coating while a change in calcium and
phosphorus would give an indication of the stability of the HA part of the coating.
Sodium and potassium measurements provide an insight into the cells physiology
and would give an indication about the health of the osteoblast cells (Francis et al.,
2002). Hence ICP-OES was used to measure trace metals such as Ag and Zn while

ICP-MS was used to measure Ca, P, Na and K.
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To start with, standards for the different ions were prepared in triplicates at 0, 10, 20,
40, 100 ppm for Ca, P, Na and K and 0, 10, 20, 40, 100 ppb for Zn and Ag which
were prepared using the certified reference material (CRM) obtained from Sigma
Aldrich, Irvine, UK in 5 % HNOs. The instrument was then calibrated with the
standards before any readings were taken. Thenceforth the acidified samples were
run through the instrument with 3 set of measurements being made per sample being
read. After every 10 readings, the instruments were blanked and calibrated again to
correct any instrument drift and prevent any side-effect of the nanomaterial, if any
undissolved, on the instrument. After the readings were obtained the detection limits

for each element was calculated as follows:

C1-CO
T (30) ,where
C1 = concentration of the high sample

Detection limit=

CO0 = concentration of the blank

I1 = raw intensity of the high sample (cps)

I0 = raw intensity of the blank (cps)

3 is a confidence factor

O (sigma) = standard deviation obtained from the readings from blank.

Subsequently, any value obtained below the detection limit was considered to be too low to
be taken into consideration.

4.7 Imaging coated samples using SEM

The triplicates of TiOz, TiO2-ZnO/350, TiO2-ZnO-HA/350, TiO2-Ag7 and TiO2-Ag7-HA
and the controls were imaged using high resolution SEM after the exposure to

bacterial culture or osteoblast cells media with the aim of providing visual
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confirmation of the attached cells/bacteria. After the exposure, the broth/media from
the 24-well plate was removed after which the samples were washed with sterile
saline (0.85% NaCl) twice in the case of bacterial exposure and sucrose buffer in the
case of osteoblasts exposure. Then 2 mL of 3% glutaraldehyde in 0.1 M cacodylate
buffer was added to each well and was allowed to stay overnight at 4 °C. The next
day, the glutaraldehyde was removed and the samples were washed with 0.1 M
cacodylate buffer. An increasing concentration of ethanol (30%, 50%, 70%, 90% and
100%) was added to the wells containing the samples and controls with the aim of
dehydrating S. aureus attached to the samples and controls. The samples were then
coated with carbon for viewing under JEOL7001F SEM. Once in the microscope
vacuum chamber, each sample was viewed at 3 different locations and photos were
taken and saved in tiff format. Out of the 3 locations in the 3 repeats per sample, the
common denominator in all of them was selected to be compared to the others.
Comparable low and high magnification was used for all of them so that the coverage

of the surface with the cells/bacteria could be visually compared.

4.8 Statistical Analysis

The collected data from the biochemical assays were analysed using Statgraphics
Centurion XVII (StatPoint Technologies, Inc.) and SigmaPlot 13.0. The analysis done
was similar to the one used in section 2.3.6. The normally distributed data with equal
variances (Levene’s Test) were analysed using One-way ANOVA with Fisher's
LSD test post-hoc. In the case of unequal variances, the data was transformed first
and then analysed using One-way ANOVA . When there was non-normality in the
distribution of data, then the Kruskal-Wallis test was used. At the end of the analysis,

the data were presented as mean £ S.E.M and the analysis was done at a 95.0 %
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confidence level. At the end of the analysis, the data were presented as mean +
S.E.M and the analysis was done at a 95.0 % confidence level. Alphabets were the
used to denote the various statistical difference between the samples and controls

being analysed.
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Chapter 5

TiO2 nanotubes embedded with silver
nanoparticles on Ti-6Al-4V alloy and their
respective antibacterial properties and
biocompatibility
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5.1 Introduction

Silver nanoparticles are known to be toxic to mammals through the dissolution of
silver ions and the oxidative stress caused by silver nanopatrticle. Loosely attached
silver nanopatrticles of TiO2 nanotubes are known to act as an antibacterial coating
for implants. The dissolved silver is of no good as they are washed away. As such,
there is a need for stronger attachment of the nanoparticles to implants. Integrating
the latter into composites is one solution which can provide the long term
antibacterial properties. Even though the right composite coating is obtained,
maintaining the balance between the antibacterial properties and toxicity level for
silver containing composite coatings for implants is the issue at the moment. The
addition of hydroxyapatite on the silver nanoparticles coated TiO2 could have an
impact on the biocompatibility of the coating. At the same time, the HA might prevent
the release of Ag ions and/or prevent direct contact of the biocidal component with
any infection. Ideally, a HA coating with some porosity or tiny gaps is one possible
solution. In Chapter 3, clustering of silver nanoparticles was observed on the surface
of the amorphous nanotubes. The latter coating resulted in massive release of silver
when exposed to SBF within 24 hours. Hence the aim of this chapter was to grow
individual silver nanopatrticles on the surface of TiO2 nanotubes with a uniform
distribution. Assuming that the clustering of the nanoparticles resulted in the huge
release of silver ions, this chapter aims at obtaining a more stable composite coating
with the uniformly distributed individual nanoparticles. Once the stability of the
coating is obtained and the silver release is controlled, the biocompatibility of the

coatings will have to be confirmed in the presence of human osteoblast cells.
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5.2 Materials and Methods

In this Chapter, the nanotubes have been annealed at 350 °C for 2 hours and then

exposed to 2M NaOH for 2 min as explained in Section 4.2.1, following which silver

nanoparticles were grown on the latter.

5.2.1 Silver nanoparticles composite coating synthesis

For the synthesis of silver nanoparticles on the treated TiO2 nanotubes, 0.05M of
silver ammonia solution was prepared in ultrapure water and the pH was adjusted to
12 with 1 M NaOH. Then 0.002 M of &-gluconolactone (Sigma Aldrich, Irvine, UK)
was prepared in 0.0012M of aqueous NaOH as described in Chapter 3. The Ti-6Al-
4V disc with the treated nanotubes, was immersed in silver ammonia first. This was
expected to allow the silver ammonia to attach to the —OH part of the nanotubes
(Escada et al., 2012; Hussain et al., 2011). After this exposure, the samples were
ultrasonicated in deionised water at 12 MHz for 5 minutes to remove any loosely
attached silver ammonia; after which the disks were air dried at room temperature.
The sample was then exposed to the d-gluconolactone solution for 5 minutes.
Depending on the exposure time to silver ammonia, the samples were identified as
TiO2-Ag3, TiO2-Ag7 and TiO2-Ag10 for an exposure of 3, 7 and 10 minutes in silver
ammonia respectively, and all treated for 5 minutes in d-gluconolactone solution (n =
3 each). A-gluconolactone was expected to reduce the silver ammonia to silver
nanoparticle which form attached on the surface of the TiO2 nanotubes (as seen in
Chapter 3). The samples were again ultrasonicated at 12 MHz in 10 mL of deionised
water for 5 minutes with the aim of removing the loosely attached silver

nanoparticles. This step ensured the presence of only strongly attached
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nanoparticles to the nanotubes coating. Subsequently the surface of TiO2, TiO2-Ag3,
TiO2-Ag7 and TiO2-Ag10 were characterised in terms of morphology and the
distribution of the nanoparticles on the nanotubes coating as described in section
2.3.3. SEM was used to aid the analysis of the surface coating as detailed out in
Section 4.7 along with EDS analysis. Once the different silver nanoparticle coatings
were synthesised, the morphology and distribution of the latter were analysed and
compared in order to obtain the optimum coating for this Chapter. Once the optimum

silver nanopatrticle coating was selected, nano-HA was added the latter.

5.2.2 Addition of hydroxyapatite

After the optimisation of the synthesis of silver nanoparticles composite coated Ti
alloy discs, hydroxyapatite was added to the latter coating by the sintering method
described by Hadi (2014) (Hadi, 2014). Briefly, the selected Ag-Np coated discs were
placed in 24-well plates after which, 70 % ethanol was added to the latter for
sterilisation (n = 27, n = discs). Afterwards, 20 pL of 10 wt% nano-hydroxyapatite
solution (Sigma Aldrich, UK) was evenly pipetted on top of the discs after which they
were left to dry at room temperature for 48 hours. Subsequently, the discs were
placed in a porcelain dish and put in the furnace (Carbolite, Hope, UK) with the setting of
gradual increase of 10 °C per min to 500 °C. The final temperature was maintained for
10 minutes after which the temperature was gradually reduced to room temperature. The
500 °C temperature was chosen as it was high enough to cause sintering while being
below the melting point of silver. The change in temperature was gradual with the aim of
maintaining the crystallinity of the nano HA. The resulting discs were finally labelled as

TiO2-Agx-HA.
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Finally a dialysis experiment was performed as per Section 4.3 to analyse the

stability of the coating in detalils.

5.2.3 Antibacterial test of the silver composite coating

The antibacterial properties of the Ag-Np composite coating with and without HA was
then exposed to S. aureus at 37 °C in BHI broth as explained in Section 4.4.1 with
various positive and negative controls (n=15 per treatment). Different biochemical
assays were performed in order to confirm the bactericidal properties of the coated
alloy against the bacteria. First, a Live/Dead assay was used to test for the viability of
the bacteria as described in Section 4.4.2 (n=6 per treatment). Subsequently, the
concentration of lactate produced by the bacteria attached to the surface of the
coating and the bacteria exposed to the coated discs was tested using a lactate
production assay as described in Section 4.4.3 (n=6 per treatment). The
concentration of silver ions released from the coating in the exposed bacteria and the
attached bacteria were then measured using ICP-MS using the methods explained in
Section 4.6. Afterwards, the discs were viewed under high resolution microscope as
explained in Section 4.7 whereby the presence of bacteria that were attached to the

coatings were visually confirmed.

5.2.4 Biocompatibility test of the AgNp composite coating

Once the antibacterial properties of the composite coatings were analysed, the
coated discs were exposed to primary human osteoblast cells in DMEM media at 37
°C for 10 days , with the aim of testing the biocompatibility properties of the latter
coatings as per Section 4.5.1 (n=12 per treatment). In this context, biochemical

assays and genetic analysis were performed. In terms of biochemical assays
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(Section 4.5.3), protein assays, ALP assay and LDH assay were performed to test
the viability and metabolic activity of the osteoblast cells exposed to the coatings and
controls (n=3 per treatment). For the genetic analysis, comparative Ct was used to
analyse the genetic expression of FAK, RUNX2, CA1, ALP, OC, COX2, IL6, TNFa
and SOD in osteoblast cells exposed to the coatings with respect to B-actin which
was measured against the latter expression in the control (TiO2 Nts) (n=6 per
treatments). The details of the experiment are explained in Section 4.5.4. The
change in ionic concentration of Ag, Na, Ca, P, K and Mg was measured in the cell
homogenate and exposed media, using ICP on day 1, 4, 7 and 10 of exposure of the
coatings to the cells (Section 4.6). Last the attached cells to the coated and uncoated

discs were viewed under high resolution microscope as per Section 4.7.

5.3 Results

5.3.1 Imaging and analysis of Ag-Np containing nanocomposite coating

The high resolution microscopic images of the coated discs TiOz2, TiO2-Ag3, TiO2-Ag7
and TiO2-Ag10 were analysed and presented through Figures 5.1, 5.2 and 5.3 with

their associated EDS analysis.
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Figure 5.1: SEM images of Ti-6Al-4V discs coated with TiO2-Ag3 at (A) x10 000 and (B)
x30000 magnification. The spherical white structures in 5.1 B are considered to be the
silver nanopatrticles, the EDS analysis of which is shown in (C).

From Figure 5.1, it was observed that there was less or no clustering of silver
nanoparticles on the TiO2 after the reduction of silver ammonia on the latter surface.
When 3 minutes incubation time was used (TiO2-Ag3), the surface had less spherical
nanoparticles on the surface as seen in Figure 5.1 B and F with the average
diameters shown in Table 5.1 (Mean = S.E.M, n= 3; Table 5.1).
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Figure 5.2: SEM images of Ti-6Al-4V discs coated with TiO»-Ag7 at (A) x5 000 and (B)
x30000 magnification. The spherical white structures in 5.2 B are considered to be the

silver nanoparticles, the EDS analysis of which is shown in (C).

The samples exposed to an incubation time of 7 min (TiO2-Ag7) had more uniformly
distributed nanoparticles with significantly smaller diameters (One-way ANOVA
p<0.05) than those on TiO2-Ag3. In both TiO2-Ag3 and TiO2-Ag7, the nanotubular

characteristic of the TiO2 was still visible after the growth silver nanoparticles.

~ 130 ~



Sodls '
100m= Ply=yMC  11/18/2015
SBM ¥ 10=m  11:53:29

Figure 5.3: SEM images of Ti-6Al-4V discs coated with TiO2-Ag10 at (A) x5 000 and (B)
x30000 magnification. The spherical white structures in 5.3 B are considered to be the
silver nanopatrticles, the EDS analysis of which is shown in (C).
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In TiO2-Ag10, the nanoparticles grown covered the whole surface of TiO2
with some clustering observed (Figure 5.3 A and B).
Table 5.1: Diameter of silver nanoparticles grown on TiO2 shown as mean + S.E.M,

n=3 with the alphabets indicating the statistical difference between the samples

using One-way ANOVA at a confidence interval of 95 %.

Samples Incubation time in Silver nanoparticle diameter /
silver ammonia / nm
minutes

TiO2-Ag3 3 88.25+5.12

TiO2-Ag7 7 475+1.7°

TiO2-Ag10 10 30+2.4¢

The EDS analysis of the white spherical nanopatrticles on the discs confirmed
the presence of silver with the weight percentage of the latter over the
coating increasing from TiO2-Ag3 to TiO2-Ag10 (5-8 wt%) to the contrary of

Ti, Al and O which were found to be decreasing.

The increase in the number of nanoparticles was associated with the
duration of exposure to silver ammonia. With increasing time of exposure to
the latter, it was assumed that the amount of silver ammonia being able to
attach to the surface increased, hence accounting for the increase in the
amount of nanoparticles on TiO2. With increasing incubation time in silver
ammonia, the size the particles was observed to be decreasing with the
number of the nanoparticles increasing. The concentration of the reducing
agent, 6-gluconolactone, used was maintained at 0.002 M. Nonetheless, in
the case of TiO2-Ag3, due to less silver ammonia being able to attach, the
concentration of the reducing agent exposed to individual silver ammonia
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attached on TiO2 was more as compared to TiO2-Agl0. EDS analysis
provides an overview of the elements present at the specific location pointed
as shown in part C of Figures 5.1, 5.2 and 5.3. For a coating to provide the
required properties, it has to be uniformly distributed so that the whole
implant has the same property. Out of the three coatings fabricated, TiO2-
Ag7 provided the most uniform coating with almost no clustering of and full
surface coverage of the nanoparticles. In the latter coating, the nanotubular
structure of the nanotubes provided the platform for tissue engineering. Thus

moving forwards in this chapter, TiO2-Ag7 would be used for further analysis.

5.3.1.1 Imaging of coating after addition of nano HA

The nanocomposite coatings were viewed under the high resolution
scanning electron microscope as used in Chapter 2 and 3, with the aim of
demonstrating the surface morphology and coverage of the coatings (n=3
each). The imaging of the TiO2-Ag7 with the HA coating is shown in Figure
5.2 B and D, where a full surface coverage was observed. However, micro-

cracks were present on the latter coating.
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Figure 5.4: SEM images of (A) TiO»-Ag7 (x5000) and (B) TiO2-Ag7-HA (x200) at low
magnifications and their magnified versions in (C, x30 000) and (D, x1000)
respectively (n=3). (E) and (F) represents the EDS analysis of TiO»-Ag7 and TiO»-
Ag7-HA respectively.
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The EDS analysis shown in Figure 5.4 F confirms the presence of Ca and P
as part of the hydroxyapatite. Nonetheless, the amount of silver detected on

the HA surface was less as compared to TiO2-Ag7 (Less than 5 wt %).

5.3.2 Dialysis Experiment

From the dialysis experiment, the release of silver, calcium and phosphorus
ions from the nanocomposite coatings to the SBF in the beaker followed a
rectangular hyperbola consistent with diffusion from the patrticle into a fixed

volume of media as seen in Figure 5.5.
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Figure 5.5: Concentration of (A) silver ions in the acidified SBF from the dialysis

beakers (external media) as measured by the ICP-MS instrument, (B) calcium

ions and (C) phosphorus ions in the acidified SBF from the dialysis beakers as

measured by the ICP-OES instrument.

The maximum concentration of silver released in the beaker from both

coatings was considered to be low (TiO2-Ag7 :5.44 + 0.06 ppb, TiO2-Ag7-HA:

3.27 £ 0.11 ppb). However, the concentration of silver collected in the

dialysis bag that could not go through the bag was significantly higher than

that present in the beaker after the 24 hours experiment in both the results

from TiO2-Ag7 (62.6 £ 3.0 ppb) and TiO2-Ag7-HA (29.7 + 2.2) (Figure 5.6,
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Kruskall Wallis, p = 0.015 and p = 0.021 , respectively; n=3). As such, in the

dialysis bag, the material to which silver was attached was not dissolved.
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Figure 5.6 : Concentration of (A) silver ions in the acidified SBF from the beaker and
the dialysis bag after 24 hours of dialysis (Mean + S.E.M, Kruskal-Wallis, n=3 ) and
(B) calcium and phosphorus ions in the acidified content of the beaker (external
media) and the dialysis bag after 24 hours of dialysis (Kruskal-Wallis, n=3). The
alphabets show the significance in differences in the concentration of the ions
between the differently coated samples and their respective locations at 95.0 %

confidence level.

Since simulated body fluid already contains calcium and phosphorus, the

concentration of calcium and phosphorus present in SBF has been negated

form the data obtained from ICP and then presented in Figure 5.5 B, C and

Figure 5.6 B.
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5.3.3 Antibacterial Properties of nanocomposite coating

5.3.3.1 Cell viability of S. aureus

The media containing the cells exposed to TiO2-Ag7 and TiO2-Ag7-HA were
found to have almost no live cells as illustrated in Figure 5.4 A. This was
similar to the low/no percentage of live to dead bacterial cells in the presence
of silver nitrate and silver nanopatrticles (Kruskall-Wallis, p=0.000007, n=6).
Similar observations were made with regards to the incubated adhered S.
aureus with the percentage of live cells being about 100 % in the control and
very low survival rates in the presence of the coatings and positive controls

as shown in Figure 5.7 B.

~ 138 ~



Exposed Media

© (A)
8 8o a
(%) T
>
o
2 60 -
< b
(9] T
=)
5+
[«5)
O 40
>
=
—
S
o 204
>
B d
c
S o < < ==
@ N
o & &S S
P \?9 v 40'1/ ?9_,
N -
< 3V
,<\
Detached bacteria
(B)
120 -
2L a
8 100 4 ==
= b
3] T
8 80
5
=
— 60
S
[
g 40 -
[
(3]
© 20 - d
(5]
o c c C
0 : ‘ ‘ .
N
O e R T R
N < § S ,,l/,?‘ S
v
,(\

Figure 5.7 Percentage of live to dead S. aureus cells in (A) exposed media and

(B) incubated detached cells presented as Mean * S.E.M (Kruskal-Wallis, n=6).

The different alphabets represent the statistically significant differences between
the different samples at a confidence interval of 95 %.

5.3.3.2 Lactate production of exposed S.aureus

The lactate produced by S. aureus was measured after the 24 hour exposure
to the coatings and controls and presented in Figure 5.8 A and B. The

amount of lactate produced by the bacteria in the exposed media in the case
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of both TiO2-Ag7 and TiO2-Ag7-HA and the positive controls was significantly
lower than that in TiO2 and the control which is the bacteria growing in BHI
media in the absence of any sample (Kruskal-Wallis, p=0.000007, n=6).
Similar observations were made in the amount of lactate produced by the

incubated attached bacteria (Kruskal-Wallis, p=0.000006, n=6).
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Figure 5.8 Amount of Lactate produced by S. aureus in (A) exposed media and (B)
incubated adhered cells. Data are presented as mean + S.E.M (Kruskal-Wallis,
n=6). The different alphabets represent the statistically significant differences
between the different samples at a confidence interval of 95 %.
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5.3.3.3 Silver ions release in broth from coating

The concentration of silver released in the broth from both TiO2-Ag7 and
TiO2-Ag7-HA were 2.1 + 0.2 ppm and 0.5 £ 0.1 ppm respectively as shown in
Figure 5.9 A. They were hence higher that the silver that was released in the
SBF from the dialysis experiment with a maximum release of 62.6 + 3.0 ppb

and 29.7 + 2.2 respectively as shown Figure 5.5 A and 5.6 A.
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Figure 5.9: Concentration of (A) silver, (B) Calcium and (C) Potassium ions
present in exposed media after 24 hours exposure of samples to S. aureus in
BHI broth. The data are presented as Mean + S.E.M with the different alphabets
representing the statistically significant differences between the different

samples at a confidence interval of 95 %, (n=6).
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5.3.3.4 Bacterial Adhesion of bacteria - Microscopic imaging

The microscopy provided a visual confirmation of the presence of a large
amount of bacteria on the surface of the control and TiO2 as seen in Figure

5.10 A and B.

Figure 5.10: SEM images (JEOL 7001) at a magnification of x1000 of S. Aureus

grown (A) in just media as a control and (B) on uncoated TiO..
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Figure 5.11 A and B show the surface of a well containing silver nitrate and
silver nanopatrticles respectively, whereby no bacteria could be seen with the

white parts representing the silver salt and silver nanoparticles.

10pm PlymeMC 4/1/2016
X 1,000 15.0kV SEI sP{ WD 9mm  15:17:56

Figure 5.11: SEM images (JEOL 7001) at a magnification of x1000 of S. Aureus
grown (A) in aqueous Silver Nitrate and (B) in the presence of Silver

nanoparticles
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TiO2-Ag7 and TiO2-Ag7-HA treatments exhibited similar observations (Figure

5.12 A and B) with no bacterial film observed.

Figure 5.12: SEM images (JEOL 7001) at a magnification of x1000 of S. Aureus
grown (A) on TNT-nAg and (B) on TNT-nAg/Ha.

