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ABSTRACT
Among the various complications that lead to the failure of orthopaedic implants,
prosthetic-related infections have been reported as one of the major causes. Local delivery of
antimicrobial agents through the implants surface is an ideal solution to the peri-implant
infection problem.

Due to the increasing resistance of pathogens to the current therapy utilizing antibiotics,
developing novel antimicrobial agents has received much attention recently. Among the potential
alternatives are the antimicrobial peptides (AMPs). Because of their broad-spectrum bactericidal
ability, low toxicity and immunogenicity, as well as complex killing mechanisms, AMPs have
much lower possibility of developing resistance than traditional antibiotics.

In the past decade, fabrication of TiO2 nanotubular structures by anodization method has
attracted great interests because of its controllable, reproducible results as well as the simple
process. In light of their high surface-to-volume ratio, controllable dimensions, excellent
biocompatibility, adjustable wettability and other promising properties, TiO2 nanotubes are
considered as an ideal carrier for drugs.

In the current study, self-organized, vertically-oriented TiO2 nanotubes were successfully
prepared by anodization method in both water based electrolytes (phosphoric acid based and
ammonium sulphate based electrolytes) and organic based electrolytes (Glycerol based and
Ethylene glycol based electrolytes). The nanotube coatings prepared in ethylene glycol based
ii

electrolytes, with ~80nm diameter and ~7 µm thickness, were selected for the drug delivery
purpose. HHC-36, one of the most potent broad-spectrum AMPs with the sequence of
(KRWWKWWRR) was loaded onto the titanium dioxide nanotubes via a simple vacuum
assisted physical adsorption method. Antimicrobial activity test against Gram-positive bacteria
(Staphylococcus aureus) demonstrated that this novel AMP-loaded nanotube surface
significantly inhibited bacteria proliferation and effectively reduced bacterial adhesion on the
surface. It was also found that the antimicrobial activities of the samples were highly dependent
on the drug loading conditions. By changing the loading conditions, the bacteria killing rate after
4 hour incubation increased dramatically from 90% to 99.9%. In vitro study showed that the
AMP-loaded nanotube samples are not cytotoxic for MG-63 osteoblast-like cells.
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Chapter 1 Introduction
Among the various complications that lead to the failure of orthopaedic implants,
prosthetic-related infections have been reported as one of the major causes. Local delivery of
antimicrobial agents through the implants surface is an ideal solution to the peri-implant
infection problem, and has received much attention recently. There are two key challenges: the
proper selection of the antibiotics and the development of the drug delivery system.

The rising problem of infections caused by multi-antibiotic resistant bacteria, or so-called
superbugs, makes traditional antibiotics less effective for peri-implant infections. The family of
antimicrobial peptides (AMP) is one of the promising alternatives to traditional antibiotics. In the
past three decades, such AMPs have drawn significant attention because of their rapid reaction
on broad-spectrum bactericidal strains (including Gram-positive and Gram-negative bacteria,
viruses, fungi, and some parasites [1-3]), low toxicity and immunogenicity [3], as well as
complex killing mechanisms. AMPs thus have much lower possibility of developing resistance
than traditional antibiotics. Most recently, significant progresses have been made in new AMPs
identification and synthesis by combining QSAR modeling and rapid screening approaches in
Dr. Hancock’s Microbiology Lab at UBC, and a group of highly active small broad spectrum
AMPs were achieved [4].

Titanium and titanium oxide are among the most commonly used materials for
orthopaedic implants because of their unique functional properties, such as excellent mechanical
properties, chemical inertness and biocompatibility. In 1999, Zwilling first reported on the
1

fabrication of TiO2 nanoporous structure by anodization method [5]. In the follow decade, this
process was optimized, and vertically oriented, well-organized TiO2 nanotube arrays were
achieved. In light of their high surface-to-volume ratio, controllable dimensions, excellent
biocompatibility [6,7], adjustable wettability [6,8] and other promising properties, TiO2
nanotubes are considered as an ideal carrier for drugs.

Despite active studies on using TiO2 nanotubes to control the release of small molecules
[9] and proteins [10], there have been very limited reports on antibiotics delivery using
nanotubes, especially with AMPs. In the current study, we examined the possibility of using
TiO2 nanotubes prepared by anodization method as a carrier for AMP delivery. AMPs were
loaded onto the nanotubes and the antimicrobial activities of the AMP-loaded TiO2 nanotubes
surfaces were investigated, as well as the biocompatibility and cytotoxicity of the samples. The
goal of this research is to develop an anti-infectious surface that could be potentially applied to
antimicrobial implants.