5.3.4 Biocompatibility of nanocomposite coating

The biocompatibility of the coatings were assessed in the presence of
primary human osteoblast cells as described in section 4.5. Biochemical
assays were used to quantify the biocompatibility properties of the coatings
in comparison to specific controls. Molecular diagnostics were used to

assess the molecular biocompatibility of the coatings.
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5.3.4.1 Protein Assay

Figure 5.13 showed the distribution of the concentration of the protein in the
cell homogenates exposed to the different samples on day 4 and day 10.
There was more protein on day 10 than on day 4. On day 4, the protein
content for TiO2-Ag7 and TiO2-Ag7-HA were similar to that of the control and
TiO2. However by day 10, the concentration of protein reduced significantly
on both TiO2-Ag7 and TiO2-Ag7-HA as compared to the control and TiO2

(Kruskall-Wallis, p= 0.015, n=3).
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Figure 5.13: Concentration of protein in cell homogenates from attached
osteoblast cells on TiO,-Ag7 and TiO,-Ag7-HA disks and the controls at day 4
and 10 of exposure. The data are presented as Mean + S.E.M with the alphabets
represent the significance in difference among the various parameters involved at

a confidence interval of 95 % (Kruskal-Wallis, n=3).
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5.3.4.2 Alkaline phosphatase

The ALP data were presented in Figure 5.14 A. The ALP activity was the
same on both day 4 and 10 for the TiO2-Ag7 treatment which was similar to
the control. However for TiO2-Ag7-HA, the specific activity of ALP on day 10
was significantly lower than on day 4 in the homogenate (Kruskall-Wallis,
n=3). Similar observations were made for the homogenates from TiO2 as
well. The alkaline phosphatase activity in the media of the cells exposed to
all the sample was higher than that in the homogenate as seen in Figure
5.14 A and B. In TiO2 and TiO2-Ag7 media, the highest activity was visible on
day 10 as compared to the control which was on day 4 (Figure 5.14B). The
main difference between TiO2-Ag7 and TiO2-Ag7-HA was that the ALP
activity in media was seen to be increasing for osteoblast cells exposed to
TiO2-Ag7 as compared to TiO2-Ag7-HA which was decreasing from day 1 to

day 10.
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Figure 5.14: ALP activity of osteoblast cells in (A) homogenate and (B) exposed
media. The values are represented as Mean = S.E.M. The different alphabets

represent the statistically significant differences between the different samples on
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different days at a confidence interval of 95 % (Kruskal-Wallis, n=3).
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5.3.4.3 Lactate dehydrogenase assay

The LDH assay data was presented in Figure 5.15. There was more LDH
activity on day 10 as compared to day 4 in the homogenate of the cells
exposed to both samples and controls as seen in Figure 5.15 A.
Nonetheless, the LDH activity was highest in the media as compared to the
homogenate as viewed in Figure 5.15 B. On Day 1 the media of cells
exposed to both control and TiO2 expressed the highest LDH activity with the

activity decreasing as from day 4.
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Figure 5.15: LDH activity of osteoblast cells in (A) homogenate and (B) exposed
media. The values are represented as Mean = S.E.M. The different alphabets
represent the statistically significant differences between the different samples

on different days at a confidence interval of 95 % (Kruskal-Wallis, n=3).
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5.3.4.4 Glutathione Assay

The total glutathione in the homogenates is shown in Figure 5.16. The
concentration of glutathione present was the same for the coated samples
and controls on day 4 with a lower amount than on day 10. However on day
10, the cell homogenates from TiO2 exhibited the highest concentration of

glutathione as compared to the rest.
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Figure 5.16: Glutathione concentration in homogenate of cells exposed to
samples and controls on day 4 and day 10. The data are presented as Mean
+ S.E.M. The different alphabets represent the statistically significant
differences between the different samples on different days at a confidence
interval of 95 % (Kruskal-Wallis, n=3).
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5.3.4.5 Trace Element Analysis

The release of silver from the coatings to the media was lower (Figure 5.17
B) than that observed in the presence of bacteria as observed in section 5.5.
The concentration of silver in the cell homogenate as well were low as

observed in Figure 5.17 A.
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Figure 5.17: ICP readings for silver in the (A) Homogenate and (B) exposed
media of the osteoblast cells grown on the samples and controls. The data

are presented as Mean + S.E.M
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5.3.4.5 Microscopic imaging of adhered cells

Visual confirmation of the presence of osteoblast cells attached to the
coatings was provided by SEM which are presented in Figure 5.18. The
highest amount of cells were present on the uncoated TiO2 (Figure 5.18 A).
The magnified image of the cells showed the presence of filopodia extending
from the cells to each other. The amount of filopodia was more on TiO2 than
on TiO2-Ag7 and TiO2-Ag7-HA. However, the cells on TiO2-Ag7 were the
most granular as seen in Figure 5.18 D. TiO2-Ag7-HA had scarce cells and it
was also observed that the HA coating was pulled off during the exposure to
osteoblast cells. Hence of the HA coating was missing on all the TiO2-Ag7-

HA discs.
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Figure 5.18 : SEM images of (A) and (B) TiO2, (C) and (D) TiO»-Ag7 and (E) and (F)
TiO2-Ag7-HA viewed at low (x100) and high magnifications (x1500) respectively.
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5.3.4.6 Electrolytes measurement

The total concentration of electrolytes were measured using ICP-OES as
described in chapter 4 and the readings from the acidified homogenates are

presented in Table 5.2 and the acidified media in Table 5.3.

Table 5.2: Electrolytes’ ions concentration in homogenate.

Electrolyte Treatment Day 4 Day 10
Sodium Control 0.28+0.12a 0.75+£0.17b
TiO2 0.31+0.02a 0.70+0.37b
TiO2-Ag7 1.00+0.28b 1.59+0.65¢c
TiO2>-Ag7-HA 0.64+0.12b 1.82+0.37c
Potassium Control 1.13+0.01a 0.88+0.25a
TiO, 0.94+0.05a 1.22+0.82b
TiO2-Ag7 1.10+0.02a 143+042b
TiO2-Ag7-HA 1.23+0.06 a,b 0.91+0.02a
Magnesium Control 0.00£0.00 a 0.00£0.00 a
TiO, 0.00 £ 0.00 a 0.00+0.00 a
TiO2-Ag7 0.01+0.01a 0.00+0.00 a
TiO2>-Ag7-HA 0.06 £ 0.00 a 0.04 +£0.00 a
Calcium Control 0.01+0.00 a 0.02+0.01a
TiO2 0.06 £0.01b 0.02+0.01a
TiO2-Ag7 0.11+0.03c 0.02+0.00 a
TiO2>-Ag7-HA 0.67£0.02d 0.83+0.08 e
Phosphorus Control 0.05+0.01a 0.09+0.02a
TiO2 0.06 £ 0.00 a 0.07+0.01a
TiO2-Ag7 0.03+0.01a 0.02+0.00 a
TiO2>-Ag7-HA 0.33+0.02b 0.54+0.07c

Total sodium, potassium, magnesium, calcium and phosphorus in

homogenates of osteoblast cells grown on the TiO2-Ag7, TiO2-Ag7-HA and
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TiO2 and the control on day 4 and 10. The alphabets show the significance in
differences among the different treatments involved and the different days at
a 95 % confidence interval, per ion being measured. (Transformed One-way

ANOVA, n=3) (The different ions are not compared with each other)
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Table 5.3: Electrolytes’ ions concentration in media

lons Samples Day 1 Day 4 Day 7 Day 10
Sodium Control 466.50 £ 11.50 a 213.51+£16.31b |21596+7.04b 31747 £3.78 ¢
TiO2 431.52 + 14.64d 221.97+6.19b 202.96 £9.55 b 286.85 £+ 20.60 c
TiO2-Ag7 409.67 £ 6.89 e 231.95+0.65b 95.78 £4.99 f 275.93+£6.89 c
TiO2-Ag7-HA 527.32+£16.16 g 197.77+4.08 b 540.95+45909g |274.25+1831¢c
Potassium Control 36.01£0.56 a 16.93+£1.35b 18.02+0.48b 27.47+0.30c
TiO> 34.16 £3.04 a 17.88+0.53 b 16.40+£4.19b 23.81+1.68d
TiO2-Ag7 32.69+0.69a 18.65+0.12b 6.90£045e 23.25+0.36d
TiO2-Ag7-HA 40.27 £ 2.10f 16.03+£0.28 b 50.26 + 6.46 g 24.73+2.17d
Magnesium Control 3.03£0.06 a 152+0.12b 1.45+0.07b 2.18+0.03c¢c
TiO> 2.72+0.26 a 1.60£0.05b 1.12+0.17d 1.95+0.15e
TiO2-Ag7 258+ 0.05a 1.63+£0.02 b 0.75+0.04 f 1.92+£0.08 e
TiO2-Ag7-HA 3.06£0.16 a 1.32+0.02b 2.03+£0.04e 1.64+0.11b
Calcium Control 8.71+£0.19a 3.56+0.30b 6.49 + 0.66 Cc 6.40+0.24 c
TiO> 7.58 £0.64 c 3.64+0.12Db 4.09+0.60d 541+051e
TiO2-Ag7 7.09+0.09c¢c 3.58+0.04b 2751024 e 554+0.24e
TiO2-Ag7-HA 3.62+0.16 b 1.40 £ 0.03f 1.88+0.07f 2.05+0.29f
Phosphorus Control 430+0.11a 251+0.21b 290+£0.12b 3.25+0.04c
TiO2 3.80+0.36¢C 2.60+0.08b 2.29+£0.09b 284+£021b
TiO2-Ag7 3.55+0.08c¢c 260+0.01b 2.36+0.03 b 265+0.14 b
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5.3.5 PCR data of markers in exposed osteoblast cells

The adhesion marker, FAK, was less expressed in the presence of silver
nanoparticle as compared to uncoated TiO2 on day 4. By day 10 the

expression increased as seen in Figure 5.19 A.
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Figure 5.19: Change in gene expression of FAK in osteoblast cells grown on TiO-
Ag7 and TiO2-Ag7-HA on day 4 and 10 of exposure, with respect to the cells
grown on TiO; after normalisation with respect to 3-actin (Mean = S.E.M, Kruskal-
Walllis, p=0.05, n=3). The different alphabets represent the statistically significant
differences between the different samples on different days at a confidence
interval of 95 %.

On day 4, RUNX-2, ALP and OC were downregulated as compared to day
10 when they were upregulated, all with respect to the expression on TiO2 as
illustrated in Figure 5.20 A, B and C. The cells on TiO2-Ag7 expressed the

latter genes more than TiO2-Ag7-HA on both days.
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Figure 5.20: Change in gene expression of (A) RunX-2, (B) ALP, (C) OC and (D)
CALlin osteoblast cells grown on TiO2-Ag7 and TiO2-Ag7-HA on day 4 and 10 of
exposure, with respect to the cells grown on TiO; after normalisation with respect
to B-actin (Mean = S.E.M, Kruskal-Wallis, p=0.05, n=3). The different alphabets
represent the statistically significant differences between the different samples on

different days at a confidence interval of 95 %.

The inflammatory markers behaved similar to the genes for osteoblast

proliferation and differentiation on day 4 and 10 as shown in Figure 5.21.
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Figure 5.21: Change in gene expression of (A) COX 2, (B) IL 6 and (C) TNFa in
osteoblast cells grown on TiO,-Ag7 and TiO,-Ag7-HA on day 4 and 10 of

exposure, with respect to the cells grown on TiO, after normalisation with respect
to B-actin (Mean = S.E.M, Kruskal- Wallis, p=0.05, n=3). The different alphabets

represent the statistically significant differences between the different samples on

different days at a confidence interval of 95 %.
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Finally, SOD was downregulated on day 4 and upregulated on day 10 but the
cells on both coatings had similar level of expression as shown in the figure

below.
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Figure 5.22: Change in gene expression of SOD in osteoblast cells grown on
TiO»-Ag7 and TiO»-Ag7-HA on day 4 and 10 of exposure, with respect to the cells
grown on TiO, after normalisation with respect to B-actin (Mean = S.E.M, Kruskal-
Wallis, p=0.05, n=3). The different alphabets represent the statistically significant
differences between the different samples on different days at a confidence
interval of 95 %.
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5.4 Discussion

The amorphous TiO2 nanotubes in Chapter 3 was a poor surface for the
attachment of Ag NPs. In this current chapter, the post-anodisation treatment
of the titanium alloy discs allowed the nanotubes to be more bioactive with
the change in crystalline structure and presence of -OH. The reduction of the
silver solution in the presence of d-gluconolactone successfully formed silver
nanoparticles which were attached to the titanium dioxide nanotubes. Upon
the addition of nano-HA, the silver nanoparticles were covered with a layer of
nHA, but this was not complete with some cracks being present; possibly

enabling the release of silver and the biocidal properties of the composite.

5.4.1 Antibacterial properties

Silver nanoparticles attached to TiO2 nanotubes on Ti-6Al-4V alloy is known
to be bactericidal with high level of toxicity. In this study, TiO2-Ag7 confirmed
its antibacterial properties whereby almost all the bacteria coming in contact
with the coating or those bacteria which were able to attach to the coating
died in the process. This was confirmed by the high level of metabolically
inactive bacterial cell and high percentage of cell death as shown in section
5.5. However, even though the release of silver were less than 100 ppb in
SBF, the release increased drastically to over 1 ppm in the presence of BHI
broth and the bacteria within 24 hours. Moreover, in the presence of human
osteoblast cells and DMEM media, the release exceeds 1 ppm in total as
from day 7 as shown in Figure 5.12. Hence, the release of silver from the

coating was controlled depending on the environment it is exposed to. In the
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presence of bacteria and the broth, the high release of Ag as measured by
ICP-MS, should help in eliminating the presence of bacteria hence resulting
in the prevention of infection on implants coated with such coatings. The
bactericidal effect was similar to both silver ions (from results of silver nitrate)
and silver nanoparticles as whole. This agrees with Reidy (2013) where the
bactericidal activity of the nanoparticles were associated with both the
nanoparticle from contact action and as dissolved silver which attacks the

walls of the bacteria (Reidy et al., 2013).

As explained in Chapter 1, the presence of silver nanopatrticle would result in
the release of reactive oxygen species which would be toxic to the bacteria.
This would prevent the bacteria from functioning normally and this was
observed in this study by the significantly lower activity of lactate production
by the bacteria in the presence of the coating as compared to the control and
uncoated TiO2. The extreme reduction in live bacteria in the broth indicated
that the bacteria exposed as well were killed. Hence, they will not have the
ability to produce the biofilm which protects the micro-organisms from being

attacked by the body’s immune system.

Both TiO2-Ag7 and TiO2-Ag7-HA exhibited a high level of antibacterial
activity against S. aureus as measured by the Live/Dead and lactate
production assay in section 5.5. The presence of HA did not hinder the
antibacterial properties of the silver nanoparticles but did not improve it as
well. Hence TiO2-Ag7-HA could be considered as an antibacterial coating for
implants. As such, the addition of HA did help improving the properties of the

silver composite coating.
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5.4.2 Biocompatibility

The biocompatibility of the coatings were tested in the presence of primary
human osteoblast cells in DMEM media. Using the SEM, a majority of human
osteoblast cells were visible on the uncoated TiO2 as compared to TiO2-Ag7
and TiO2-Ag7-HA. In the case of TiO2-Ag7-HA, delamination of the HA
coating was seen. It was assumed to have happened during the samples
preparation of the titanium alloy discs for viewing under the microscope. This
was because osteoblast cells were obtained from the surface of the discs
and the protein determination assay showed confirmed the presence of
similar concentration of protein on TiO2-Ag7-HA as that on TiO2-Ag7. Hence
the healthy cells were concluded to be able to remain attached to the surface
of the coating as compared to the unhealthy cells which died due to
unfavourable surface morphology and/or toxicity from the coating. As such,
during the samples preparation for viewing under the microscope, the
unhealthy/dead cells got delaminated and because of their big size, the HA

coating as well was lost.

Both coatings, TiO2-Ag7 and TiO2-Ag7-HA, were less biocompatible than the
uncoated TiO2. The cells on the coatings on day 4 contained more ALP than
on day 10 which is the contrary from the controls. As such, the cells attached
to the coatings could be affected by the long term release of silver from the
coatings. Hence the presence of silver nanoparticles reduced the ALP acivity
after day 4 leading to the conclusion that the cells were no longer healthy.
Nonetheless the presence of a higher level of glutathione on day 10

indicated that the cells were able to provide antioxidant effect counteracting
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the effect of the silver nanoparticles. The presence of less LDH in the media
as compared to the controls suggested that there were only a few cells
attached to the surface of the coatings that were able to allow big proteins to
come out of the cell membrane. Hence, the cell membranes of the majority of
the cells attached were not damaged and as such, healthy. However there
was a significantly high level of silver ions in the cell homogenate after the 10
days of exposure to the coated samples with the level of sodium to
potassium ratio increased from day 4 to day 10. As such the presence of
silver in the cells created a slight imbalance in the electrolytes level in the
cell. However since the ratio of sodium to potassium ions did not change
much from day 1 to day 10 in the media, the imbalance in the cells can be

neglected.

When comparing the antibacterial assays to the biocompatibility assays, the
lactate production assay from Section 5.3.3.2 and the LDH assay from
Section 5.3.4.3 followed similar principles whereby the activity of lactate was
analysed. However, the results from the antibacterial assay (Section 5.3.3.2)
were positive while the results from biocompatibility assay was negative
(Section 5.3.4.3). This was because both assays involved one of the
metabolic redox reactions happening in cells whereby the NAD is converted
to NADH and vice versa though redox reactions. For S. aureus, the final
amount of lactate produced by the cells were measured, hence accounting
for the positive results. For the biocompatibility assay, the activity of the
enzyme LDH was measured whereby NADH was converted to NAD through
oxidation. The measurements were based on the decrease in NADH, hence

accounting for the negative results as seen in Figure 5.15.
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5.4.3 PCR data for markers in osteoblast cells

The genetic analysis of the osteoblast cells exposed to the coatings provided
a deeper insight into the molecular changes in the cells for the synthesis of
various proteins. Hence the markers used in this study provided an overview
of what was being expressed in the cells before the respective biochemical

reaction took place.

On day 4, the genes representing the physiological activity of the cells (ALP,
RUNX2, OC) on TiO2-Ag7 and TiO2-Ag7-HA were downregulated with
respect to those on TiO2 as shown in Figure 5.20. And by day 10 they were
upregulated. The cells that were attached on the coatings expressed also a
high level of adhesion markers, FAK by day 10 which suggested that the
cells on that day behaved similarly to those on TiO2 (Figure 5.19). The
inflammatory markers as well were downregulated on day 4 which lead to a
conclusion that on exposure, TiO2 caused the cells to express more
inflammatory markers as compared to the coated samples (Figure 5.21).
However the contrary was observed on day 10 which led to the conclusion
that with time, the cells on TiO2-Ag7 and TiO2-Ag7-HA were faced with a
higher inflammatory attack as compared to those on TiO2. Nonetheless the
cells were able to recuperate before day 10 due to the lower expression of
inflammatory markers and higher expression of SOD on day 10 than on day
4 as seen in Figure 5.22. If the cells were left longer they might have had the

chance to grow more.

Both TiO2-Ag7 and TiO2-Ag7-HA exhibited high level of antibacterial

properties with TiO2-Ag7 being better. The presence of nano HA did not
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affect the biocompatibility of the coating significantly as compared to TiO2-
Ag7. Besides, the HA part of the coatings got delaminated after exposure to
cells, during handling in the laboratory. Several future works can be derived
from this stage. First the experiment should be repeated with the aim of
confirming the delamination. Another option is to optimise the adhesion
strength of the nano HA coating to TiO2-Ag7 using a modified version of the
technique used in Chapter 2 and then repeat the experiment. Reducing the
toxicity level expressed by the cells on TiO2-Ag7 is another future work as

well.

5.5 Conclusion

Silver nanoparticle containing composite coatings were successfully
fabricated on the surface of Ti-6Al-4V discs in this chapter. The silver
nanoparticles formed were uniformly distributed with no clustering and full
coverage. The addition of nano HA to the latter coating resulted in another
uniform coating but with micro-cracks. Both coatings exhibited a high level of
bactericidal activity but the biocompatibility of the coatings were
compromised slightly at the beginning. As from day 10, the cells improved

physiologically.
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Chapter 6

TiO2 nanotubes embedded with zinc
oxide nanostructures on Ti-6Al-4V alloy
and their respective antibacterial
properties and biocompatibility
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6.1 Introduction

Zinc oxide nanopatrticles are considered to have more antibacterial
properties than zinc oxide on its own due to the higher volume to surface
area ratio which may facilitate a more reactive surface and/or the release of
biocidal zinc ions (Xie et al., 2011). The antibacterial properties of Zn NPs
have been assigned to both free zinc ions and the size of the nanopatrticle on
as a whole and various mechanisms of action have been explored
(Sirelkhatim et al., 2015). Zinc oxide nanoparticles are proposed for use in
food products and are considered to be safe when used within limit (Xie et
al., 2011). Zinc oxide has been successfully used in the food industry and
hence is being considered for use on implants with the aim of providing

targeted drug delivery.

Several studies have investigated the use of zinc oxide embedded in the
nanotubes of TiOz as an antibacterial coating on what titanium based metal
(Liu et al., 2014; Roguska et al., 2014). And there are various methods that
can be used to synthesise the zinc oxide on the nanotubes as described in
Chapter 1. Nonetheless, the required uniformity and coverage of the zinc
composite coating has not been achieved yet. While being able to deliver
antibacterial properties to some extent, the coatings were toxic to human
cells (Liu et al., 2014). Hence this chapter investigates the synthesis of the
ZnO/TiO2 nano-composite coating followed by the characterisation of the
latter using various techniques. Furthermore nano-Ha was added to the latter
coating and characterised as well. Afterwards, the antibacterial properties

and biocompatibility of the coatings were assessed using various techniques.
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6.2 Materials and Methods

Again in this chapter, the treated nanotubes, at high temperature and pH,

were used for the scaffold for the growth of nano ZnO coating.

6.2.1 ZnO composite coatings synthesis

A modified version of the protocol used by Liu et al. (2014) was used for the
synthesis of nano-ZnO on TiO2 nanotubes (Liu et al., 2014). The Ti alloy with
the functionalised TiO2 nanotubes was immersed in a 1 : 2 mixture of 0.075
M analytical grade ZnNOs (prepared in ultrapure deionised water) and 0.1 M
hexamethylenetetramine, with 2 mg of analytical grade citric acid (Liu et al.,
2014). The concentration of zinc nitrate was optimised in a pilot study first as
shown in Appendix B. The mixture was subsequently heated to 80 °C with
continuous stirring using a magnetic hot plate. After 2 hours in the mixture,
the alloy discs of TiO2 nanotubes, now with the ZnO nanocoating present,
were sonicated in deionised water for 10 minutes to wash the coatings and
remove any loosely bound materials and dissolved zinc.

The next step involved stabilising the crystalline structure of the nano zinc
oxide onto the TiOz (hereafter, called TiO2-ZnO). Little is known about the
formation of ZnO crystals on the surface of novel structures such as TiO2
nanotubes and so this step was performed at three different annealing
temperatures (350, 450 and 550 °C) in order to explore the resulting material
morphology, surface roughness, and chemical composition. The annealing
was performed in triplicate, by gradual heating of the samples to the required

temperature in a furnace (Carbolite RWF 1200). The samples were
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maintained at the desired final temperature for 1 hour, before being allowed
to gradually cool to room temperature. The resulting coatings are hereafter
termed as TiO2-Zn0O/350, TiO2-Zn0O/450 and TiO2-ZnO/550 in relation to the
annealing temperatures of 350, 450 and 550 °C respectively. A control for
the annealing included unheated TiO2-ZnO discs for comparison. The
resulting discs were examined for morphology and elemental composition of
the surfaces (in triplicate) by scanning electron microscope (JEOL7001F
SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). The EDS
composition was described using the AZtec analysis software supplied with
the EDS attachment (Oxford Instruments, Oxford, UK). In addition, surface
roughness was measured using an Olympus Laser Microscope LEXT

OLS3100.

6.2.2. Addition of hydroxyapatite on TiO2-ZnO

Another composite coating was synthetized by allowing hydroxyapatite to
grow on TiO2-ZnO with the aim of improving the biocompatibility of the
composite. Each of the zinc oxide-coated materials from the step above
(from all annealing temperatures) were separately immersed in 3 times the
normal concentration of a simulated body fluid (3SBF) which was prepared
using Kokubo’s recipe whereby the concentrations of the ions used were (in
mM): Na* 426, K*15.0, Mg?* 4.5, Ca?* 7.5, Cl- 443.4, HCOs 12.6, HPO4? 3.0,
S04% 1.5 mM (Kokubo, 1997). 3SBF was used instead of SBF in order to
prevent the loss of extra zinc from the nano ZnO coating while giving the
nano HA to form on the latter surface. The exposure was maintained at 37

°C for 24 hours with the aim of growing hydroxyapatite (HA) crystals on the
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surface of the samples (Kokubo, 1997). After 24 h, the resulting HA-coated
composites were removed, washed in deionised water, then air dried and
examined by electron microscopy for morphology, and for surface roughness
as above. The 3SBF media were retained for metal analysis to determine
any losses of Zn from the discs and the expected decrease of Ca and P in
the media during this final step of the synthesis. The spent 3SBF media were
acidified with 1-2 drops of 70 % nitric acid and stored until required for trace

metal analysis.

6.2.2 Antibacterial test of the nano ZnO composite coating

The antibacterial properties of the nano ZnO composite coating with and
without HA was then exposed to S. aureus at 37 °C in BHI broth as
explained in Section 4.4.1 (n=15 per treatment). A Live/Dead assay was
used to test for the viability of the bacteria as described in Section 4.4.2 (n=6
per treatment). Then, the concentration of lactate produced by the bacteria
attached to the surface of the coating and the bacteria exposed to the coated
discs was tested using a lactate production assay as described in Section
4.4.3 (n=6 per treatment). The concentration of zinc ions released from the
coating in the exposed bacteria and the attached bacteria were then
measured using ICP-MS using the methods explained in Section 4.6.
Afterwards, the discs were viewed under scanning electron microscope as
explained in Section 4.7 whereby the presence of bacteria on the coatings

were visually confirmed.
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6.2.3 Biocompatibility test of the nano ZnO composite coating

Once the antibacterial properties of the composite coatings were analysed,
the coated discs were exposed to primary human osteoblast cells in DMEM
media at 37 °C for 10 days , with the aim of testing the biocompatibility
properties of the latter coatings as per Section 4.5.1 (n=12 per treatment). In
this context, biochemical assays and genetic analysis were performed. In
terms of biochemical assays (Section 4.5.3), protein assays, ALP assay and
LDH assay were performed to test the viability and metabolic activity of the
osteoblast cells exposed to the coatings and controls (n=3 per treatment).
For the genetic analysis, comparative Ct was used to analyse the genetic
expression of FAK, RUNX2, CA1, ALP, OC, COX2, IL6, TNFa and SOD in
osteoblast cells exposed to the coatings with respect to $-actin which was
measured against the latter expression in the control (TiO2 Nts) (n=6 per
treatments). The details of the experiment are explained in Section 4.5.4.
The change in ionic concentration of Ag, Na, Ca, P, K and Mg was measured
in the cell homogenate and exposed media, using ICP on day 1, 4, 7 and 10
of exposure of the coatings to the cells (Section 4.6). Last the attached cells
to the coated and uncoated discs were viewed under high resolution

microscope as per Section 4.7.

6.3 Results

6.3.1 Microscopic imaging and surface analysis

The morphology and chemical composition as measured by SEM/EDS of the
TiO2 at each step of the synthesis (i.e., addition of ZnO and then HA) is
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shown in Figure 6.1-6.5. The surface of the coatings were viewed at a low
magnification first with the aim of confirming the surface coverage while the
higher magnification highlighted the morphology of the nanostructures.
Figure 6.1A and B show the TiO2 nanotubes on the surface of the titanium
alloy with Figure 6.1 C being the EDS analysis of the nanotubes. The growth
of the TiO2 NTs gave generally good coverage (Figure 6.1A) of the alloy. The
material is known to consist of two different phases (Refer to chapter 2); the
alpha-phase (a, the majority of the coating) and the beta phase (B, the
depressions in Figure 6.1A). The additions of ZnO, regardless of the
annealing temperature, gave complete coverage (Figures 6.2-6.5). After the
exposure to 3SBF, nano-HA was grown on the nanotubes in clusters as seen
in Figure 6.1D. The presence of Ca and P was confirmed by EDS analysis in

Figure 6.1 E.
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Figure 6.1: SEM images of Ti alloy with (A) the self assembled titania nanotubes
(TiOy) at (A) x5000 and (B) x50000 magnification with the (C) the EDS analysis of
part of 6.1 B. (D) TiO, with HA on the surface with (E) the EDS analysis of the HA

particle shown.
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Once ZnO was grown on the nanotubes, the nano-porous structure of the
surface was maintained as shown in Figure 6.2 A and B. TiO2-ZnO had a
nano-needle structure with a thickness of less than 100 nm and length less
than 1 um and uniform distribution over the surface of the nanotubes. The
EDS analysis confirms the presence of zinc, oxygen, titanium, vanadium and
aluminium as expected as shown in Figure 6.2 C. Once HA was grown on
the ZnO, the nano-needle structure was lost as seen in Figure 6.2 D, with the
underlying ZnO not exposed. The presence of Ca and P was confirmed by

EDS analysis as shown in Figure 6.2 E.
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Figure 6.2: SEM images of Ti alloy with (A) ZnO grown on the TiO, without any heat
treatment at (A) x10000 and (B) x30000 magnification with the (C) the EDS analysis
of part of 6.2 B. (D) TiO2-ZnO with HA on the surface with (E) the EDS analysis of

the HA particle shown.
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When TiO2-ZnO was heated to 350 °C, the uniformity and coverage of the coating
was maintained with similar morphology as shown in Figure 6.3 A and B with more
density. However the level of zinc on the surface as measured by EDS reduced as
seen in Figure 6.3 C. The nano-HA grown on the surface had a porous structure as
shown in Figure 6.3 D with the presence of Ca and P confirmed by EDS (Figure 6.3

E).
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Figure 6.3: SEM images of Ti alloy with (A) ZnO grown on the TiO2 after 350 °C
heating viewed at (A) x5000 and (B) x30000 magnification with (C) the EDS
analysis of part of 6.3 B. (D) TiO2-Zn0O/350 with HA on the surface with (E) the EDS

analysis of the HA particle shown.
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When heated to 450 °C, the ZnO started losing its nanostructures as seen in
Figure 6.4 A and B. However there was still a uniform and full surface
coverage (Figure 6.4 A). It was also observed that the porosity of the ZnO
was maintained. The crystals of HA became cubic in shape with more

clustering as seen in Figure 6.4 D.
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Figure 6.4: SEM images of Ti alloy with (A) ZnO grown on the TiO2 after 450 °C
heating viewed at (A) x5000 and (B) x30000 magnification with (C) the EDS
analysis of part of 6.4 B. (D) TiO2-Zn0O/450 with HA on the surface with (E) the EDS

analysis of the HA particle shown.
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Heating the zinc oxide to 550 °C caused the coating to become denser with
the lack of full surface coverage as seen in Figure 6.5 A. The porosity of the
coating was also reduced (Figure 5.6 B). The clustering of the HA patrticles

on the surface of TiO2-ZnO/550 was even higher with almost no gaps in

between as seen in Figure 5.6 D.
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Figure 6.5: SEM images of Ti alloy with (A) ZnO grown on the TiO2 after 550 °C
heating viewed at (A) x5000 and (B) x30000 magnification with (C) the EDS
analysis of part of 6.5 B. (D) TiO2-Zn0O/550 with HA on the surface with (E) the EDS

analysis of the HA particle shown.
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One of the concerns regarding the incubation of the partially made composite
in 3SBF was that, while a HA layer might be evolved, this would be at the
expense of considerable Zn leaching from the material surface. This was not
the case (Figure 6.6 and 6.7). In Figure 6.6A, the EDS measurements of the
composite before and after incubation in the 3SBF media are shown. While
there was a loss of some Zn from the surface as measured by EDS, this was
only about 1/5 of the total Zn present regardless of the previous annealing
temperature. The visual observation of the final surface morphology in Figure
6.1-6.5 were confirmed by surface roughness measurements (Figure 6.6B).
The presence of zinc oxide nanostructure on the coating increased the
roughness, compared to the TiO2 nanotubes coating alone (One-way
ANOVA |, p <0.05). The annealing temperature at the ZnO addition step of
the synthesis also influenced the final outcome on surface roughness; with
the greatest roughness values associated with the higher annealing
temperatures (One-way ANOVA , p < 0.05). However, the final step of HA
additions tended to also decrease the surface roughness of each composite

(One-way ANOVA |, p < 0.05, Figure 6.6 B).
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Figure 6.6: (A) EDS reading for Zinc from the coatings and (B) Roughness of the

resulting coating.

In terms of total Zn metal lost to the external medium (Figure 6.7 A, One-way
ANOVA , p <0.05), there was a clear relationship with the annealing

temperature in the ZnO addition step; with the highest temperatures resulting
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in less Zn leaching. The 3SBF media showed the expected trend of
decreasing Ca and phosphate concentrations following the incubation
(Figure 6.7 B), consistent with ion adsorption to the surface during HA
formation on the composite. The samples at the highest annealing
temperature for ZnO coating addition, resulted in the greatest decreases in

Ca concentration in the 3SBF media (One-way ANOVA , p < 0.05).
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Figure 6.7: ICP readings of the 3SBF after 24 hours exposure for (A) zinc and (B)

calcium and phosphorus

For the logistics for biological testing, one ‘best’ composite had to be

selected for experimental work. After considering all the characterisation
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information, TiO2-ZnO /350 and TiO2-ZnO-HA /350 were chosen as the
coated samples to be taken forward for further testing. This was selected on
the basis that the ZnO coating was uniformly structured covering the whole
surface, and while the deposition of HA was also good, the gaps in the HA
would allow some direct access to the biocidal ZnO coating. Subsequently,
further batches of titanium alloy discs coated with the composite using the
350 °C annealing temperature were prepared. The composites were then
sterilised under 36.42-40.72 kGy gamma radiation (Becton, Dickinson and
company, Swindon, UK), as we have done previously with nano-coated Ti

alloys (Besinis, De Peralta & Handy, 2014).

6.3.2 Dialysis Experiment

The dialysis experiment was performed with the aim of analysing the
dissolution of zinc ions from the TiO2-Zn0O/350 and TiO2-ZnO-HA/350 coating
in the presence of simulated body fluid. As a control for the SBF, the dialysis
bag without any samples maintained a low or no zinc ions in the beaker and
the same was observed for the control for the samples, TiO2 as shown in
Figure 6.8A. Hence the dialysis data for the samples were independent of
changes in the SBF content throughout the 24 hours of the dialysis. Figure
6.8A also shows that the rate of release of zinc ions released from the TiO2-
Zn0/350 was higher than that from TiO2-ZnO-HA/350 due to the steeper rise
to the maximum value in the diffusion curve for TiO2-ZnO/350. The initial
amount of zinc present in both coatings were the same and although during
the growth of HA for TiO2-ZnO-HA/350, some zinc ions were lost, the

presence of the HA reduced the release of zinc from the coating. The curves
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from the dialysis data became stable at about 4 ppb for TiO2-ZnO-HA/350 as
compared to 8 ppb for TiO2-ZnO/350 as shown in Figure 6.8A. Figures 6.8B
and C illustrated the diffusion curve for calcium and phosphorus respectively
for the 24 hours. Since the SBF itself contains calcium and phosphorus, the
diffusion curve for calcium and phosphorus was normalised with respect to
the concentration of calcium and phosphorus in the simulated body fluid. The
diffusion rate of calcium from the dialysis bag to the beaker was the same for
the coated samples and the controls. The diffusion of the ions reached
stability in the controls within 10 hours while for both TiO2-Zn0O/350 and TiO2-

Zn0O-HA/350, stability was not reached within 24 hours.
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Figure 6.8: Concentration of (A) zinc ions in the acidified SBF from the dialysis
beakers as measured by the ICP-MS instrument, (B) calcium ions and (C)
phosphorus ions in the acidified SBF from the dialysis beakers as measured by the
ICP-OES instrument.
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There was no significant difference in the concentration of zinc in the dialysis
bag and the beaker (One-way ANOVA, p>0.05, n=3) after 24 hours at the
end of the dialysis experiment displayed in Figure 6.9A. At the end of the 24-
hours experiment, the concentrations of calcium in the bag and the beaker
were similar as seen in Figure 6.9B (Transformed One-way ANOVA, p>0.05,
n=3). Similar observations were made in the case of phosphorus ions
diffusion as shown in Figures 6.9 B. The dialysis experiment showed a
higher release of zinc from TiO2-ZnO/350 as compared to TiO2-ZnO-HA/350.

The majority of the zinc released had less than 12 KDa mass.
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Figure 6.9: Concentration of (A) zinc ions in the acidified SBF from the beaker
and the dialysis bag after 24 hours (Mean = S.E.M, Transformed One-way
ANOVA, n=3) and (E) calcium and phosphorus ions in the acidified content of the
beaker and the dialysis bag after 24 hours (Kruskal-Wallis, n=3). The different
alphabets show the significant differences in between the different samples on

different days at 95.0 % confidence level.
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6.3.3 Antibacterial Properties of nanocomposite coating

6.3.3.1 Viability of S. aureus

S. aureus had a good viability when grown in BHI alone as a negative control
with a percentage of live cells being 100 £ 2.6 % (% mean + S.E.M, n = 6)
and the viability was significantly higher than the other controls and the
samples (Kruskal-Wallis, p < 0.05) as illustrated in Figure 6.10 A. ZnCl2
showed significantly lower cell viability than the negative controls with still
49.9 + 1.1% live cells, while the nZnO treatment had even lower cell viability
than ZnClz with 1.3 + 0.3 % live cells (Kruskal-Wallis, p < 0.05, n=6). The
TiO2-Zn0O/350 and TiO2-ZnO-HA/350 treatments had 22.0 + 2.0 % and 30.9
3.0 % live cells respectively (Figure 6.10 A). S. aureus had lower viability in
the exposed media in general as shown in figure 6.10 B with the control
having 72.5 = 2.9 % live cells and the nZnO treatment having the lowest
viability with 1.8 £ 0.2 % live cells. In the exposed media, the percentage of
live cells in ZnCl2 (6.7 + 1.6 %) was different than that in nZnO (Figure 6.10B,
Kruskal-Wallis, p < 0.05; n=6). TiO2-Zn0O/350 and TiO2-ZnO-HA/350 showed
lower percentage of cells alive as compared to the control and lower than
that of the cells incubated for 5 hours (19.9 £ 0.2 and 24.9 £ 2.0 %
respectively). During the 24 hours exposure to S.aureus, TiO2-ZnO/350 and
TiO2-ZnO-HA/350 had significantly lower percentages of live cells as
compared to the negative controls but significantly higher than the positive
controls in the exposed media as shown in Figure 6.10 B. TiO2-Zn0O/350 and

TiO2-ZnO-HA/350 did have lower percentage of live S.aureus in both the
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exposed media and homogenate as compared to the negative controls

(Kruskal-Wallis, p<0.05, n=6).
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Figure 6.10 : Percentage of live to dead cells in (A) the incubated bacteria and (B)
exposed media read from the calibration curve for the Baclight Live/Dead Assay
(Mean = S.E.M, Kruskal-Wallis, n=6). The different alphabets represent the
statistically significant differences between the different samples at a confidence

interval of 95 %.
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6.3.3.2 Lactate production of exposed S. aureus

The microplate readings, after being analysed with respect to the calibration
obtained from the standards value readings, were presented in Figure 6.11 A
and B. It was observed that the negative controls, Control and TiO2, had
significantly higher amount of lactate in the exposed media (1.33 + 0.2 mM
and 1.09 + 0.3 mM respectively; p<0.05, n=6) as compared to the positive
controls and samples as shown in Figure 6.11 B. There was no difference in
the amount of lactate produced from S. aureus on TiO2 as compared to the
control (Kruskal-wallis, p>0.05, n = 6). Bacteria growing on ZnClz produced
more lactate as compared to nZnO and the samples. Figure 6.11 B also
showed that TiO2-Zn0O/350 produced similar amount of lactate in the
exposed media as compared to nZnO on its own (0.13 + 0.03 mM and 0.37 +
0.1 mM respectively; Kruskal-Wallis, p>0.05; n=6). However TiO2-ZnO-
HA/350 had 0.37 + 0.1 mM lactate produced in the exposed media which
was higher than TiO2-Zn0O/350 as seen in Figure 6.11 B (Kruskal-Wallis,
p<0.05, n=6). Figure 6.11 A showed the lactate production observed in the
different samples and controls by the bacteria which were incubated in broth
for 5 hours after the overnight exposure. Similar observations to the lactate
production by S. aureus in the supernatant were observed with higher
amount of lactate present in all of them. The maximum amount of lactate
produced by the bacteria were those exposed to just the Control and TiO2
and the quantities were 3.9 + 0.2 mM and 3.66 + 0.3 mM respectively. The
least amount of lactate was produced by the micro-organisms exposed to

nZnO (0.07 £ 0.05 mM) and TiO2-Zn0O/350 (0.33 + 0.04 mM). S.aureus
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exposed to TiO2-Zn0/350 and nZnO produced the least amount of lactate in

both the supernatant and the incubated broth after 5 hours.
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Figure 6.11: Concentration of lactate in (A) the incubated adhered bacteria and
(B) exposed media after calibration (Mean + S.E.M, Kruskal-Wallis, n=6). The
different alphabets represent the statistically significant differences between the

different samples at a confidence interval of 95 %.
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6.3.3.3 Zinc ions release into the culture media from the coatings

Since BHI broth had some amount of zinc, the data from Control, TiO2, TiOz2-
Zn0/350, TiO2-ZnO-HA/350, ZnCl2 and nZnO had the concentration of zinc
ions present in BHI broth deducted before any comparison was made. After
the normalisation process, the results obtained were analysed and presented
in Figure 6.12 A. After confirming that both negative controls did not release
any extra zinc ions, the amount of zinc in the supernatant measured by ICP
in TiO2-Zn0O/350 was found to have double the amount of zinc (45.0 £ 7.2
ppb) in the acidified broth as compared to TiO2-ZnO-HA/350 (22.6 + 0.9 ppb)
(Kruskal-Wallis, p<0.05; n=6). These were significantly lower than the
amount of zinc in the broth from ZnClz and nZnO (Kruskal-Wallis, p<0.05;
n=6). Figure 6.12 A showed the presence of lower amount of zinc in broth
exposed TiO2-Zn0O/350 and TiO2-ZnO-HA/350 as compared to the amount
present in the broth exposed to the positive controls (Kruskal-Wallis, p<0.05;

n=6).
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Figure 6.12 Concentration of (A) zinc ions, (B) calcium ions and (C) phosphorus

ions in the acidified exposed media after overnight growth of S.aureus on the

samples and controls read from ICP-OES (Mean = S.E.M, Kruskal-Wallis, n=6).

The different alphabets represent the statistically significant differences between

the different samples at a confidence interval of 95 %.
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6.3.3.4 Bacterial Adhesion — Microscopic imaging

At the end of the incubation period, Control, TiO2, TiO2-ZnO/350, TiO2-ZnO-
HA/350, ZnCl2 and nZnO were viewed under the microscope at high
resolution. The wells without any sample and the sample without any zinc
coating (Control and TiO2 respectively), had micro-clusters of S. aureus all
over the surface exposed to the micro-organism as shown in Figure 6.13A

and B.

Figure 6.13: SEM images of attached S.aureus after overnight culture on (A) 24

well plate plastic surface [Control] (B) Ti alloy with TiO> nanotubes on the surface

[TiO2].
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The ZnCl2 treatment had a few clusters of S. aureus spread far from each
other on the surface exposed, while the nZnO treatment had less individual

bacterial cells lying on the surface (Figure 6.14 A and B).

Figure 6.14: SEM images of attached S.aureus after overnight culture on (A) 24

well plate plastic with zinc chloride on the latter as a negative control for zinc ions
[ZnCl3] (B) 24 well plate plastic with zinc oxide nanoparticles on the latter as a
negative control for nano zinc [nZnO].
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The TiO2-Zn0O/350 and TiO2-ZnO-HA/350 treatments had similar amount of
clusters and individual S. aureus attached on the surface of the coated Ti
alloy as shown in Figure 6.15 A and B. The bacterial adhesion observed on
theTiO2-Zn0O/350 and TiO2-ZnO-HA/350 composites was similar to the

positive controls.

Figure 6.15: SEM images of attached S.aureus after overnight culture on

(A) Ti alloy with nZnO embeded in TiO2 nanotubes as a coating [TiO2-
Zn0/350] (B) Ti alloy with nZnO and Ha embeded in TiO2 nanotubes as

a coating [TiO2-ZnO-Ha/350]

6.3.4 Biocompatibility of the nanocomposite coatings

The biocompatibility of the coatings was assessed in the presence of primary
human osteoblast cells in the conditions described in section 4.5.1. In this
section the controls were osteoblast cells growin in media without any
sample and uncoated TiO2 exposed the osteoblast cells in media. The media
was changed on day 1, 4, 7 and 10 so that the cells are provided with the
right nutrients to grow and the removed media was taken out and used for

the biochemical assays. On day 4 and 10, the attached cells were removed
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from the wells and converted to homogenate which were used in the

biochemical assays mentioned below.

6.3.4.1 Protein concentration of cell homogenates

With respect to the calibration curve, the concentration of protein was found
to be higher on day 10 as compared to day 4 for all the categories as seen in
Figure 6.16. The concentration of the protein on TiO2-Zn0O/350 was observed
to be similar to that on the control and TiO2 on both day 4 (One-way

ANOVA , p=0.06, n=3) and day 10 (One-way ANOVA , p=0.22, n=3).
However, in the case of TiO2-ZnO-HA/350 the protein concentration was
higher than the others on day 4 (One-way ANOVA , p=0.03, n=3) and lower
on day 10 (One-way ANOVA , p=0.01, n=3). That is, the cell protein
increased over time as expected with cell growth. Only the TiO2-ZnO-

HA/350 treatment caused some depression of protein compared to controls.
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Figure 6.16: Concentration of protein in cell homogenate from attached osteoblast
cells on TiO2-ZnO/350 and TiO2-ZnO-HA/350 and the controls at day 4 and 10 of
exposure (Mean + S.E.M, n=3). The different alphabets represent the statistically
significant differences between the different samples on different days at a

confidence interval of 95 %.

6.3.4.2 Alkaline phosphatase assay

The alkaline phosphatase activity was measured in the homogenate per unit
protein on day 4 and 10 while in the media per mL of media on day 1, 4, 7
and 10. The results for the homogenate are illustrated in Figure 6.17 A. In
the homogenate, no big difference was observed in the ALP activity between
the coated samples and the controls and between day 4 and 10. In the
media, the ALP activity was peak on day 10 for control and day 4 for TiOx2.
Nonetheless, for TiO2-Zn0O/350 and TiO2-ZnO-HGA/350 the ALP activity

stayed constant from day 4 to day 10.
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Figure 6.17: ALP activity of (A) osteoblast cells’ homogenate grown on the
coatings and controls on day 4 and 10 (B) the media in which they grew on day 1,
4, 7 and 10 (Mean = S.E.M, Kruskal-Wallis, n=3). The different alphabets
represent the statistically significant differences between the different samples on

different days at a confidence interval of 95 %.
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6.3.4.3 Lactate dehydrogenase assay

The LDH assay was conducted on the same days with respect to similar
parameters as for ALP activity. The LDH activity in the homogenate was less
as compared to that in the media. In the homogenate, the LDH activity was
higher on day 10 than on day 4 for all the samples except for TiO2-ZnO-
HA/350. For the latter, the LDH activity was the same on both days as seen
in Figure 6.18 A. Figure 6.18 B shows the LDH activity in the media. In the
media from the control and TiOz2 treatments, the LDH activity was maximal
on day 1 as compared to TiO2-ZnO/350 and TiO2-ZnO-HA/350. However, as
from day 4, the activity was higher on TiO2-Zn0O/350 and TiO2-ZnO-HA/350
as compared to control and TiOz as seen in Figure 6.18 B. When comparing
TiO2-Zn0/350 to TiO2-ZnO-HA/350 the activity was found to be higher on

day 10 for the latter as compared to TiO2-ZnO/350.
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Figure 6.18 : LDH activity of osteoblast cells in the homogenate on day 4 and
10. (D in the media on day 1, 4, 7 and 10 (Mean * S.E.M, Kruskal-Wallis,
n=3). The different alphabets represent the statistically significant differences
between the different samples between different days at a confidence

interval of 95 %.
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6.3.4.4 Trace element analysis

Trace element analysis performed on both the homogenate and media are
presented in Figure 6.19 A and B respectively. Only those coatings having
zinc containing coating showed elevation in zinc in the cells. On day 4 the
homogenates from both the TiO2 and control presented with almost no zinc
ions as compared to day 10. The homogenate on TiO2-ZnO/350 had the
highest amount of zinc ions reaching a concentration of 1 ppm on day 4 as
compared to TiO2-ZnO-HA/350, TiO2 and control and to the values on day
10. On the latter day, both TiO2-Zn0O/350 and TiO2-ZnO-HA/350 contained
the same amount of zinc ions. The presence of zinc ions in the media on day
1 was minimum in the both TiO2-Zn0O/350 and TiO2-ZnO-HA/350. However
the concentration spikes to more than 6 ppm for TiO2-ZnO/350 as from day 4
to day 10 which was significantly more than that present in TiO2-ZnO-HA/350

on day 4, 7 and 10 (Kruskal-Wallis, n=3).
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Figure 6.19: Trace element analysis for zinc read by ICP-OES of (A)
homogenate of osteoblast cells on day 4 and 10. (B) media in which
osteoblast cells were grown on day 1, 4, 7 and 10 (Mean = S.E.M, Kruskal-
Walllis, n=3). The different alphabets represent the statistically significant
differences between the different samples between different days at a

confidence interval of 95 %.
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6.3.4.5 Glutathione Assay

The glutathione assay was performed on homogenate of osteoblast cells on
day 4 and 10 only, the results of which are presented in Figure 6.20. The
concentration of glutathione per unit protein was higher on day 10 than on
day 4 for all the cells. There was a steady measurable total GSH similar in all
treatments at day 4. And on day 10 TiO2-ZnO-HA/350 and TiO2 contained
more glutathione than TiO2-ZnO/350 and control (Mean = S.E.M, Kruskal-

Wallis, n=3).
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Figure 6.20: Glutathione assay results of homogenates of osteoblast cells on
day 4 and day 10. All data are presented as mean + S.E.M (Kruskal-Wallis,
n=3). The different alphabets represent the statistically significant differences
between the different samples between different days at a confidence interval of
95 %.
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6.3.4.6 Electrolyte concentration

The electrolytic concentrations in the acidified homogenate were presented
in Table 6.1. The concentration of sodium was higher on day 4 than day 10
for all the samples. The concentration of magnesium in the homogenate was

almost negligible on both days.
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Table 6.1: The concentrations of different ions in the homogenate

lons Samples Day 4 Day 10

Sodium Control 0.28+0.12 a 0.75+£0.17b
TiO2 0.31+0.02a 0.70+0.37b
TiO2-Zn0/350 0.40+0.05c 1.64+0.24d
TiO2-ZnO- 0.48+0.09c 2.05+0.46 d
HA/350

Potassium Control 1.13+0.01a 0.88+0.25a
TiO2 0.94+0.05a 1.22+0.82a
T102-Zn0/350 151+x0.01a 1.33x0.15a
TiO2-ZnO- 1.79+0242a 1.50+0.15a
HA/350

Magnesium Control 0.00£0.00 a 0.00£0.00 a
TiO2 0.00 £ 0.00 a 0.00 £ 0.00 a
TiO2-Zn0/350 0.01+0.00 a 0.04+0.01b
TiO2-ZnO- 0.04 £0.00 b 0.03+0.00b
HA/350

Calcium Control 0.01+0.00 a 0.02+0.01a
TiO2 0.06 £0.01b 0.02+0.01a
TiO2-Zn0/350 0.10+0.01c 0.17+0.04 d
TiO2-ZnO- 0.21+0.02d 0.21+0.01d
HA/350

Phosphorus Control 0.05+0.01a 0.09+0.02 a
TiO2 0.06 + 0.00 a 0.07+0.01a
TiO2-Zn0O/350 0.11+0.01a 0.15+0.00b
TiO2-ZnO- 0.15+0.00 b 1.79+£0.02c
HA/350

The concentration of electrolytes ions in the acidified homogenate on day 4

and day 10 as measured by ICP-OES are presented as mean £ SEM. The
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alphabets show the significance in differences among the different
treatments involved and the different days at a 95 % confidence interval.

There is no comparison being made between the different ions.

The concentration of the ions in the media are presented in Table 6.2
whereby all the ions reduced from day 1 to day 4 from all the samples. The
decrease of both sodium and phosphorus ions from day 1 to day 10 was
higher for TiO2-Zn0O/350 and TiO2-ZnO-HA/350 as compared to the decrease
seen for control and TiO2. Similar observations were made for phosphorus
ions as well. However there was no big difference in the ratio of sodium to
potassium between the media from the coated samples and the controls.

Similar observations were made for the ratio of calcium to phosphorus ions.
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Table 6.2: The concentration of electrolytes ions in the acidified media on day 1, 4, 7 and 10 as measured by ICP-OES presented as

mean = SEM. The alphabets show the significance in differences among the different treatments involved and the different days at a

95 % confidence interval. The different ions were not compared between each other.

lons Samples Day 1 Day 4 Day 7 Day 10
Sodium Control 466.50+11.50a | 213.51+16.31b | 21596+7.04Db 317.47 +3.78 c
TiO2 431.52 £14.64 a 22197 £6.19b 202.96 £9.55 b 286.85 + 20.60 c
TiO2-Ag7 488.69 +19.57a | 203.98+14.64b | 448.01+13.37a | 160.28+21.56b
TiO2-Ag7-HA 496.16 + 88.55a | 212.97+11.63b | 340.81+53.42¢c | 13505+7.57d
Potassium Control 36.01+0.56 a 16.93+1.35Db 18.02+0.48 b 27.47+0.30c
TiOz2 34.16 +3.04 a 17.88+0.53 b 16.40+4.19 b 23.81+1.68cC
TiO2-Ag7 38.19+3.89a 16.21+1.20 b 4230+ 1.26 a 13.53+2.46 Db
TiO2-Ag7-HA 37.87+210a 17.12+0.82 Db 30.54+5.32a 11.20+0.60 b
Magnesium Control 3.03+0.06 a 1.52+0.12 b 1.45+0.07 b 2.18+0.03 ¢c
TiO2 2.72+0.26 a 1.60+0.05b 1.12+0.17b 1.95+0.15¢
TiO2-Ag7 3.03+0.34 a 1.41+0.11b 2.11+0.04c 2.26+0.16 C
TiO2-Ag7-HA 3.10+0.19a 1.44+0.08 b 1.89+0.19¢ 2.04+0.14c
Calcium Control 8.71x0.19a 3.56+0.30b 6.49+£0.66 a 6.40x£0.24 a
TiO2 7.58 +0.64 a 3.64+0.12Db 4.09+0.60b 541+051c
TiO2-Ag7 8.28+0.82 a 3.01+0.23Db 5.01+0.10c 2.69+0.26 b
TiO2-Ag7-HA 8.57+0.45 a 296+0.16 b 4.84+0.47c 244+0.12Db
Phosphorus | Control 430+0.11a 251+0.21b 290+0.12Db 3.25+0.04 c
TiO2 3.80+0.36 a 2.60+0.08 b 2.29+0.09b 2.84+0.21b
TiO2-Ag7 4.04+0.44 a 2.14+0.16 b 2.43+0.01b 2.26+0.16 b
TiO2-Ag7-HA 4.14+0.25a 2.13+0.14 Db 2.46+0.11b 2.04+0.14 Db

Sensitivity: Internal
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6.3.4.7 Microscopic imaging of adhered cells

Figure 6.21 illustrates the SEM images of the osteoblast cells attached to the
titanium alloy discs under a low and high magnification after 10 days of
exposure. The TiO2 coated Ti alloy alone had a full coverage of osteoblast cells
as shown in Figure 6.21 A with filopodia extending from the cells as seen in
Figure 6.21 B. However, patches of the discs could be seen in between the
cells. TiO2-Zn0O/350 coating showed a full coverage of cells andwith less
patches of the discs visible without cells. In the case of TiO2-ZnO-HA/350
neither the titanium disc underneath the cells nor the coating were visible
(Figure 6.21 E). More granulation of the cells were visible on TiO2-Zn0O/350 and

TiO2-ZnO-HA/350.
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Figure 6.21 : SEM images of (A) and (B) TiOz, (C) and (D) TiO2-ZnO/350 and (E)

and (F) TiO2-ZnO-HA/350 at low (x100) and high magnifications (x1500)

respectively.
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6.3.5 PCR data for markersin exposed osteoblast cells

Figure 6.22 - 6.25 shows the expression of the genes in the cells on the TiO2-
Zn0/350 and TiO2-ZnO-HA/350 coatings compated to the expression in the
cells on uncoated TiO2 As compared to TiO2, FAK was downregulated on both
day 4 and day 10 for both coatings as seen in Figure 6.22. However, cells on
the TiO2-ZnO/350 coating expressed less FAK as compared to those on TiO2-
Zn0O-HA/350 on day 4 and on day 10 both expressed more FAK on day 10 as

compared to day 4.

N b

with respect to TiOo/ ddCt

Change in expression of FAK

I FAK - Day 4

a 1 FAK - Day 10

TiO2-Zn0O/350 TiO2-ZnO-HA/350

Figure 6.22: Change in gene expression of FAK in osteoblast cells grown on TiO2-
Zn0/350 and TiO2-ZnO-HA/350 on day 4 and 10 of exposure, with respect to the
cells grown on TiO2 after normalisation with respect to B-actin. The different
alphabets represent the statistically significant differences between the different

samples between different days at a confidence interval of 95 %.
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Figure 6.23 A shows the downregulation of RUNX-2 on day 4 as compared to
the upregulation on day 10 with more expression of the latter on TiO2-ZnO/350.
ALP, OC and CA 1 were found to exhibit similar observations as seen in Figure

6.23 B, C and D respectively.
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Figure 6.23: Change in gene expression of (A) RunX-2, (B) ALP, (C) OC and (D)
CAl, in osteoblast cells grown on TiO2-Zn0O/350 and TiO2-ZnO-HA/350 on day 4
and 10 of exposure, with respect to the cells grown on TiO2 after normalisation with
respect to B-actin. The different alphabets represent the statistically significant
differences between the different samples between different days at a confidence

interval of 95 %.
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COX-2 was downregulated on day 4 and upregulated on day 10 for both TiO2-

Zn0/350 and TiO2-ZnO-HA/350. Nonetheless, on day 4, the expression was

more downregulated for TiO2-ZnO/350 than TiO2-ZnO-HA/350 (Figure 6.24 A).

Both IL6 and TNF-a were downregulated on day 4 and upregulated on day 10

with more expression for TiO2-ZnO-HA/350 (Figure 6.24 B and C respectively).
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Figure 6.24: Change in gene expression of (A) COX 2, (B) IL 6 and (C) TNFa, in
osteoblast cells grown on TiO2-Zn0O/350 and TiO2-ZnO-HA/350 on day 4 and 10 of

exposure, with respect to the cells grown on TiO2 after normalisation with respect to

B-actin. The different alphabets represent the statistically significant differences

between the different samples between different days at a confidence interval of

95 %.
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Finally the expression of SOD was lower for TiO2-ZnO-HA/350 as compared to

TiO2-Zn0O/350.

Change in expression of SOD
with respectto TiO»

I SOD - Day4
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Ti02-Zn0O/350 TiO02-ZnO-HA/350

Figure 6.25: Change in gene expression of SOD in osteoblast cells grown on TiO2-
Zn0/350 and TiO2-Zn0O-HA/350 on day 4 and 10 of exposure, with respect to the
cells grown on TiO2 after normalisation with respect to B-actin. The different
alphabets represent the statistically significant differences between the different

samples between different days at a confidence interval of 95 %.
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6.4 Discussion

The optimisation process of the nano-ZnO coated TiO2 was based on the
concentration of zinc nitrate used at first (Appendix B), followed by the
temperature for crystallisation of the resulting coating (Section 6.3.1). The
resulting the morphology and distribution of the ZnO and ZnO-HA coating also
helped with the optimisation process. The nano-ZnO had the shape of nanorods
which agreed with the study by Liu et al (2014) and review by Sirelkhatim et al
(2015) whereby hydrothermal synthesis of ZnO resulted in hanorod-shaped
particles (Liu et al., 2014; Sirelkhatim et al., 2015). In this study, heating the
nano-ZnO resulted in the thickening of the nanoparticles as shown in Figure
6.2-6.5. This observation agreed with Gunawan and Johari (2008) whereby they
concluded that annealing of the nano-ZnO on TiO2-NTs resulted in the
expansion of the nanoparticles due to the expansion of the ZnO shell (Gunawan
& Johari, 2008). Selecting TiO2-Zn0O/350 over TiO2-ZnO was partially because
of the improved crystallinity of the ZnO coating upon annealing as compared to
non-annealed ones (Elkady et al., 2015). One of the objectives of this study was
to provide antibacterial properties by the action of zinc and the final layer of HA
over the ZnO coating was intended to enhance biocompatibility with osteoblast
cells. It was also imperative that the zinc from the zinc oxide nano-coating could
reach the external environment. As such, it was imperative that the nano-porous
structure of the HA allow zinc oxide to be exposed by enhancing cell attachment
and proliferation (see Chapter 1, section 1.7). In addition to the morphology and
distribution of the coating obtained, there has been studies which concluded
that too much annealing, resulting in increased volume to surface area ratio can

reduce the antibacterial properties of the coatings ZnO (Elkady et al., 2015). As
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a result, TiO2-ZnO/350 and TiO2-ZnO-HA/350 was selected for further analysis

in this Chapter.

6.4.1 Antibacterial properties

In the presence of S. aureus, both the TiO2-ZnO/350 and TiO2-ZnO-HA/350
coatings exhibited significant antibacterial properties within 24 hours of
exposure to the microbial broth. Both TiO2-ZnO/350 and TiO2-ZnO-HA/350
coatings were able to kill more than 50 % of the bacteria as compared to the
TiO2 treatment and controls which killed less than 20 % to none in the
Live/Dead assay as seen in Figure 6.10. This finding was confirmed by both the
Live/Dead assay and the lactate production assay. However, the presence of
HA hindered the antibacterial activity of the ZnO coating underneath it with the
percentage of live to dead cells being lower than those on TiO2-Zn0O/350. There
were two possible explanations for this observation. The first one was that the
zinc ions or zinc oxide was not able to reach the bacteria because of the
presence of the HA. The second reason could be that the antibacterial action
was due to the shape and structure of the zinc oxide crystals which was then

hidden by the presence of HA (Navale et al., 2015; Roguska et al., 2015).

In the case of the incubated attached bacteria, with respect to the concentration
of zinc ions present in the broth after the bacterial exposure to the coatings, the
bactericidal activity of TiO2-ZnO/350 was more similar to that of nZnO than that
of ZnCl2. The reason behind this conclusion was that TiO2-ZnO/350 released
less zinc ions than nZnO and ZnClz but still managed to provide a significant
level of bactericidal activity proved by the Live/Dead assay, lactate production

assay and SEM. And even though nZnO released less zinc ions than ZnClz, its
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antibacterial properties were better than the latter. Moreover, the coated
samples provided a better antibacterial action against S. aureus than ZnClz.
Thus an antibacterial activity due to the action of zinc ions can be abandoned in
the case of the bacteria which were attached to the surface of the material.
Hence the surface morphology and properties of the ZnO coating was assumed
to have an effect on the bacterial growth and proliferation. ZnO nanoparticles
have been shown to be bactericidal in the literature (Roguska et al., 2016).
Since the amount of lactate present in the bacterial cells were low as well, the
normal biochemical reaction such as metabolic activity was disturbed by the
presence of the zinc oxide. Thus the bacteria that were able to attach to the
coating were still not metabolically stable. This corroborated one of this study’s

hypothesis that nano zinc oxide coating was antibacterial.

The reason behind the antibacterial property of the coating against the bacteria
in the exposed broth was considered to be different though. In the case of the
exposed broth, zinc ions was considered to be the reason for the bacterial cell
death. To start with, the dialysis experiment showing a balance between the
concentration of zinc ions in the bag and beaker confirms that anything coming
out of the coating which is different from TiO2 which can be antibacterial was
zinc ions. This is because, all the zinc ions that came out of the bag were able
to pass through the pore of the dialysis bag, ZnO nanoparticle too big to go
through the pores of the dialysis bag. As such, it will be only ions that were
released from the coating. Moreover, ZnClz had a lower live/dead cell ratio in
the exposed broth as compared to the attached bacteria which were incubated.
Thus the exposed bacteria in the media was considered to be affected by the
presence of zinc ions. The exposed media has been associated with biofilm

formation during which the biofilm forms a protective layer for bacteria attached

~ 223 ~



Sensitivity: Internal

on a surface (Besinis et al., 2017). Hence, it was concluded that biofilm

formation was reduced due to the action of the zinc ions.

The presence of HA hindered the antibacterial activity of the coating even
though they were significantly more bactericidal than TiO2 and control. As such,
TiO2-ZnO-HA/350 could still be considered as an antibacterial coating for

bone/dental implants made of titanium alloy.

6.4.2 Biocompatibility of the composite coatings with osteoblasts

The two methods used to assess the biocompatibility of the coatings in this
study provided similar conclusions at different levels that the osteoblast cells
survive.. Both the biochemical assays and the PCR data aided on determining
the biocompatibility of the nano ZnO composite coatings. The protein assay
aided in comparing the proliferation of the osteoblast cells grown on the
different coatings (Brie et al., 2014). The protein assay was also used to
normalise the other biochemical assays providing further confirmation of the
proliferation of the cells. For all the assays there were no big differences
between the concentrations of the different reactants from the various assays
on day 4. This was because, by day 4, the cells exposed to the different
surfaces behaved similarly due to the fresh medium with the required nutrients.
However by day 10, the assay results were different for the different exposure.
Although from SEM images, more cells could be viewed on the surface of TiO2-
Zn0O-HA/350 than on TiO2-ZnO/350 (Figure 6.21), the protein concentration was
higher on the coating without HA as shown in Figure 6.16. This observation was
associated with the content of the cells and the fact that lower level of zinc in a

cell lead to less molecular protein being synthesised (Liu et al., 2015).
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After the normalisation of ALP, LDH and GSH with respect to the protein
concentration on each samples, it was observed that as compared to the cells
on TiOz2 and control, the cells on TiO2-Zn0O/350 and TiO2-ZnO-HA/350 were
found to attach and proliferate more. . To start with, the ALP activity was higher
on both TiO2-ZnO/350 and TiO2-ZnO-HA/350 on day 10 as compared to the
controls. And the latter activity was higher for TiO2-ZnO-HA/350 than TiO2-
Zn0O/350. The absence of LDH leak into the external media and the absence of
GSH depletion indicated healthy cells on both types of coatings. However, since
GSH was induced, it could be because the cells were preparing for stress,
responding to the presence of zinc. This meant that the osteoblast cells on
TiO2-ZnO-HA/350 were more ready to mineralise than the cells on the other
samples. This was confirmed by the significantly high level of phosphorus in the
cell homogenate on day 10, measured by ICP-OES as shown in Table 6.1. As
compared to the others, the cells on TiO2-ZnO-HA/350 were ready to mineralise
from as early as day 10. The high level of GSH also showed that the cells were
initially challenged by oxidative stress which was successfully combatted by the
GSH. Once more, the cells on TiO2-ZnO-HA/350 were able to survive better by
day 10 than the cells on TiO2-Zn0O/350 and TiO2. The cells exposed to TiO2-
Zn0O-HA/350 obtained zinc ions for bone formation (Liu et al., 2015) from the
coating while being exposed to nano HA which enhanced bone osteoblast cells
attachment and proliferation (Lugovskoy et al., 2016). Further confirmation was

provided by the PCR data.

The expression of the specific genes provided an indication on the protein that
were to be produced after the day 4 or day 10 based on the gene expression.
To start with, of expression of the adhesion marker, FAK, led to the deduction

that at the beginning the cells could adhere better to TiO2-ZnO-HA/350 than
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TiO2-Zn0O/350 and later the contrary would happen. This was in agreement with
the fact that HA on the surface of TiO2 enhanced cell attachment (Goncalves
Coelho, Rui Fernandes & Carrico Rodrigues, 2011; Sista et al., 2013). On day 4
the higher expression of ALP for TiO2-ZnO-HA/350 as compared to TiO2-
Zn0O/350 with respect to TiO2, suggested that there was the intent for more ALP
to be produced but due to some side effect of the coating, it was not
measurable using the ALP assay. However, since ALP is a differentiation
marker and cannot say much about proliferation, the higher level of ALP for
TiO2-ZnO-HA/350 could only mean that the cell son TiO2-ZnO-HA/350 were
ready to differentiate earlier than those cells on TiO2-ZnO/350 (Pujari-Palmer et
al., 2016). The genetic expressions were suggesting that TiO2-Zn0O/350 was
more biocompatible than TiO2-ZnO-HA/350 with the higher expression of RunX
and OC as shown in Figure 6.23. The later genes have been associated with
proliferation and determining the lineage of osteoblast cells (Komori, 2010). As
such, the information for the proteins associated with proliferation and
differentiation were mostly present in cells exposed to TiO2-ZnO-HA/350. The
genes for inflammatory markers were more expressed in cells exposed to TiO2-
Zn0O-HA/350 than TiO2-Zn0O/350. This observation correlates with the presence
of a high concentration of GSH in the cell homogenate which were present to
combat high inflammatory response. The GSH cycle happening around day 10
could be related to the expression of SOD on day 4 whereby the expression of
SOD was higher on TiO2-ZnO-HA/350 (Figure 6.25). As such the SOD enzyme
produced from the expression on day 4 would happen around day 10 of the
experiment. Also SOD is a zinc-dependent enzyme, so the added zinc might
have led to upregulated gene expression of such enzymes (Niska et al., 2015).

Two different conclusions can be made from the PCR and biochemical assays
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performed on the osteoblast cells grown on the coatings. The first one is that
until day 10, TiO2-ZnO-HA/350 was more biocompatible and were able to
provide anti-inflammatory response swiftly when compared to TiO2-ZnO/350.
And after day 10, TiO2-ZnO/350 provided more biocompatibility with the higher
expression of proliferation and differentiation genes on day 10. The second
conclusion could be that even though the genes for the specific markers were
expressed, due to the damaging effects of the coatings, the related protein
could not be formed and hence accounting for lower biocompatibility of TiO2-

Zn0O/350.

Zinc oxide nanocomposite coating were more antibacterial and biocompatible
than the uncoated TiOz2 both in the presence and absence of HA. Following this
study, TiO2-ZnO-HA/350 was concluded to be the best coating as it was able to
be more than 50 % bactericidal while promoting osteoblast cell growth on the
surface of the latter successfully with visual confirmation from SEM. The
presence of zinc ions do promote proliferation of bone cells. However, too much
of it can be toxic. The coating from this study will have HA to prevent excess

leakage of zinc ions in the human body.
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6.5 Conclusion

A uniformly distributed nano zinc oxide composite coating was successfully
synthesised in this chapter. A full surface coverage as well as stability of the
coating was demonstrated by high resolution electron microscopy and dialysis.
The addition of HA maintained the roughness and nanostructure of the coating
but insteadhindered the release of zinc ions. Both coatings produced in this
chapter were shown to be more than 50 % antibacterial while being
biocompatible. The PCR data further provided an insight on the molecular
changes in the osteoblast cells upon exposure to the nano ZnO composite
coatings. Both coatings can be used for implants but there was a100 %
coverage of osteoblast cells on the surface of the coating and would help once
an implant is placed in the human body. Also the release of zinc was steady
with a minimal toxicity to the osteoblast cells. As such at the end of this chapter,
TiO2-ZnO-HA/350 can be considered better than TiO2-Zn0O/350 as an

antibacterial and biocompatible coating for dental/bone implants.
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General Discussion
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Throughout the years, infection of bone/dental implants has been the main
cause for secondary surgeries with increased risks of further infection (Raphel
et al., 2016). With respect to this issue, targeted antibacterial drug delivery has
been researched and applied on implants with a slow progress in the research
field. The use of nanotechnology in combatting the infection of implants in the
body is considered as an incremental step towards improving implants and
might offer a significant alternative to antibiotics given major worries about
antibiotic resistance and degradation. Nanocomposite coating is one use of
nanotechnology which helps provide targeted drug delivery from the surface of

bone/dental implants.

This study confirmed that both pH of electrolytes and initial voltage sweep rate
affect the resulting morphology of the nanotubes as seen in Chapter 2. Both
parameters affect the initial etching sites which are considered to be the factor
determining the final morphology of the nanotubes (Peremarch et al., 2010).
This observation agreed with hypothesis 1 of this study (Section 1.8).
Furthermore, changing the crystalline phase of the TiO2 nanotubes affect the
way nanoparticles attach to it. The distribution of the attached nanoparticles on
the surface was affected by the post-anodisation treatment of the nanotubes
and this was confirmed by Figures 3.1/3.2 and Figure 5.1-5.3. Figure 5.1-5.3
showed the treated nanotubes with the attached nanopatrticles as individual
particles as compared to those on the untreated nanotubes which were
clustered (Figure 3.1 and 3.2). However the morphology of the nanopatrticles
were not changed and hence part of hypothesis 2 of this study was not proved
to be right whereby post anodisation treatment was expected to change the
morphology of the nanopatrticles. It was concluded that even when the

concentration of silver ammonia or the duration of exposure to silver ammonia
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was varied, the shape of the nanoparticles remained spherical as shown in
Figure 3.1. It was the surface coverage of the nanopatrticles on the nanotubes
that varied which agreed with the other part of hypothesis 2. The concentration
of zinc nitrate used for nano-ZnO synthesis as seen in the Appendix B and
annealing of nano-ZnO had an effect on the morphology and distribution of the
resulting nano-ZnO coating and nano-HA formed on the coating. This was
confirmed by Figure 6.2-6.5 and hence agreed with hypothesis 3 of this study.
Nano-ZnO coated TiO2 nanotubes can exhibit a good level of antibacterial
properties against S. aureus but this was lower than that of nano-Ag coated
TiO2 nanotubes. Hence this part of the study did not agree with part hypothesis
4. Nano-HA coated on the surface of the nano-Ag did not enhance the
biocompatibility of the composite coating as evidenced by Figure 5.18
disagreeing with the last hypothesis of this study. However, the presence of
nano-HA on the nano ZnO coating did enhance proliferation of the osteoblast
cells even though they were under stress as detailed in section 6.3.4. The latter

agreed with the other half of the last hypothesis.
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7.1 Nanocomposite coating for implants

Nanocomposite coatings are coatings that consist of two or more materials
combined to work together with at least one of them having at least one
dimension below 100 nm (Ajayan, Schadler & Braun, 2006). This study
successfully fabricated 4 types of nanocomposite coatings, two of which
contained silver nanoparticles and the other two containing nano zinc oxide. All
of the coatings were allowed to grow on polished, cleaned and anodised Ti-6Al-

4V discs.

The anodisation step allowed the self-assembly of the TiO2 nanotubes which
had a uniform distribution over the discs with a full coverage of the disc surface.
The initial sweep rate of voltage which was not highlighted enough, in the past,
were shown to have an important effect on the anodising current density and
the resulting morphology and distribution of the nanotubes grown on the
surface. One example was that if the initial increase in the voltage to the
anodisation voltage was too quick or too slow, the material could be made
insensitive to the remaining anodisation process. Hence nanotubes would not
be able to self-assemble. If the right voltage, initial voltage sweep rate, pH,
temperature and content of anodising electrolytes are not employed, nanotubes
may not form or they may form without uniformity or with micro-particles grown
on them. This was observed in Chapter 2 when pH 6 and sweet rate 1.5 was
used. This observation agrees with the study by Taveira et al (2005) whereby
the importance of initial sweep rate in relations to initial etching sites of
nanotubes was highlighted briefly (Taveira et al., 2005). However, the latter
authors observed and analysed just 2 different sweep rates and did not go into

the detailed change din morphology of the resulting nanotubes. When using
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phosphate and fluoride containing electrolytes, a pH 4 and initial sweep rate of
0.5 V/s to 20 V, were concluded to be the best conditions to use. This in turn
provided a uniformly distributed nanotubes with a good adhesion to the surface

of the titanium disc as confirmed by Sections 2.3.1 and 2.3.2.

The as formed TiO2 nanotubes in the amorphous crystalline phase, reduced
individual attachments of metal nanoparticles to them as observed in Chapter 3,
in the case of silver nanoparticles. However, the individual nanopatrticles were
not able to attach the individual nanotubes walls. The nanoparticles formed
clusters instead. The anatase phase of the nanotubes was known to be more
reactive due to the specific crystalline facets present in the latter phase (Liu, Yu
& Jaroniec, 2010). As such, the anatase phase of the TiO2 nanotubes was able
to attach to more individual particles in Chapter 5 as compared to Chapter 3. It
was observed in Chapter 5 that individual silver nanoparticles were attached to
the walls of the anatase nanotubes as compared to Chapter 3 where the
nanoparticles formed clusters on the amorphous nanotubes. It could be
concluded that the crystalline structure of the anatase phase helped prevent
clustering of silver nanoparticles which were chemically reduced in the
presence of &-gluconolactone. The difference between the nanotubes in
Chapter 3 and 5 was that the nanotubes were annealed and exposed to NaOH
in Chapter 5. As such, the new crystalline facet and —OH was considered to
provide more nucleation sites for the nanoparticles to attach. This corroborate

what was concluded by the study done by Kokubo (1997) (Kokubo, 1997).

From Chapter 3 and 5, d-gluconolactone was concluded to be a novel, good
and non-toxic reducing agent for silver ions to silver nanoparticles. Hence,

instead of using toxic reducing agents such as sodium citrate (Gorup et al.,
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2011), sodium borohydride (Dong et al., 2010), hydrazine (Tatarchuk et al.,
2013) and hydroquinone (Pérez et al., 2008), alkaline d-gluconolactone could
be used moving forwards. In this study, silver ammonia was used as the source
for silver. Such action facilitated the reduction reaction whereby the silver was
easily dissociated from the silver ammonia complex, in order to form silver

nanoparticles.

The growth of zinc oxide nanocrystals were concluded to be dependent on the
morphology and content of the substrate it is growing on (Zhong Lin, 2004). As
such, the presence of the anatase phase of the nanotubes and -OH allowed the
formation of the uniform nanostructure of the zinc oxide to form on the
nanotubes. The nano rod shape of the ZnO was expected from the
hydrothermal process (Liu et al., 2014; Sirelkhatim et al., 2015). The heating of
the resulting coating causes the zinc oxide to crystallise as observed in Figure
6.2-6.5 and at the same time, the heating resulted in the purification of the zinc
oxide from the contaminants involved during the hydrothermal process
(Pourrahimi et al., 2015). The annealing process also improved the crystallinity
of the coating which in turn improved stability (Elkady et al., 2015). Nonetheless
the heating process caused the crystals to expand as seen in Figure 6.2-6.5.
This agreed with the theory of ZnO outer shell increasing in size when exposed
to high temperatures (Gunawan & Johari, 2008). This behaviour is similar to
silver nanoparticles which expand when exposed to high temperature as well

(Huang et al., 2015a).

The growth of HA on TiO2 nanotubes have been shown in the past to improve
the bioactivity of the latter surface (Ma et al., 2008). Similar conclusions were

made in Chapter 6 as well, whereby the latter improved the bioactivity of the
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ZnO nanostructures. Nano-hydroxyapatite as part of a composite coating has
been shown to improve the mechanical properties of the ZnO crystals in the
past and as such, the nano-HA did not only improve the bioactivity of the
coating but also added to the mechanical properties (Kenny, Buggy & Hill,
2001). Further studies can be performed to provide physical evidence for the
latter observations. However, the nano HA on the surface of the silver

nanoparticles did not improve the biocompatibility of the latter coatings.

7.1.2 Comparison of nano-ZnO to Ag-Np composite coatings

Both zinc oxide and silver nanocomposite coatings were uniformly distributed
on the surface of the TiO2 nanotubes. Both nanopatrticles were attached to the
walls of the nanotubes as observed in Chapter 5 and Chapter 6. The highly
visible difference between both nanoparticles was that the silver nanoparticle
had a spherical shape as shown in the SEM images in Chapter 5 as compared
to the zinc oxide which had a spike shape as shown in Chapter 6. In the case of
zinc oxide coating, when HA was added, the coating was found to still be
porous as viewed under the microscope in Figure 6.2C-6.5 C. For the silver
nanocomposite coating, the nano HA grouped together forming a layer of HA on
the surface of the silver nanoparticles with micro-cracks on the surface as
exhibited by Leon and Jansen (2009) (Le6n & Jansen, 2009). There was a heat
treatment to the nano coating before HA was added to the zinc oxide coating
which changed the crystalline phase of the zinc oxide and as such enhanced
the growth of the nano HA. However, the heat treatment was done after HA was
added in the case of AgNP coating which resulted in the silver nanocomposite
coating to get delaminated when exposed to osteoblast cells. The HA was as

such more stable on the zinc oxide as compared to the AgNp. The ZnO
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crystalline structure behaved similarly to that of hydroxyapatite which resulted in
better integration of the coating and as such improved the function of the
coating (Kenny, Buggy & Hill, 2001). Nonetheless, the silver nanopatrticles and
hydroxyapatite composite were not well adhered to the nanotubes, the reason

for the delamination as seen in Section 5.3.4.

Both coatings with and without HA were proved to be antibacterial against S.
aureus as concluded by Chapter 5 and 6. However there were various
differences between the antibacterial reactions of the coatings. To start with,
morphologically, they had different nanostructures and different ways of
interacting with the nano HA. As such, the differences in antibacterial properties
could be associated with the physical structures of the nanocoatings as
mentioned in previous studies (Sirelkhatim et al., 2015). Firstly the distribution
of the coatings was different. There was more coverage with zinc oxide and
more release of zinc as compared to the coverage of less surface coverage of
silver nanopatrticles with less release of silver. Nonetheless the bactericidal
effect of silver nanocomposite coating was highest as compared to that of zinc
oxide nanocomposite coatings. As such, this study corroborated what was
mentioned in the literature in Chapter 1 whereby silver nanoparticle was
concluded to be the strongest bactericidal metallic agent. Zinc oxide has been
shown to have some level of antibacterial activity in the past (Sirelkhatim et al.,
2015). However, such bactericidal effect from zinc oxide nanocomposite coating
with more than 50 % antibacterial activity had first been observed and described
in Chapter 6. Furthermore, the combination of nano zinc oxide and nano
hydroxyapatite on titanium alloy were successfully synthesised in Chapter 6.
The latter nanocomposite coating exhibited good antibacterial properties. The

release of zinc was better controlled in the presence of the nano-hydroxyapatite

~ 236 ~



Sensitivity: Internal

as confirmed by the dialysis experiment in Figure 6.8 A. The release of zinc was
lower from the coating containing nano HA as compared to TiO2-ZnO/350. . In
comparison to the osteoblast cells on silver nanocomposite coating, the cells,
on the nano ZnO composite coatings were more metabolically active with more
cells adhesion as confirmed by Figure 6.21.The genetic markers for the cells
under stress, IL6 and COX2 were expressed in higher quantity in cells exposed
to AgNp composite coatings as compared to nano ZnO composite coating as
confirmed by Figures 5.22 and 6.24. This allowed zinc oxide nanocomposite
coating to be a better coating for implants to be placed in the human body. Even
though the presence of nano HA, on the coating, increased the cell growth on
the coating’s surface, the higher antibacterial activity of the zinc oxide
nanocomposite coating without the nano HA suggested that TiO2-ZnO/350 was
the best coating in this study. The cells grown on the latter did express an
increased amount of genetic markers for differentiation (Figure 6.23) and the
antioxidant defence system, SOD (Figure 6.25) . On top of this, biofilm
formation was reduced in the presence of S.aureus by more than 75 % as
expressed in Figure 6.10 B. Biofilm, being a major reason for bacterial
resistance, have been targeted by researchers throughout the years (Besinis et
al., 2017). Hence the ability to reduce biofilm formation by this coating brought

the antibacterial properties of nano ZnO forwards.

7.2 Clinical perspective

Existing titanium alloy implants have been shown to be mechanically strong and
possess good biocompatibility. Nonetheless, the addition of antibacterial
properties to the latter has been a struggle due to various reasons such as

resistance to antibiotics or increased toxicity to nanoparticles. This study was
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able to provide nanocomposite coatings that could successfully combat
infection such as peri-implantitis, or at least the first line of infection caused by
S. aureus when implants are inserted in the human body. The coatings
synthesised in this study also successfully reduced the formation of biofilm as
described in Section 6.4.1 and hence the formation of plaque in the case of
dental implants could be reduced when using this coating. The coatings were
more biocompatible as compared to the silver composite coatings or TiO2
nanotubes on their own. Thus TiO2-ZnO/350 would be able to provide
antibacterial effect while enhancing osseointegration of titanium alloy implants.
Also, the dialysis study confirmed the stability of the composite coating in
simulated body fluid. As such, the coating would not disintegrate in the
presence of bodily fluid. The presence of the proteins in BHI broth and DMEM
media increased the release of zinc from the coating but the maximum release
did not exceed the maximum amount of zinc in the coating as described in
Chapter 6. As such, the latter coating would provide a positive impact in the
clinical environment. As mentioned in Chapter 1, nanoparticles cause toxicity in
the human body. Nonetheless in this study, the release was found to be minimal
and hence would be expected to be less toxic. Also the release of zinc over 10
days was maintained at a low concentration and as such would not be toxic at

any point.
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7.3 Limitations

There were a few limitations to this study which would require attention when
moving forwards with the presented work which are as follows. At the
beginning, the adhesion test done was limited by the glue being used and the
surface area being considered. The bonding strength between the glue and the
rod being pulled off come in the way of the experiment at most times. The
diameter of the rod being pulled off was small and the surface from which it was
pulled off as well was small. There was two types of HA being used on the
different coatings, hence the resulting coating cannot be compared in details.
The sintering effect of the HA in the case of TiO2-Ag7-HA, could have had
adverse effect on the silver nanoparticles and could have caused the
delamination. The delamination of the HA itself is a limitation which needs
further investigation. The antibacterial work was limited to S.aureus which is the
main cause of infection in bone implants whereas, for dental implants other
bacteria such as Streptococcus mutans are one of the main cause of infection
and has not been investigated in this study. The antibacterial test was run for
less than 24 hours. Although fabricating a long term antibacterial coating was
the aim of this study, we can only assume that it is going to be long term unless

the test is done for a longer period of time.

All the tests in this study were based on flat titanium discs. During the study,
basic scratch tests (without data collection) were performed using scalpels in
the lab and it was observed that the TiO2 nanotubes were not affected with and
without the Ag-Np and nano ZnO. However when HA was added there would be
some changes to the coating. In real life, the implants would be in different
shapes and would face mechanical forces in different situations. For example,

screws would have to be able to endure the mechanical forces applied while
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maintaining the coating. In this context, TiO2 nanotubes coated Ti alloy have
been tested in the past whereby the integrity of the coating was maintained
(Friedrich et al., 2014). However, in the presence of antibacterial nanopatrticles,
similar studies would be useful in determining the use of these coatings on bone

implants.
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7.4 Future works

The limitations and results of this work provides the space for various future
works which once brought to life, will allow the coating to be actually used on
implants, in-vivo. The future works are as follows. There is a need for
optimisation of the adhesion test for the TiO2 coating and performing the same
test for the composite coatings as well. An improvement of the TiO2-Ag7-HA
coating with biomimetic growth of HA on the latter with 10 times the
concentration of SBF could be beneficial, with the aim of reducing loss of silver
nanoparticle. An additional improvement of TiO2-ZnO/350 and TiO2-ZnO-
HA/350 coating with the aim of increasing the antibacterial effect could be
beneficial in terms of targeted antibacterial drug delivery. This could involve the
modification of the ZnO morphology at the fabrication stage. The dialysis
experiment could be run for a longer period of time in SBF and the media that
the cells grow in and the broth that the bacteria grew in. This is just to be able to
confirm that the various release of silver or zinc is not related to the external
media rather than the cells or bacteria they are exposed to. Performing
antibacterial test over longer period of time with various micro-organisms such
as S. mutans, Porphyromonas gingivalis, Prevotella intermedia, Veillonella
species and a few more could be beneficial in confirming the antimicrobial effect
against the common cause of infections in implants. After confirming the
expression of differentiation markers in the osteoblast cells, a differentiation
experiment can be performed just to confirm whether the cells actually were
able to differentiate. Last but the most important future work would be to test the
nanocomposite coating in-vivo in rodents followed by human beings in clinical
trials. This would have to comply with the regulations for medical devices /
implants with transparency involved in the product testing.
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Appendix B

At the beginning, the nano zinc oxide coating were grown using similar
conditions as mentioned in section 6.3.1 with the exception of the
concentration of the source of zinc being used (0.05, 0.075 and 0.1 M of zinc
nitrate ). This pilot study was done with the aim of optimising the
concentration of the zinc nitrate to be used for the nanocomposite coating.
Following the observations in the figure below, 0.075 M was considered to be

the best due to the uniformity and coverage of the resulting coating.

TiO2-Zn0O0.05 TiO2-Zn00.1
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Figure : SEM images of TiO2 coated with nano ZnO grown using the same
hydrothermal method maintaining the same conditions as described in section
6.3.1 with the exception of the concentration of zinc nitrate being (A) 0.05, (B)
0.075 and (C) 0.1 M respectively at x10 000 magnification. (D) The
concentration of zinc ions present in the acidified SBF after the coated

samples have been exposed to SBF for 3 days.
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Anodisation was performed in phosphate and fluoride containing electrolytes at different pH and sweep rates with the aim of analy=ing
the variation in current density during the process continnously. The effect of pH and sweep rate on the morphology of titanium
dioxide (TiCk;) nanotubes, grown on Ti-6AI4Y alloy. has been explicitly examined in this study. At the same time a microscopic
analysis of the different stages of the formation of the nanotubes was performed. A new perspective to the growth mechanisms of
the nanotubes was brought about in this study. The morphology of the nanotubes was closely related to the density of initial etching

sites.

i 2015 The Electrochemical Society. [DOL 1001 1492001151 1jes] All rights reserved.

Manuscript submitted March 2, 201 5; revised manuscript received Juna 23, 2015, Published 00 0, 2005,

Surface modification of bone and dental implants at micro and
nano-level has attracted significant interest in the last decade. The ap-
plication of such modification to ttanium and its alloys has a positive
effect on the bioactivity property of the latter.'? This effect has been
partly ascribed to the biomimicking of bone nanostructure *~ Mean-
while, the nano-moedification acts as a coating preventing the leaching
of ions, such as vanadium and aluminum in the case of Ti-6A1-4V,
from the implant’s surface, as such, preventing the loosening of the
latter and avoiding further complications.* " Converting the nanos-
tructured coating to a porous tubular structure, can make the latter act
as a drug carrier.'™'* Antibacterial agent is one example of the drugs
that can be inseried io add antibacterial properties to the surface.

Several methods have been employed for the self-assembly of
nanctubes on ttanium surface, out of which anodisation is a suc-
cessful electrochemical process having the ability of producing well
defined nanotubes. The procedure involves different types of elec-
trolytes, among which aqueous electrolytes have been shown to allow
the manipulation of the morphology of the nanotubes while gener-
ating rough exterior walls as compared to non-agueous ones. Such
property has been associated with stronger adhesion forces between
the nanotubes.'*'® Since one of the objectives of this work was to pro-
duce good adhesion for the nanotubes coating, agueous electrolytes
were used.

Apart from the presence of water, the ions in the electrolytes also
have a role to play in the fabrication of the nanotubes. They are
involved in both the oxidation and etching processes duning the elec-
trochemical process. In this study phosphate 1ons were used because
of their pH buffering capacity in association of fluoride 1ons which
are responsible for the etching process to a large extent. '

There are additional parameters affecting the self-assembly of the
nanctubes on ttanium or 1ts alloy such as the pH of the electrolvie,
voltage, temperature and duration of anodisation. The pH of elec-
trodyte and the duration of the anodisation have been shown to affect
the thickness of the coating. In 2005, Cai and colleagues, published
their work whereby they observed the increase in height of nanowbes,
formed in the presence of sulfate ions. For the growth duraton of 20
hours, at 10V, the thickness of the nanotubes increased from 0.32 pm
to | 40 pm when the pH was changed from 1.3 to 5.0." Paulose and
associates worked with sulfatc ions similarly for just 30 minuics and
observed the same pattern with nanotbes length being 035 pm at
pH 1.1 and 2 pm at pH 5.0.¥ Even when phosphate ions were used,
the same pattern was observed with a height of (.32 pm at pH 4.2 and

1.75 pm at pH 4.6."' Moreover, increasing the duration of the an-
odisation process increases the thickness too ™ At the same time,
the anodisation voltage has been shown to affect both the diameter
and length of the nanotubes. The group of Schmuki demonsirated the
change of diameter from 15 to 120 nm and length from 20 nm to
| pm with respect to voltage variation from 1 to 25 V.* However

*E-mail: buirong. ledplymosth.ac.uk: urvashidancokdhamee @ plymouth.ac.uk

several studies focusing on the cffects of the applied voltage showed
that there iz a limit in the increase in diameter.®™ Those papers
emphasized the effects of voltage applied in the anodisation process.
Nonetheless little atiention was given to the effect of the initial voltage
ramp in phosphate containing electrolytes on the nanotubes morphol-
ogy. Taveira and colleagues did cxaminc the effect of the initial ramp
and their results indicated that the initial formation of the barmer layer,
which was considered to have a major role in the final morphology ob-
tained was dependent on the sweep rate. ™ Consecutively, it could be
presumed that the initial change in voltage affects the interfacial adhe-
sion between the nanotubes and the substrate. These authors however
concentrated their work on the morphology of the nanotubes grown
in sulfate containing electrolytes and did not consider the adhesive
strength of the coating.

Following the initiation stage, the nanotubes are self-assembled
by the competition between the oxidation and chemical dissolution.
The process as to why the nanotubes are uniformly amanged had been
described by different groups. ™ The group of Dikova performed a
step by step analysis of the nanotube formation in hydrofluoric acid at
25 ¥ and provided microscopic images of the different structures at
different intervals. Meanwhile, the group of Macak used ammonium
sulfate in the presence of Auonde ions at 20 'V in order to obtain
nanotubes with an average diameter of 100 nm. They concentrated
on the changes in morphology during the formation of the nanotubes
especially with the change in pH but they did not analyse the details
at different stages of formation.

This 1s what motivated this study to aim at analysing the effect of
pH and sweep rate on the final morphology of the nanotubes formed
on medical grade titanium alloys in phosphate and fluoride containing
electrolyies. This research work also looked into the different stages
of nanotube formation in order to understand how the respective mor-
phology was developed.

Experimental

Materials.— Medical grade 3, e.g. Ti-6A1-4 W titanium alloy, hav-
ing 6% aluminum and 4% vanadium was laser-cut into discs of
15 mm in diameter and | mm in thickness. The polishing with sand
paper (#600-1200) was done using a rotary instrument (Grinder-
Polisher, Buehler, UK Lid, Coventry, UK). The cleaning {Sodium
carbonate, Na;CO. Sodium Hydroxide, NaOH and Sodium Citrate,
MNaH,CzHs04) and anodisation (Ammonium Sulphate, (NHy )50,
Ammonium dihydrogen Phosphate, NH,H:POy: Ammonium Fluo-
ride, NHsF) stages were performed using solutions prepared from
reagent grade chemicals from Sigma Aldrich (UK) The power for the
anodisation process was supplied from a programmable power supply
and the pH and temperature were measured using a Seven Compact™
pH/Ton Meter 8220, both purchased from Metrix Electronics Limited.
Roughness measurements were done using a LEXT OLS 3000 confo-
cal laser microscope. Microscopic images were obtained using a field
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Figure 1. Anodisation process followed by adhesion test.
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emizsion scanning clectron microscope (FE-SEM JEOL T001F) which
was combined with an Oxford Instrument AzTEC energy-dispersive

X-ray spectroscopy (EDS) in the Elsctron Microscopy Centre at the
University of Plymouth.

Self-assembly of nanotubes— The discs werne polished using grade:
#500-1200 s1licon carbide paper followed by a diamond paste finishing
to R, roughness of less than 100 nm from R, roughness above 300 nm.
Anodisation was then using 0.2-0.5 wt% (weight percent)
ammonium Auoride and 0.5-1 M (mole/litre) ammeonium dihydrogen
phosphate after an alkaline cleaning in an ultrasonic bath. The sweep
rate: was varied from 0.2-1.5 Volts per second (V/s) from zero to 200V
using a personalised Labview program. The latter would communicate
with the power supply which in tumn ramped the voltage supplied to
the ancde and cathode in the electrolytes. The set-up was as shown
in Figure 1. The pH was adjusted using aqueous sodium hydroxide
(3 M), for more alkalinity and agueous phosphonc acid (3M) for more
acidity. The pH range used was from 3 to 6. The current value was
recorded at every 0.2 s for 3600 =

Analysiz af bes— The bes formed were imitially,
qualitatively, analyzed using SEM associated with the EDS analysis.
From the results, the average diameter, wall thickness and composition
of elements present in the coating were then acquired at different for-

Journal of The Electrochemical Society, 162 (11) E1-E10 (2015)

mation stages. Furthermore, the porosity of the coating was calculated
using Matlab image analysis. The steps taken were as follows:

Initial cropping of the image, in order to remove the labels.
Contrast enhancement aiming at adjusting the pixel intensity.
fﬂppﬁnuﬁunuflmdimuﬂlm filter in order to smoothen the

s

image.
4}  Otsu's Method of thredsholding was performed to distinguish in
5) The image was then converted to black and white

6)  The porosity was then caleulated using the following formula:

- Number of Blark pixely
Porosity = rmx:ﬁusfpem

Results and Discussion

The current value recorded during the whole anodisation process
was analyzed and correlated with the SEM images of the sample.
The results were used to interpret the different stages of nanotube
formation.

varicd with respect to time, as shown in Figure 2, during the pro-
cess of nanotube fabrication. The time and current density values are
taken from an initial sweep rate of 0.5 Vis. The values were used for
comparison at varous stages of the experiment.

It could be observed that in the first sccond, there was a steep
increase in current density to a very high valoe, in the range of 10
mA mm—? (Peak A), as compared to the whole process. It decreased
within the first second itself. The rise to peak A happened in order
to develop an electrode potential at the anode a5 soon ss a circut
was made. There was a fast rate of electron transfer betwesn the
electrolyte and the electrode duning that second. This current was
determined by the initial resistance of the electrolyte. Subsequently
the current density increased to a maximum of 0.5 mAmm— (B} when
the: voltage was about 10 V (that is abouot half way dunng the change
in the anodising voltage). It then decreased to 8 minimuom point after
which it increased slightly during part C until 20 V was reached. The
current density stayed momentanly at that value to follow a minor
decrease after which it stayed almost constant for one hour. This was
associated with the fact that the equilibnum of the clectrochemical
cell was reached.

Between the decrease from peak A to the increase to peak B, there
was no detectable cumrent for sbout 500/ ms, (From 1 to 1.5 ) as shown

o1 A h A
% 05 ;
02—
E 02— £ __/
ol
o i i 1s M s 4 T b 360
Time/s
Figure 2. Curent Density variation during anodisation.
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Figure 3. (a) Corrent density variation doring the anodisation whereby the IPE effect was seen and ib) the presence of the electrical double layer:

in Figure 3a. This was associated with the ideal polarisable electrode
(IPE) as even though there was a change in voltage, no charge was
flowing between the electrolyte and electrode. Therefore the electrical
double layer at the solution/electrode interface acted as a capacitor.
When the electrode potential was applied, some of the ions from the
clectrolyie got adsorbed on the surface of the clectrode giving nisc
to desolvated 1ons.”® Hence the double layer was formed by firstly,
the solvent molecules along with the adsorbed 10ns and secondly the
solvated ions in the electrolyte as shown in Figure 3b. In this situation
the capacitance was dependent on the electric potential applied and
the effect was independent of the content of the electrolyte.

The increase to peak B ocourred due to the resistance of the elec-
trolyte and was considered to be non-faradaic and was related o
Ohm's law. Therefore according to Ohm's equation, ¥ = IR (Rs is
the resistance of the solution), the current density increased, as the
voltage increased, to peak B. It stopped increasing at that point as the
potential for barmer formation was reached.

The following decrease was due to the formation of the barrier
layer on the titanium alloy sample:

Tit* 4200 — Ti0,. [il

This decrease in current can be explained using the following
cquations:

1 = acxplfE) 1

i = aexplBU/d) 121

whereby 1 is the current density, E is the electric field across the
oxide layer and I is the voliage across the oxide with thickness, d.
According to gguations | and 2, as the thickness of the oxide layer 4
is increased, the current density would decrease exponentially.

The current density increased slightly until peak C where the voli-
age reaches the level of 200V, This increase 1s owing to the increase in
voltage and the polarization of the ancde. The current density drops
after the voltage reaches the maximum 20 V and the polarization
stops. The gradual increase in the current density after peak C was
due to the etching of the oxide layer in the presence of the F- ions
which react with the Ti(); layer forming soluble [TiF;F~ ions

BF 4+ Ti0y+4H* — [TiF ] +2H,0 [m]

This reaction becomes almost constant when equilibrium between
oxide layer formation and etching was reached. Therefore there was
a further equilibrium (ii). As such the rate of oxide formation equated
the rate of chemical dissolution. Following the theory proposed by
Macak and colleagues, the dissolution allowed the nanotubes to grow
deeper in the oxide layer while the continuous oxidation helped the
nanotubes to grow longer 2. In the meantime small nanotubes will
disappear leaving the larger nanotubes leading to a small increase in
nanotube diameter and porosity with ime. Therefore a small increase
in current density 15 observed.

The different parts of the anodisation curve {peak A and B and part
C)would be used as a reference in the following subsections in ordes
o be able to analyse the different parameters with respect to those
part of the anodisation curve.

Effect of pH— While the pH value was varied, the initial sweep
rate was maintained at 0.3 Vis. The change was found to affect the
anodising current with respect to ime and voltage, especially in the
imtial stage which 1s crucial in the formation of the nanotubes.

In Figure 4, no pattern was visible in the increase in current density
to peak B. This was because this part was independent of the reactions.

(a) Arsmlisation Cumsenl Dengily vadation sdth e o difforos pEo
e

(b] .ql:"“ Anodisation Current at different pH with respect 10 Voltages

[
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/ \
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Figure 4. Anodisation Corrent Density variation at different pH with (a) time
and {b) voltage at SR 0.5 Vis.

~ 270 ~



Sensitivity: Internal

BB HBHR BN

B U

EEBR

E4 Journal of The Electrochemical Society, 162 (11) EI-E10 (2015)

Figure 5. Surface microscopic view of nanotubes coating grown at 0.5 V/s and (a) pH 3, (b) pH 4, (c) pH 5 at 50 000 magaification and (d) pH 6 at 10 000

magnification.

It was mainly dependent on the resistance of the electrolytes which the current density can be related to the concentrations of different 26
was reliant on the rate of electron transfer. ions as follows: 245
No visible pattem again was observed in the formation of the -1 -
barrier oxide layer both in the peak value and the rate of change T w exp (&) 9]
in current density. Hm\@:\w the nchiqg was dcpent:!cnt on the pH. [TiF61"] RT
The final value reached Just before cqulhbnur.n was higher at a lower e ks s skl vl g o s
pH even ll'fough fa.f»lcr ctching e expected in lh:'p iy o_f e the current density was dependent on the reactants, the number of =1
hydrogen ions. 'n.ns o bc.cxplamcd by the ?(d""g and O.X‘ld.allol‘l electrons involved and the field potential. The concentration of flu- =2
lec“s on the oxldc-mc: interface. gbc cll;h'b';g Lcacuon ('::l is the oride ions was determined by the concentration of NHyF while the =3
Kiowest pcess. AmONg (o, (45 el cou ciogan 25 the. mic concentration of H* was determined by pH. The lower the pH, the =t
determining step. The etching process was a temperature dependent 3 g 3 . : 2y
ST 7 A R higher the H* concentration, as such leading to higher current density. =
reaction (Arrhenius type relationship) and followed Fick’s Law of s z s :
diffusion. Therefore it was characterised by the followin, tion: However, pH 6 was an exception. This could be associated with =
i Y i the fact that when doing anodisation at pH 6, hydroxide particles were =7
. -AG formed along with the formation of nanotubes. This could be fur- s
1= aexp ( 'T ) B3] ther explained by the associated high resolution microscopic images. =
3 3 5 Figure 5 showed the different microscopic image of the coating formed 200
whercby’a 1s & constant, R is the gas constant, T is the temperature after anodisation for 3600 s. It could be observed that from pH 3to pH 281
and AG is the Gibbs energy change. 3. nanotubes were formed with a uniform distribution with the number 22
At chemical equilibrium, of nanotubes being higher at pH § than at pH 3 with thicker walls. This 2
il observation would be further discussed below. The observation at pH - 24
AG= AG™+RTnQ 4 6 could be explained by the fact that the concentration of HY ions was 2
Whereby G is the maximum amount of energy change happening lower and could be better explained by the following equations: 2
and Q0 is the reaction quotient dependent on the reactants in the reaction 2 2%, sed.
ol o e et e Sl [TiFs]* +nH20 — [TiFs_o(OH),]* +nH* +nF" [1]
5 27
__[TiF6*] [TiFe_o(OH), P+ (6 — n) Hy0
=TT o
TiOH), | + (6 — ) H*+ (6 —n)F- i
Thus at equilibrium, —+ [Ti(OH)g] ™ +(6 —m H*+ n) [
L8 (AT i [THOH)J* +2H* - Ti0,+4H,0 m ™
Q RT Normally following the above reactions, titanium dioxide nan- 29
[H " ]4“;, ]6 _AG® otubes were expected to form. However at pH 6, the presence of lower 20
i=a ——Cxp ( ) [71  concentration of H* ions causes a reduction in reaction (v), allowing 211
[T‘FG ] RT the accumulation of titanium hydroxide which later decomposed to 22
2 , . . oxide particles. m
Since the energy change to the electric field by the following: Wi 6 st Voo Ml et ety il decraned. it
G® = —nFE* [8] from pH 3 to pH 4 and slightly higher at pH 5 than that at pH 4. The ==
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Figure 6. (a) Nanotube morphology and (b) Final Curreat value vanation with
pH.

diameter of the nanotubes was found to be affected by about 10 am for
every increment in pH. The final current value at pH 5 and pH 6 was
found to be higher due to the additional particles being formed on the
surface of the alloy. It was noted that even though the wall thickness
increased with increasing pH, the general diameter of the nanotubes
was found to be decreasing. Figure 6b also showed that there was an
increase in porosity with increasing pH while Figure 7 highlighted
the higher current density change during the last 30 minutes of an-
odisation at pH 6. The curreat density values at pH 3, 4 and 5 were
lower than that at pH 6 funhcr highlighting the effect of increase in
hydroxide co bes formed on titanium or its alloy
can have a U-shape ora V shape.''** Chen and colleagues further

d the effect of temp on the resulting shape. Gradual
increase in temperature led to the formation of a U-shapc and steady
temperature led to the growth of V-shaped nanotubes. Since the an-
odisation in this work was done at steady room temperature, V-shaped
nanotubes were expected. Figure 8 emphasized on the change in pore
diameter in with hughl of nanotube as per previous researches. This
cffect has been seen in nanotubes formed in the presence of phosphate
ions as well.*' During the review of the literature, there was an empha-
sis on the effect of pH on the thickness of titania nanotubes wherchy
longer nanotubes were obtained in clectrolytes having a higher pH.
Combining both theories related to the growth of titania nanotubes,
the longer nanotubes formed at a higher pH would be expected to have
a larger pore diameter as compared to the short nanotubes formed at
lower pH. However in this study it was found that the pore diameter
becomes smaller with increasing pH This was associated with the fact
that at a higher pH, the hydrogen ions mediated ion (gguation (ii))

Final Anodization Curvent Density varistion with time ot different pH
0.6 T v v T

0 A " " "
1000 1500 2000 2500 3000 3500 4000
Tine's

re 7. Variation of curreat density with time for the last 30 minutes at
different pH.

was reduced. Therefore the wall thickness did not decrease with in-
crease in the length of the nanotubes.

Meanwhile more nanotubes were grown at pH 5 (144 nanotubes per
square micrometer) as compared to pH 3 (72 per square micrometer).
The ber of bes was doubled in quantity when pH increased
from 3 to 5. This could be explained by the fact that the etching started
carlier at a lower pH. This resulted in larger etching sites at a lower
pH and hence accounting for fewer sites on a specific arca as shown
in Figure 5. At a higher pH, the rate of oxidation was quicker as
such more nanotubes were formed per unit area and hence smaller in
diameter, as illustrated by Figure 5.

Effects of sweep rate— The value and the rate of change in current
density increased with increasing sweep rate prior to the peak B in
Figure 9. The general increase was because for the same time period
a larger voltage was applicd to the system. As such following Ohm's
Law, the current value would be higher at a specific time at a higher
sweep rate. Although the final potentials reached by all the systems
were the same, it could be observed that the maximum current density
value reached was higher with increasing sweep rate, as shown in
Figure 0. The gencral increase could be correlated with a larger power
density being applied at SR1.5 in order to form the oxide barrier layer
as compared to SR0.2. As such a greater stress would be generated
at the electrode/oxide interface at a higher sweep rate. It was also

Figure 8. (a) V-shape nanotube depicting change in pore diameter (b) Cross
section of nanotubes at different heights showing smaller pores at the bottom
and lasger pore at the top.
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Figure 9. Current density variation with respect to (a) time and (b) voltage at
different sweep rate.

observed that the reaction at sweep rate 0.8 V/s does not follow the
pattern. In fact the maximum current density reached did not change
massively at sweep rate between 0.5 Vis and 1.0 Vis. It could be
presumed that the barrier layer was formed with the appropriate stress
needed when the anodisation was done between those two sweep
rates. A faster sweep rate {e.g. 1.5 V/s) would cause higher stress and
more defects in the barrier layer and hence higher maximum current
density. On the other hand a very slow sweep rate (e.g. 0.2 V/s) would
generate less stress for the barrier formation.

Figure 9b highlighted the start of etching at a lower voltage at
SRO.2 as compared to SR1L.5. Basically because of a longer time
taken to reach 20 V at SR 0.2, part C of the anodisation curve was
supposed to occur later as compared to SR 1.5. This was visible
in Figure 9a. However peak C was reached at a higher voltage at
SRS than at SR 0.2. And at the highest sweep rate peak C was not
even reached prior to 10 V. This would mean that at a lower sweep
rate a smaller potential was required before etching could occur. A
justification for this behavior would be that at SR0.2, lower impedance
was encountered so that the total voltage is lower when etching occurs.
This could be confirmed by the arca under the graph in Figure 9b
whereby at SR 1.5, larger imp € Was e1K d during etching.

Figure 11 showed a general decrease in the pore diameter of the
nanotubes with increase in sweep rate. The value decreased from about
120 nm at sweep rate 0.2 V/s to about half that value at sweep rate
1.5 V/s. It was also observed that the wall thickness of the nanotubes
slightly increased as visible on the microscopic images in Figure 10.
The final current density value followed thc same pattern as pon:
diameter shown in Figure 11b. The p y however d un-
changed. This was because as the swecp rate increased the number of
ctchmg sites increased as well. However since there was a decrease

in the di of the bes, these two parameters counteracted
cach other causing the porosity to stay almost the same at the different
SR.

This would lead to the conclusion that there were more etching
sites at a higher sweep rate so that more nanotubes were formed
per unit arca as shown in Figure 10. Figure 12 zoomed in on the
change in current density for the last 30 minutes of the process and it
was scen that the current values were lower at higher sweep rates in
general even though the maximum current reached at the beginning
was higher. This could be correlated with the pore diameter shown in
Figure 11. The lower the pore diameter, the lower the curreat density
due to increased resistance to ion diffusion.

Figure 10. Microscopic images of the TiOz nanotubes coating at pH 4 and sweep rate (2) 0.2, (b) 0.5, () 0.8 (d) 1.0 and (d) 1.5 Vis.
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Figure 12. Variation of current density with time during the last 3 minutes

of anodisation at different sweep rates.

Stages of nanotube formation.— The different stages of the fab-
rication of nanotubes were analyzed by stopping the ancdisation at
different time and then analysing the resulting substrate using the
SEM. The detailed images were presented in Figure 13, After the for-
mation of the barrier layer, eiching was seen to take place before 20V
was reached, due to the presence of nanoparticles of average diameter
25 nm, not well-defined. Five minutes after 20V was reached, it was
observed that the beta phase was more etched than the alpha phase.
At the same time, small doughnut-shaped pores were formed wath
diameter ranging from 50 nm to 100 nm.

Following Figure |3, it was ohserved that with time, more etching
was taking place with increased size of the nanoparticles to about 100
nm. At 10 minutes (Figure 13b) the beta phase was further eiched
with the presence of nanograins (100 nm). Five minutes after this, the
nanoparticles were further etched giving rise to nanoporous structures
with pores {30 nm— 100 nm} in the beta phase as shown in Figure 13c.
The dissolved nanoparticles were believed to be vanadium oxide. This
was because vanadium oxide 1s highly soluble. Vanadium 1s the §-
stabiliser in a TI-6A1-4Y alloy and as such the vanadium to aluminum
content 15 normally present in a higher quantity in the beta-phese than
the alpha-phase ** The difference in the vanadium content in the
alpha and beta phase accounted for more etching in the beta phase.
The EDS analysis further showed the difference in Figure 14 (3.1%
in alpha phase and 3.8% in beta phase).

At 20 minutes (Figure 13d), the porous structures in the beta phase,
became nanograins while the alpha phase maintained the porous struc-
tures with thicker walls of the pores. The nanograins could be assumed
to be the underlying alpha phase grains which developed into a thin
layer of nanoporous layer five minutes later. Then these grains de-
veloped into nanoporous structures (-~ 100 nm) while the randomly
arranged nanopores (<30 nm) in the alpha phase became uniformly
arranged nanotubes after 40 minutes, After one hour, the nanotubes
had an average diameter of 100 nm in the alpha phase as could be
seen in Figure 13z, The beta phase contained similar sized nanopores
alongside a smaller amount of smaller sized pores as well.

The abowve observations allowed a new perspective into the growth
of nanotubes. Chen and colleagues did obtain a pattern in the growth
of nanotubes on the surface of Ti-10Ta similar to what was obtained in
this study."! The anodisation started with mndomly arranged porous
structures and ended with uniformly arranged nanotubes. Meanwhile,
Dikova and colleagues defined the mechanism behind the growth of
nanctube on the surface of Ti-6A1-4 V with the surface of their samples
being coated up to 80% with nanctubes in 7 hours.® During the pro-
cess, where they used just hydrofluoric acid (HF), the synthesis of the
nanciubes started with the presence of nano-seeds. The latter looked
different from the ones obtained in this study wherchy nanograins
with a rough surface structure were the first result of ewching. It was
only in the beta phase that the “bowl-like” structures were grown on
the titanium alloy used in this study (Figure 13d). The buffering effect
of the electrolyte being used in this study was responsible for this
cffect.

This analysis led to the mechanism behind nanotube assembly in
the alpha- phase being as follows:

1) Formation of nanoparcles,

2} Development of ‘doughnut-shaped’ structures due to arrange-
ment of the nanoparticles leading to the formation of pores
slightly bigger than 200 nm pore diameter.

3)  Ewolution of the nanoparticles and above mentioned structures
into nanoporous structures, with varying diameters, all over the
surface.

4)  Growth of the nanoporous surface into nanotubes with solid wall
and a distance in between each nanotube,

The nanopartickes formed, at the beginning, was due to the etch-
ing process in the presence of fluoride ions. Since Auonde ions have
small diameter, they were able to force nano-cracks on the surface
of the barrier-oxide layer. The latter led to the presence of the uni-
formly spread nanoparticles all over the surface of the sample. Since
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Figure 13. Coating grown at pH 4 and sweep rate 0.5 V/s viewed at 50 000 magnification at (a) 5 minut

minates, (f) 30 minutes and (g) 60 minutes of anodisation.

nanoparticles have the tendency to stick to each other, they arranged
themselves in such a way that the doughnut-shaped structures were
formed as shown in Figure |15. The preseace of the pore inside the
structure was due to the fluoride ions. Growth of similar structures all
over the place led to the formation of the nanoporous layer. Since there
was oxidation and chemical dissolution at the same time, neighbour-
ing, ‘doughnut-shaped’ structures was assumed to be stacked together
so that the competition reactions and lateral forces resulted in the
formation of the nanoporous surface. The pores in the nanoporous
structures do have smaller pore diameters than the previous structures
because oxidation was taking place at the same time as dissolution.

()10 ()15 (d)20 (e)25

This process continued for 30 min whereby the pores were arranged
uniformly with solid walls differentiating the pores from each other.
It was observed that there was a distance in between the walls of
nanotubes. This followed the theory derived by the group of Schmuki
whereby it was explained that as the nanotubes grew longer. the pore
diameter decreased, accounting for larger base and smaller opening.™

Theory of initial etching sites— In this study, Ti-6AI4V alloy
was used and as such, during the anodisation process, the oxides of
aluminum and vanadium was formed along with titanium dioxide.
Nonetheless, the discussion in this work was limited to the oxide of

Figure 14, The EDS analysis results comparing the vanadium content in the alpha and beta phase.
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Figure 15. Presence of ‘doughnut-shaped” structures at 5 minutes of anodis-
ation at low magnification.

titanium only. due to the predc < of titanium over al
and vanadium on the coating (EDS analysis in Figure 14).

Following the observations at different pH and sweep rate, a new
theory was deduced which related the growth of nanotubes to the
ctching sites at very carly stage. The effect of pH and sweep rate
could be illustrated using Figures 16 and 17 respectively. Due to the
large volumetric expansion in the oxidation process. the oxide layer
is under large in-plane compressive stress. This could cause buckling
or wrinkling according to Hutchinson and Suo.*® The valley of the
wrinkles is under additional surface energy and becomes preferred
sites for ctching. At lower pH, etching started ecarlier so that the
barrier layer was thinner and less stressed. Fewer etching sites per
unit arca were expected so that smaller number of nanotubes per unit
area compared to a higher pH. Figure 16a illustrated that there are
fewer nanotubes at lower pH. The wall is thinner while pores are
larger due to the ongoing etching of the walls at higher concentration
of hydrogen ions. Part (b) showed the growth of the nanotubes at a
higher pH. Due to lower concentration of hydrogen ions and hence
higher [OH~], more oxide was deposited on the inner walls of the
tubes. This caused the wall thickness to increase with time. Therefore
nanotubes with thicker walls and smaller pores were obtained at a
higher pH. This is in agreement with the images in Figure 6.

Figure 17 illustrated the effect of sweep rate on the growth. At
a higher sweep rate, the reaction was quicker, resulting in a higher
stress being generated accounting for more bulging and as such the
presence of more ctching sites with smaller size. It is expected that
the in-plane stress due to the oxidation expansion is proportional
to the reaction rate. This was imaged by Figure 17 whereby more

(a) (b) ro \ / Lo
./
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Figure 16. The nanotube morphology at (a) low pH and (b) high pH high-
lighting the dominating reaction taking place.

DOOO

Figure 17. The nanotube morphology at (a) low sweep rate and (b) high sweep
rate highlighting the main reaction taking place.

nanotubes with much smaller pores were formed at higher sweep rate
than at lower sweep rate. The final current density is determined by
the ctching rate which is determined by the impedance of the smaller
pores. Therefore the final density decreases with increasing sweep rate
due to higher impedance of the pores. Nevertheless the wall thickness
is not significantly affected as shown in Figure 9b.

In summary the rate of formation of barrier layer plays an important
role. Higher reaction rate leads to higher stress and hence higher
density of nanotubes. In turn this will increase the impedance of the
pores and reduces the growth rate.

Conclusions

This study proved that sweep rate did have a significant role to
play in the self-assembly of titanium dioxide nanotubes as well as the
pH of the electrolyte. The morphology was dependent on the rate at
which the voltage was increased to the target value along with the
concentration of hydrogen ions in the electrolytes. Furthermore, this
research work provided a deeper insight to the different stages of the
nano sclf-assembly which allowed a new theory related to the initial
etching sites to be derived involving the formation of titanium dioxide
nanotubes on the surface of Ti-6A1-4V, in the presence of phosphate
ions. This would be beneficial in carrying antibacterial agents in the
nanotubes providing a good surface coverage.
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Abstract

Medical implants and scaffolds for tissue engineering involve the use of
composite coatings with various aims and objectives depending on the location
and the reason behind their use. One example of their use is in the field of
orthopaedics whereby composite coatings are used on bone implants with the
aim of replicating the bone chemical and physical properties and they act as
scaffolds for osteoblast cells to adhere and proliferate successfully hence
promoting osseointegration. Once placed in the body, the composite coatings
are expected to have specific properties depending on the location and the
function required from the implant. In this context, three types of composite
coatings have been defined as anti-wear, biocompatible and anti-bacterial
coatings. The composites can be synthesised on the required material using
various methods which have their own advantages and disadvantages. Moving
with the smart and nano- technology, smart nanocomposite coatings have been
introduced on implants and scaffolds for tissue engineering with the aim of

providing more than one properties when required.
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6.1 Introduction

Composite coatings have successfully been used with the aim of enhancing the
function and lifespan of implants and acting as tissue engineering scaffolds. An
implant is a manmade material inserted in the human body with the aim of
repairing or replacing previous damaged tissue and tissue engineering is the
use of cell biology and material engineering to induce tissue growth in specific
chemical and physical environment [1-3]. Scaffolds in this context are
biocompatible templates which act as a platform promoting the attachment and
growth of cells [4]. Composite coatings are used on different types of materials

whereby they add to the already present properties of the biomaterial.

Metallic materials are considered to be the best biomaterial for dental and
orthopaedic implants owing to their exceptional mechanical properties [5-8].
Cobalt based alloys, stainless steel and titanium and its alloys are known
metallic materials which have been used as implants. However, due to the
lowest Young’s modulus and corrosion resistance of titanium and its alloys, they
are considered to be the best option for metallic implants even though the
modulus is still higher than natural bone [9]. The factor that contributes to the
corrosion resistance of titanium is the presence of the inert surface of a
naturally formed oxide layer on the latter [10]. Nonetheless, since titanium alloy
is preferred over pure titanium in the medical field due to the higher mechanical
strength, the naturally formed oxide layer on the alloy is not always stable and
alloy metal species arereleased from the surface which can be toxic [11, 12].
Modifying the oxide layer under certain conditions can prevent such leaching
and even add enhancing properties to the implant [11, 13]. Further emphasis
has been placed on the modification of surface topography and/or surface
chemistry of biomaterials with the aim of functionalising the surface and making
the implant last longer [14]. Roughening the oxide layer on titanium or its alloy is
one functionalisation process which makes the surface more bioactive. This can
be achieved through plasma spraying, sand blasting, acid etching and
anodisation [15, 16]. And since the surface of bone is nano-structured, more
interest has been granted to nano-modification of surface topography with the
aim of simulating the latter surface [14, 17]. Growing titanium dioxide (TiO2)

nanotubes on the surface of Ti and Ti alloy is a mean of providing the required
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roughness with a high surface to volume ratio and high reactivity [18].
Anodisation is an electrochemical process whereby TiO2 nanotubes can be self-
assembled on the surface of titanium/titanium alloy. This fabrication process is
chosen over all the synthetic methods available as it allows the formation of
uniform nanotubes arrays and a controllable pore size [19]. TiO2 nanotubes on
titanium are known to improve the ability of apatite formation and to increase
the cell activity in the surrounding [20]. Due to their tubular structure and the
increased surface area to volume ratio the nanotubes can be used as scaffolds
for other materials with the aim of providing additional properties to the metal

depending on where it is going to be used and what is expected.

In the case of orthopaedic implants, the implants need to mechanically attach to
the bone and integrate in the body environment as well [21]. In this context,
implants have been made in such a way that they provide the mechanical
properties required while being able to act as a scaffold for tissue engineering
and provide local drug delivery as well. This chapter sheds light on the different
types of composite coatings available (section 6.2) depending on where they
are needed and the methods used to fabricate them (section 6.3). Last but not
least section 6.4 concentrates on the science behind smart composite coatings

in the field of implants and tissue engineering.

6.2 Types of Composite Coatings

Composite coatings are used on different biomaterials. In this chapter, Ti-6Al-
4V was chosen as the biomaterial in question as a base for the composite
coatings owing to the vast usage in the orthopaedic world. They are used as
implants and their surface can be modified to act as a scaffold for tissue
engineering. In this context, ceramics and biomolecules are the two main types
of composite coatings that are commonly used on Ti-6Al-4V based implants
depending on the purpose of the latter [22].

In the world of orthopaedics, however complex properties a composite may
have, the coating has to be able to work under load bearing conditions. As
mentioned before, Ti-6Al-4V has good mechanical strength and can perform as
bone implants. Nonetheless, due to difference in modulus and high friction,

loosening of implants after a few years, results in the demand of a secondary
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surgery [23, 24]. Preventing such situation is thus of great importance. Making
composite coatings with anti-wear properties is one of the main solutions to
such issues. They help lower the friction between implants and bone resulting in
longer lasting implants [25]. Further details on anti-wear composite coatings are
discussed in section 6.2.1. More importantly, any implant or scaffold has to be
biocompatible before even being considered to be placed in a human body. And
in the case of bone implants, the coatings have to be biocompatible even under
stress [26]. Furthermore, the concept behind tissue engineering itself depends
on the ability of materials to promote cell adhesion and proliferation [27, 28].
With regards to biocompatibility of implants and tissue engineering scaffolds,
section 6.2.2 is dedicated to biocompatible composite coatings and
concentrates on ceramic grown on titanium based material. However much
biocompatible a material can be, there is always the risk of infection due to the
involvement of a foreign material inside a human body. In the case of implants,
infection is a common case of malfunction and failure [29-31]. Depending on the
location where a biomaterial is needed, it can be made anti-infective with the
aim of combatting infections when needed or as a prophylaxis [30, 32]. Anti-
infective agents can as such be coated on or added to biomaterials to provide
the necessary properties to the latter [30, 32]. Section 6.2.3 concentrates on the
third type of composite coating, namely anti-bacterial coating. Silver
nanoparticles acting as antibacterial agents embedded in TiO2 nanotubes on Ti-

6Al-4V were studied as composite coatings.

6.2.1 Anti-wear coatings

Composite coating used on articulating surfaces of implants is the type of
coating that is mostly concerned in this section. Articulating surface as per its
name, has to be able to move smoothly so that the implant could work
successfully without any issues. It is hard to fabricate the perfect coating or
implant but tackling most of the issues lead the way to effective implants. One
of the most common material used in articulating implants is titanium in the field
of orthopaedic implants. In this context, titanium alloy do have a high strength
and a lower modulus (60 — 110 GPa) than other metals (including titanium
metal) which is closer to the modulus of bone (10 — 30 GPa) [9, 33, 34].
Nevertheless, the gap between the modulus have still to be filled with the aim of
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preventing stress shielding [33, 34]. Along with stress shielding, corrosion is one
factor which leads to wearing of the surface of an implant which in turn
increases friction between articulating surfaces resulting in mal-functioning of
the latter implant [23, 35]. And in orthopaedics, malfunctioning leads to
secondary surgery which can be life threatening. Thus there is a need to reduce
or prevent corrosion on implant surfaces with the aim of reducing wear, hence

the need for anti-wear coating on those implants.

In this context, several researches have been done in the past and are still
being done with the aim of reducing friction between articulation surfaces. And
composite coating is a good solution to this issue. Examples of such coatings
being used are diamond-like carbon (DLC), graphite-like carbon (GLC),
tantalum (Ta), titanium nitride (TiN), Al2Os - Fluorapatite (Fap) and HAp/TiO2-
based composite [23, 36-38]. The common interest in working with the
mentioned composite coatings is that they need to provide anti-wear properties
while being biocompatible and able to work under load bearing environment in
some cases. Sahasrabudhe et al. (2016) confirmed wear resistance and an
increase in hardness when pure titanium was coated with Ti/N [39]. Graphene
nanoplatelets reinforced Bioglass has also been shown to have lubricating
effect and increased toughness while being biocompatible [40]. With respect to
anti-wear composite coatings, carbon nanocomposite coatings on Co/Cr alloy
has proved to have high wear resistance while allowing cells to grow
successfully on the latter [41]. Co/Cr alloy is a good choice for medical implants,
however it still has a lower modulus than bone as mentioned before and as
such, titanium alloy being the best choice for bone implants. MoS2-containing
TiO2 composite coating on Ti6Al4V was investigated by Mu et al. (2013) and it
was found that the uniformly coated nanoparticle coating had low friction and

could act as a lubricant between the articulating surfaces [42].

Several anti-wear composite coatings have been tested and used successfully.
However, the need to combine biocompatibility and additional properties to the
coatings keeps the research going on. With the aim of being able to blend in the
human body, biocompatible composite coatings on implants have been

extensively researched about and the next section shed more light on the topic.
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6.2.2 Biocompatible coatings

Different locations in the body require different types of implant materials. The
whole aim is to allow the implant to integrate successfully in the human body
while being able to deliver the necessary function. In the case of orthopaedic
implants, metals are mostly chosen especially in load bearing applications due
to their high strength. However, osseointegration is still an issue when used on
its own in the human body, hence the need for surface modification which fill in
the gap [43, 44]. Increasing the roughness of the surface of titanium alloy is one
option which has gained enormous interests over the last few years. Grit
blasting and chemical etching are examples of such methods but the roughness
and morphology of the resulting surface cannot be controlled [43, 44]. Self-
assembly of TiO2 nanotubes on the surface of Ti alloy is one way of providing a
controllable nano-roughness to the latter surface whereby the nanotubes
provide the necessary platform for bone cells to grow on the latter and provide
good biocompatibility [45-47]. Stress shielding still remains an issue with
surface modification. In this context, composite coatings with lower modulus can

help reduce and/or prevent the effect of stress shielding.

Hydroxyapatite is a bioceramic material which has similar structure to bone but
it does not have the mechanical strength required to work in load bearing
application [34, 48, 49]. Nonetheless when used in conjunction with titanium
alloy, HA add to the properties of the alloy, hence increasing the
osseointegration of the alloy in the body [49, 50]. Several techniques have been
used to grow or add HA on the surface of metals and alloys such as sol-gel
technique, plasma-spraying, biomimetic deposition, electrodeposition, laser
ablation and so on [48, 51].

With the aim of improving the adhesion and stability of HA coating on Ti, Liu et
al. (2017) investigated the behaviour of osteoblast cells grown on HA coated Ti
[52]. After having polished the titanium (PT), it was acid etched with the aim of
roughening the surface forming ET. With the aim of increasing bioactivity of the
surface, the etched surface was exposed to 10 M NaOH in a high pressure
kettle at 100 °C for 24 hours hence labelled NT. Subsequently HA was
deposited biomimetically on the alkali treated surface by dipping NT in
simulated body fluid (SBF) hence forming HAp/NT. The surfaces of PT, ET, NT
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and HAp/NT were then viewed under high resolution scanning electron
microscopy (SEM, Hitachi S-4800) and the elements present were analysed
using energy dispersive X-ray spectrum (EDX). Afterwards they were exposed
to mouse osteoblastic MC3T3-E1 subclone 14 cell line in a-MEM (Minimum
essential media) media. 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT) and alkaline phosphatase (ALP) assays were then
performed on the cells grown on the cells grown on the coated and uncoated

titanium after 2, 4, 6 and 8 days of exposure [53].
Insert Figure 6.1

The SEM images of the PT, ET, NT and HAp/NT are shown in figure A, B, C
and D. Figure C shows a flowery nano-structure from the sodium titanate
formed from the alkali treatment and figure C illustrates nano-needles structures
formed on the surface of the alkali treated titanium whereby a full coverage and
uniformity was present. Figure E confirms the presence of HA after exposure to
SBF with the ratio of calcium to phosphorus being 1.67. Further details on the
chemistry involved in the growth of HA would be discussed further in section
6.3.4. The calculations from MTT assay by Liu et al. (2017) was expressed in
figure A whereby it could be observed that the cell growth during day 2 and 4
was not significantly different on PT, NT and HAp/NT [52]. But as from day 6,
both NT and HAp/NT showed higher number of cells. The ALP assay showed
similar observations (figure B). The change in morphology and the presence of
HA did increase the biocompatibility of the titanium successfully. As mentioned
before, the nanostructure did mimic the nano-morphology of bone which allows
the coating to blend in. Also, since HA have similar natural phase to bone,
osteoblast cells finds it easier to attach to the latter surface thereby preventing
rejection [54]. The study by Liu et al. (2017) is one example where HA was used
as a composite coating which enhanced the biocompatibility of the implant

material [52].
Insert figure 6.2

Several more types of composite coatings containing organic molecules,
nanoparticles and many more are used on metals with the aim of providing
biocompatibility to the material so that they can integrate successfully in the

body hence reducing the risk of malfunction and/or rejection [33]. Nonetheless
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biocompatibility in different parts of the body would require different composite
coatings. In the study by Liu et al. (2017) the coating was aimed at bone
implants and bone tissue engineering and as such, hydroxyapatite was the best
option [52]. However, implants aiming at being in the heart or eye or any other
part of the body, would require composite coatings made of biomaterials

promoting their integration in the respective organs.

6.2.3 Anti-bacterial coatings

Targeting infections in implants is of great significance and composite coatings
could be the solution. Local anti-bacterial agent delivery is one such example
which has been researched extensively for use as composite coatings on
implants. This method has been shown to be more efficient with low toxicity
[55]. TiO2 nanotubes have nanotubular structures which can act as a carrier
and/or act as a scaffold for antibacterial nanopatrticles aiming at local delivery
[56]. Antibiotics have been used as a bactericidal agent on nanotubes. However
implant related infections are often caused by more than one bacterium and
they occasionally develop resistance to antibiotics [57]. This is where metallic
antibacterial feature becomes the alternative solution. Silver, copper and zinc
nanoparticles have been used positively on TiO2 nanotubes due to their
antibacterial property and nanostructures [58-63]. Nonetheless, silver
nanoparticle is considered the best owing to the better antibacterial properties
and the better resistance to bacteria [64-66]. Thus integrating silver
nanoparticles to TiO2 nanotubes grown on titanium alloy is an excellent
example of an anti-bacterial composite coating for implants. The nanostructured
morphology of the embedded silver nanoparticles on the nanotubes attracts
human cells to grow on the surface hence acting as a scaffold for tissue
engineering [67, 68]. However, silver nanoparticles are toxic if released in high
amounts at one time. Most studies analysing the behaviour of silver
nanoparticles in the presence of human cells, showed different levels of toxicity
depending on the release rate and size of the nanopatrticles [63, 69]. For this
reason, the size and attachment of the nanoparticles to the nanotubes wall and
the control of silver release from the coatings are the main factors to be

considered when growing the latter as composite coatings.
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Different methods have been employed to fabricate silver nanoparticles on the
surface of TiO2 nanotubes grown on titanium or its alloy. One method of
assembling uniformly distributed silver nanoparticles on the nanotubes is
electron beam evaporation [68, 70]. The latter method successfully produced
uniformly distributed silver nanoparticles on the surface of nanotubes coating on
titanium. In the study by Lan et al, 2013, the distribution of the nanoparticles
were uniform with different sites of attachments depending on the diameter of
the nanotubes on which they are attached [68]. Figure 6.3 shows the SEM
images of the attached Ag nanopatrticles on titania nanotubes of diameter 25,
50 and 100 nm. The size of the nanoparticles remained the same even though
the diameter increased. The nanoparticles were attached to the inside of the
nanotubes wall when the diameter was 100 nm as seen in Figure F and Figure
D showed that when the diameter of the nanotube was 25 nm the Ag particles
were on the surface of the nanotubes layer affecting the nano-topology of the
coating on titanium [68]. However Figure G showed that the release of silver
from the composite coating over 2 weeks was the same in both cases. The

silver release was a steady release over the 14 days in both cases.
Insert Figure 6.3

The antibacterial property of the composite coatings containing silver
nanoparticles on TiO2 nanotubes were tested in the presence of
Staphylococcus aureus grown in tryptic soy broth [68]. Figure 6.4 shows the
composite coatings after 4 hours of exposure to S.aureus. The coatings with Ag
nanoparticles on 100 nm diameter nanotubes had the least bacteria present on
the surface after the exposure (Figure F) as compared to the coatings involving

25 nm diameter nanotubes (Figure D).
Insert Figure 6.4

After confirming the antibacterial property of the composite coatings on titanium,
there was a need to make sure that the surface was not toxic to human cells. As
such the coated surfaces with silver nanoparticles on TiO2 nanotubes with
diameters ranging from 25 nm to 100 nm were exposed to human fibroblast
cells grown in Eagle’s minimum essential medium. It was observed that the
cells grew better on the 25 nm diameter nanotubes both in the presence and

absence of silver nanoparticles as shown on Figure A and D.
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Insert Figure 6.5

In the study by Lan et al (2013) a composite coating on titanium was
successfully synthesised. The coating provided the necessary antibacterial
property against one of the main cause of infection in implants, S.aureus (REF).
It was also shown to allow human fibroblast cells grow on the silver containing
surface as they would grow on just TiO2 nanotubes. As such, it could be
concluded that the silver nanopatrticles added to titania nanotubes by e-beam
are antibacterial while enhancing biocompatibility of the titanium [68]. The low
level of toxicity could be due to the steady release of silver form the composite
coatings as seen in Figure G over 14 days as release of large amount of silver
in the first 24 hours have been shown to be toxic to cells. Several more similar
coatings have been synthesised throughout the last few years. These types of
antibacterial composite coatings combat infection as soon as they come in
contact with bodily fluid. More research are still being done with respect to
growing silver nanoparticles on TiO2 nanotubes with the aim of providing
antibacterial effect for as long as possible [69]. This implies a slower release of
silver from the composite coating and/or a release of the antibacterial agent
only when infection is present. This is where smart coatings could enhance the
characteristics of composite coatings [71]. Section 6.4 concentrates on the
development of smart composite coatings which can have antibacterial

properties as well.

6.3 Synthesis of composite coatings

There are different methods through which composite coatings can be
synthesised, some of which have been discussed in the previous section.
Depending on the methods which are being used mostly and which are more
cost effective, section 6.3 gives more details on the different methods
employed. This segment divides the different techniques that have been used to
synthesise composite coatings successfully in the past into 4 categories namely
chemical deposition (6.3.1), electrophoretic deposition (6.3.2), electrochemical
deposition (anodising, electroplating) (6.3.3), biomimetic deposition (6.3.4) and

the remaining less used techniques such as plasma spraying, lon beam, laser
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deposition were condensed into a fifth category named other deposition

methods (section 6.3.5).

6.3.1 Chemical deposition

Composite coatings on implants consist of different chemical components and
manipulating the chemistry involved is the main concept behind the synthesis of
the coatings on different materials. Chemical deposition is one fabrication
technique whereby the material to be coated are allowed to react to different
chemicals allowing specific reactions to take place in a way that the coating
forms successfully. Chemical deposition can vary in different ways and
examples of chemical deposition include the chemical reduction, chemical
vapour deposition, sol-gel technique and dip coating. Examples of complex
version of chemical deposition are electrochemical deposition, spray deposition,
and biomimetic deposition [72]. The sol gel technique is a method whereby a
chemical solution is used to produce a network of particles after the solvent
from the solution has been evaporated and this method is used very often in the
fabrication of composite coatings because of its ability to produce
multicomponent coatings of various size, shape and format [73-75]. The latter
synthesis technique is effective while being cost-effective and simple [75-77].
Issues with the sol-gel method are that it is most time consuming and the
adhesive strength between the composite coating and the material is not that
strong [78, 79]. Chemical vapour deposition (CVD) is a widely used chemical
deposition method whereby the substrate to be coated is exposed to the
precursor of the material to be coated which reacts on the substrate forming the
required coating. It has any advantages as being a low cost and low
maintenance procedure which can produce pure uniform coating with structural
control at nanometer level [80-83]. CVD has been selected as it is a low-cost,
low maintenance and effective process for depositing uniform films exhibiting
good adhesion to the growing substrate; moreover, the easiness in controlling
the growth rate allows a high reproducibility of the samples. However, CVD
requires very high temperature and specific precursor material which can be
evaporated [23, 84, 85]. Chemical reduction is a process whereby the required
coating is reduced from a source on the substrate with the help of a reducing
agent. It a method widely used for the synthesis of graphene oxide and silver
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nanoparticles [86-88]. In the world of implants, AgNp/TiO2 composite coating on
titanium has been used successfully as mentioned in section 6.2.3. There are
issues with toxicity which have been overcome by ongoing research by the
authors but the antibacterial properties of the latter coating provide that triumph
over the toxicity issue (section 6.2.3). There are several methods of synthesis
among which chemical reduction is one of the simplest and most commonly
used [86, 89]. The commonly used reducing agents for this reaction are sodium
borohydride, sodium dodecyl sulphate, citrate, ascorbate and elemental
hydrogen [86, 89, 90].The reason behind its vast use is the fact that
nanoparticles of different morphology and dimensions can be fabricated using
this method [86, 91]. In a previous work, silver nanoparticles have been
successfully synthesised on the surface of TiO2 nanotubes. In this section,
chemical reduction of silver nanoparticles on the nanotubes would be discussed
while section 6.3.3 would analyse the electrochemical method of synthesising

the underlying nanotubes.

In the study by Gunputh and Le (submitted to Material science and Engineering
C journal in March 2017) delta-gluconolactone was used as a reducing agent
for silver ammonia with the aim of forming silver nanopatrticles (S) of diameter
less than 100 nm were formed in clusters of varied dimensions. In the latter
study, the concentration of the d-gluconolactone used was maintained at 0.002
M throughout. Initially, in method 1, the TiO2 coated Ti-6Al-4V alloy was
exposed to the mixture of the silver source, silver ammonia and gluconolactone
for 10 minutes. The concentration of the silver ammonia was varied from 0.005
M to 0.015 M and the resulting clusters formed on the surface of the nanotubes
(TNT) were illustrated in Figure 6.6. Panels A-C shows a low magnification of
the TNT-S coating and D-F shows a higher magnification of TNT-S0.005, TNT-
S0.01 and TNT-S0.015 whereby micro-clustering was observed with an
increase in the size of the clusters with increase in the concentration of silver
source. The low magnification showed the coverage of the coating while the
higher magnification zoomed in to have a closer look at the morphology of the

clusters.

Insert 6.6
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Using the same chemical reduction method, in method 2, TNT was exposed to
0.015 M silver ammonia for 1-10 min followed by an exposure to 0.002 M
gluconolactone for 5 minutes. Figure panel A-C shows the low magnification
image of the coated surfaces of S1G5, S5G5 and S10 G5 respectively with the
number being the duration for which the samples was left in the latter solution.
Panels D-F shows the same coatings at a higher magnification whereby the
size of the nano-clusters was seen reducing with increasing duration of
exposure to silver ammonia. In both figure and figure, G represents the EDS

analysis which confirms the nanopatrticles to be silver.
Insert Figure 6.7

The clustering was assumed to happen because of the large size of the
gluconolactone molecule reducing silver ammonia. The latter molecule has
several —OH and as such for each molecule of reducing agent, 4 silver
components were reduced and they would attach to each other. After each
coating was synthesised, the coated material was ultrasonicated in deionised
water for 10 minutes to remove the excessive silver attached to the surface.
Then they were exposed to simulated body fluid in triplicates (n=3) with the aim
of measuring the amount of silver released from the coating after 24 hours. The
micro-clustering was seen to release significantly larger amount of silver as
measured by ICP-MS as compared to the nano-clustering (Figure ). After
analysing the distribution and release of silver from the coating, coating from
method 2, TNT-S10G5 was found to be the best to be used as a coating on
implants as it had a uniform distribution of nanoclusters of silver nanopatrticles
fully covering TNT while releasing the least amount of silver from the coating
after 24 hours exposure to SBF. In the human body, too much silver can be
toxic as mentioned in section 6.2.3, as such an ideal implant need to release

enough silver to be bactericidal while being biocompatible.
Insert Figure 6.8

To summarise, in general chemical deposition is a cheap and simple method of
synthesising composite coating whereby huge effort is not needed and the
resulting nano-structure and distribution of the coating can be manipulated by
modifying the involved parameters such as concentration of chemicals or

duration of exposure to substrate.
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6.3.2 Electrophoretic deposition

Electrophoretic deposition is an electrodeposition method whereby an electric
field is applied between two electrodes in a suspension, whereby the particles
move towards the oppositely charged electrode which is the substrate to be
coated [78, 92, 93]. It has been successfully used to fabricate composite
coatings for biomedical devices [94, 95]. Examples of such coatings are HA,
reinforced HA, polymers, bioglass, graphene containing material and many
more [96-98]. Electrophoretic method also allows the co-deposition of polymers
and ceramics which make this method favourable when it comes to composite
coating [92]. However, sometimes pre-treatment and/or post-treatment is
required in order to stabilise or strengthen the coating [78, 98]. Even though
sometimes the electrophoretic deposition is used as a 2-step procedure, it is still
widely used in the synthesis of composite coatings because of its efficiency,
homogeneity, high deposition rate, ability to produce controllable thickness,
inexpensiveness and versatility [94, 95, 99]. It has been successfully used to

coat surfaces of bulk objects and to infiltrate porous substrates.

Several authors have positively coated biomaterials with composite coatings
which in turn provide the required biological properties as hypothesised. Seuss
et al. (2014) were able to use alternating current-electrophoretic deposition (AC-
EPD) to produce composite coatings made of chitosan and Bioglass on Ti-6Al-
4V. The latter coatings were shown to be bioactive and antibacterial while being
robust [93]. Chen et al. (2014) fabricated a PVA reinforced alginate-Bioglass
composite coating on 316L stainless steel with excellent adhesive strength
[100]. Xiong et al. (2014) synthesised a HA composite coating on Mg alloy using
micro-arc oxidation followed by EPD [101]. The latter composite coating was
shown to have good anti-corrosion properties [101]. Similar observations were
made when a ceramic/organic composite coated Mg alloy was shown to be

corrosion resistant [102].

Electrophoretic deposition on its own or used in collaboration with another
technique has been shown to give rise to robust, corrosion resistant,
biocompatible and even antibacterial composite coating. Several researches
have been done on the latter and more is being done with the aim of combining
all the required properties in one composite coating. The whole aim is to be able

~ 294 ~



Sensitivity: Internal

to coat implants successfully while acting as a platform for successful tissue

engineering.

6.3.3 Electrochemical deposition (anodising, electroplating)

Electrochemical deposition, as per its name is a deposition method whereby
chemical deposition is assisted by a current. During this process, an electric
field is applied in a liquid containing dispersed charged particles, between the
substrate to be coated and another electrode so that a thin layer of the coating
is formed [103-105]. Similar to chemical deposition, an electrochemical
deposition, involves no high temperature or pressure and no high cost and the
technique is easily portable [43, 103, 104]. Electrochemical deposition allows
the synthesis of homogeneous coating of micro to nanoparticles [78, 105]. The
most important reason for its use in composite coatings is the fact that this
method allows deposition of more than one material on a substrate [48, 104].
Several composite coatings have been successfully synthesised on the surface
of metal with respect to using it on implants and for tissue engineering.
Examples of such coatings are the different chemical phase of calcium
phosphates including hydroxyapatite and hydroxyapatite reinforced with carbon
nanotubes (CNTSs), TiO2, ZrO2 and chitosan [106-108]. The hydroxyapatite
formed using this method was shown to have higher wear and corrosion
resistance and a higher adhesive strength when reinforced with other materials.
There are several factors which influence the characterisation of the coatings
such as the structure, coverage, morphology and associated properties. The
influencing parameters of the electrochemical reaction are the type of current or

voltage applied and composition and pH of electrolytic bath [81, 104].

An example of an electrochemical method is the anodisation method whereby
the substrate to be coated is made the anode [78]. Anodisation is one of the
main methods of synthesising TiO2 nanotubes which can be embedded with
other nanoparticles for the use as drug carrying composite coating on titanium
alloy as mentioned in section 6.3.1. Among the various electrolytes that have
been used in the latter synthesis, aqueous electrolytes are considered to

produce strongly adhered nanotubes due to the rougher exterior nanotube walls
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[109, 110]. A previous study by Danookdharree (Gunputh) et al (2015) shed
light on the influencing factors of the process such as pH and initial voltage
ramp. 0.2-0.5 wt% NH4F and 0.5-1 M NH4H2PO4 was used as electrolytes
which provided the necessary ions for the redox reaction as shown in Figure A
[111]. The reaction led to the formation of uniformly distributed TiO2 nanotubes
with 116.2 £ 6.4 nm (mean = S.E.M., n = 6) diameter on the majority of the
surface of Ti-6Al-4V disc as shown in Figure B and C whereby Figure C
zoomed on the B-phase of the alloy which had smaller nanotubes than the a-
phase (104.4 + 4.7 nm).

Insert Figure 6.9 here

The pH did not have any effect on the diameter of the nanotubes as seen in
Figure A but the increase in the initial sweep rate from 0.2 to 1.5 V/s led to a
decrease in the diameter of the nanotubes as shown in Figure B. Nonetheless
when there is an increase in the actual voltage used for anodisation, the

nanotubes diameter are known to increase (Bauer et al, 2006).
Insert Figure 6.10 here

The electrochemical technique can be simple but every single aspects of the
experiment does affect the resulting coating and has to be carefully considered
[112-114]. This is what makes the latter method one of the best deposition
techniques for composite coating especially at a nano-level.

6.3.4 Biomimetic deposition

Biomimetic deposition, as per its name, is a deposition method whereby a
synthetic deposition is made by mimicking a biochemical reaction. Among the
different methods of synthesis of composite coatings, the biomimetic deposition
method which takes place on its own and does not require any reducing agent
or external voltage for the process [115, 116]. It is also considered to be
environmental friendly and inexpensive [117]. Different types of materials such
as metals and metal oxides like Au, Ag, SiO2, TiO2, ZrO2 can be synthesised
using the biomimetic method [118, 119]. In the world of orthopaedics, there is a
bigger interest in the biomimetic synthesis of hydroxyapatite on metals with the

aim of increasing biocompatibility and promoting osseointegration as mentioned
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in section 6.2.2. The biomimetic growth of HA on metals started with the work of
Kokubo (1997) when the author grew TiO2 nanotubes on the surface of titanium
followed by the exposure of the latter coated surface to simulated body fluid
with pH (7.4) and ion concentrations (Na* 142.0, K* 5.0, Mg?* 1.5, Ca?* 2.5,
HCOs 4.2, CI- 147.8, HPO4* 1.0, SO4? 0.5 mM) which are nearly equal to those
of human blood plasma at 36.5 °C for 10 days [120]. Hydroxyapatite having
10Ca0-3P20s5-H20 as a chemical formula has a calcium to phosphorus ratio
(Ca/P) of 1.67 [121, 122]. As such, when growing the latter on metal, several
parameters have to be considered to make sure that the resulting coating does

have the specific Ca/P ratio.

An example of HA coating formed using this method is shown in Figure C. The
latter figure illustrates the uniformly distributed nanostructure of HA on the
surface of titanium foil. The EDS analysis also confirmed the calcium to
phosphorus ratio of 1.67 (Figure D). The original method used by Kokubo
(1997) took 10 days for HA to successfully grow on the surface of metal [120]. A
quicker method of fabricating the coating using biomimetic deposition would be
to use a concentrated version of the SBF while making sure that the pH and
temperature is maintained with continuous replenishment of the concentrated
SBF so that the appropriate ratio of Ca/P is obtained [115, 123]. The concept
around the synthesis of hydroxyapatite revolves around the initial nucleation
stage whereby calcium attached on the surface of the material before
crystallising to HA crystals [120, 124-126]. With the aim of growing
hydroxyapatite at a nano-level, in order for nucleation to happen, a rough base
is required. In the case of the study of the growth on titanium, the metal was
initially etched in concentrated acids hence creating a rough TiO2 surface [52].
The following alkali treatment with NaOH then created a layer of sodium titanate
(NaHTIiO3) as per equation (1) [120, 124]. Then, the titanate act as a base for
the nucleation to start once exposed to SBF. As a result, calcium titanate is
formed according to equation (2) after which, calcium phosphate (equation (3))
is formed which allows the apatite crystals to successfully form as per equation
(4) [124, 126]. The concept behind the growth of the HA on the titanium foil was
summarised in figure whereby the effect of the different steps on the surface

morphology was demonstrated.
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TiO2+ NaOH S
NAHTIOS. o equation 6.1

NaHTiOs + Ca?* — Ca
(HTIO3) 2. e e, equation 6.2

(PO4)2 ettt equation 6.3

Caz (PO4)2 + Ca?* + HPO4* +OH" —
10Ca0-3P205-H20......cccviiiiiiiia, equation 6.4

Insert Figure 6.11 here.

The biomimetic method is already time consuming and difficult to get it perfectly
right. And sometimes, the method does not last long on surfaces like
magnesium metal (Gao et al, 2015). In such situation, adding other material to
the base material allow a better bond between the HA and the base. Example of
such materials are graphene oxide, collagen, gelatin, carbon nanotubes and
many more [115, 117, 123].

6.3.5 Other deposition methods

There are many more deposition methods which are used and which are being
continuously researched about. Examples of such methods are the layer by
layer coating, plasma spraying, physical vapour deposition, ion beam

deposition, laser deposition and many more.

The layer-by-layer deposition method involves the deposition of oppositely
charged particles layer by layer and is mainly used when it comes to producing
a coating involving more than one component hence the research in relation to
composite coating [127, 128]. It is an easy, versatile and efficient deposition
method which has attracted attention in biomaterials synthesis [22, 129]. In the
world of composite coatings, the latter deposition method has been used with
the aim of functionalising the surface of inert material, synthesising drug
carrying coating for fast and slow release and fabricating thin coatings with high

strength [127, 129, 130]. The materials involved in the synthesis of composite
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coatings by this method include polymers, peptides, nanoparticles, ceramic and

metals.

Plasma spraying is a method that has been used to coat medical implants in the
past and is still being used. The process involved is the use of high temperature
from ionised inert gas to melt ceramic or metal powders which are sprayed on
the substrate to be coated [72, 131]. It is very common to coat medical implants
with HA using this method with the aim of increasing biocompatibility and
preventing corrosion [34, 131]. However due to the brittleness and low adhesion
force of the HA formed from this method, plasma spraying could be combined
with other techniques such as isostatic pressing or the HA being fabricated
could be reinforced with other materials such as carbon nanotubes [34, 131,
132]. As a whole, plasma spraying is considered to be cost-effective and the
method has the ability to control the microstructure of coatings and make them
have good properties [34, 133]. Nonetheless, it has drawbacks such as low
adhesive strength, non-uniform coating and the induction of changes in the

microstructure of the coating.

Physical vapor deposition is an environmental friendly coating technique which
is used to deposit inorganic material of variable thickness and good adhesion
strength on the required substrate with the aim of providing good corrosion
resistance [23, 131, 134]. The technique involves the deposition of plasma
metals ions on the substrate to be coated with the help of an electric field [23,
135]. With respect to the resulting coating, PVD has been used in the synthesis
of composite coating for orthopaedics implants. Examples of such coatings are
HA, diamond like coating, TiO2 and nano-silicon [23, 134]. The weak link in this
context is the low crystallinity of the resulting coating and the high cost of the
procedure [136].

The above mentioned deposition techniques are continuously being researched
and many more are being investigated with the aim of having the appropriate
composite coating for the respective implant or the required tissue engineering.
This is a long process as so many aspects have to be taken into consideration
ranging from mechanical properties to biological properties. Other aspects to be

considered are the feasibility, accessibility and economic aspects.
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6.4 Smart composite coatings

Various composite coatings have been magnificently put together by so many
researchers in the past. Trying to combat all possible problems from implants
and in relation to tissue engineering has been the centre of attraction. However
getting the recipe for the perfect biomaterial or composite coating right, is not
simple and would require more extensive work. One of the solutions to
addressing this issue is the use of smart coating. It is a functional coating that
has at least one property which can be modified when induced by stimuli
generated by intrinsic or extrinsic factors such as pH, stress, temperature,
electric and magnetic fields [119, 137, 138]. Smart composite coatings are
being constantly studied about in the medical world with different aims.
Examples are anti-corrosion coating, drug carrying coating and self-healing
coating [138, 139].

In this context, Ananth et al. (2016) synthesised a smart anticorrosion
composite coating consisting of Sr, Zn and Mg substituted hydroxyapatite and
silica nanotube composite coatings on polypyrrole coated surgical grade 316L
stainless steel [140]. The coating was concluded to provide the necessary
anticorrosion properties when required while being biocompatible [140]. In the
field of drug delivery, TiO2 nanotubes have been considered to carry drugs for
implants and tissue engineering in different medical needs and deliver them
when required by different types of external stimuli but some drawbacks need to
be taken into consideration as well just in case, the external stimuli does not
reach the coating adequately or the coating is not biocompatible [62, 139, 141].
Nanoparticle involved composite coatings have been reviewed with the aim of
acting as scaffold for smart tissue regeneration/repair and with respect to this
review, composite materials like chondroitin sulfate reinforced collagen
scaffolds, fibrin gel incorporating transforming growth factor beta-1 and porous
HA scaffolds combined with biodegradable PLGA microspheres loading

dexamethasone have been investigated [142].

The above mentioned properties and materials are examples of where smart
composite coatings are heading. With the world heading towards smart
technology, smart coating could be considered as the solution to the issues

faced by implants in the human body. The aim is to provide the necessary
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properties as soon as contact is made while being able to combat expected

problems as time goes by.

6.5 Summary

Composite coatings have a significant importance in the world of orthopedics
both on the surface of implants and scaffolds for tissue engineering. The
components of the latter composite coatings are selected depending on the
location where needed and the function they are expected to perform. The
fabrication methods are selected depending on the characteristic of the coatings
required. Since the biological reactions occur at a nano-level in the human
body, nano-composite coatings have gained more attention recently and smart

coatings have also been considered to be important in this field.
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