2

Chapter 2 Literature Review
2.1 Orthopedic implants-related infections
2.1.1 Orthopedic implants
The widespread use and dramatic success of orthopedic implants, including artificial
joints and fracture fixation devices, has greatly improved the life of many patients suffering from
joint diseases [11]. According to Canadian Joint Replacement Registry (CJRR) 2008-2009
annual report [12], the number of hospitalizations for hip and knee replacement has been
increasing steadily in the past 10 years. In 2006, over 70,000 hip and knee replacements were
performed in Canada. In US, it is estimated that the number of annual primary total knee
replacements will increase from 450,400 in 2005 to 3.48 million by 2030, compared with a
growth of annual primary total hip replacements from 208,600 in 2005 to 572,100 by 2030
(From American Academy of Orthopaedic Surgeons).

After the primary surgery, various complications may lead to the revision of the
orthopedic implants such as dislocation, loosening, prosthetic-related infections, and etc.

2.1.2 Implant-related infections
Implant-related infections after joint replacement usually lead to increased antibiotic use,
prolonged hospital stay, substantial costs, morbidity and mortality. When peri-implant infections
happen, the bone marrow swells, which leads to the reduced blood supply to the bone because of
the compression of blood vessels in the bone marrow [7,13]. As a result of inadequate blood
3

supply, the functions of bone cells (including osteoblasts, osteoclasts, and osteocytes) are
drastically compromised, and some parts of the bone may die.

The risk for such implant-related infection after surgeries is reported to be in the range of
0.5-5% [14], while about 14% of the total hip and knee revisions are due to infections [15].
However, after revision surgery, the infection rate can significantly increase by up to 10% [14].
The cost for treating such infections is estimated to be at least $50,000 per patient and $250
million per year in US [16]. Considering the huge population of patients with orthopedic
implants and the serious consequences, this problem should never be underestimated.

2.1.3 Pathogenesis of peri-implant infections
After the implantation surgery, the immune system defenses at the region around the
implant are mostly depleted, which created favorable conditions for microbial colonization [14].
Despite the sterile techniques used, bacteria may attach to the implant surface at the time of
surgery or at a later stage (via a haematogenous route). The bacteria adhesion onto implant
surface can be described as a two-phase process: the initial, instant and reversible physical phase
and the subsequent time-dependent, irreversible molecular and cellular phase [13,17]. After the
initial physical adhesion phase, some of the bacteria may subsequently grow into a biofilm on the
implant surface. This is the essential factor in the evolution of infections and is 10-1000 times
less susceptible to the host immune system and antibiotics mainly because of the poor antibiotic
penetration into the biofilm and the stationary phase of growth of the bacteria underlying the
surface layer [14,18-20].
4

Most of the implant-related infections are caused by staphylococci, and two specific
staphylococcal species, Staphylococcus aureus (S.aureus) and Staphylococcus epidermidis
(S.epidermidis), which contribute to roughly 70% of all the infection cases (showed in Figure
2.1a) [14]. In order to prevent or treat implant-related infections, antibiotics are used. However,
both Staphylococcus aureus and Staphylococcus epidermidis have long been noticed to have
high potential of developing antibiotic resistance to traditional antibiotics, such as penicillin and
methicillin/oxacillin (showed in Figure 2.1b), especially after the formation of biofilms on the
implant surface [14]. One standard treatment procedure is to use high doses of antibiotics over a
long period of time, which may exacerbate antibiotic resistance of the bacteria [21]. The
development of antibiotic resistance can lead to devastating effects in the absence of any valid
medical treatment to control the infection. One solution is by using non-traditional antimicrobial
agents that have a low possibility of developing resistant phenotypes.

Figure 2. 1 a) Major pathogenic species for implant-related infections; b) Proportion of
antibiotic resistant of infection-related bacteria to antibiotics (Reprinted from [14] with
permission from Elsevier)

5

2.1.4 Treatment of implant-related infections
The common treatments of implant-related infections include: removal of the implant and
associated cement, debridement of all devitalised tissue, and long-term antimicrobial treatment
[22]. Despite the aggravated health condition, prolonged hospitalization, as well as the high cost,
such treatments are not always effective. In order to prevent implant-related infections or lower
the risk, various methods have been developed. Local delivery of antimicrobial agents through
the implants surface is an ideal solution to the peri-implant infection problem, and has received
much attention recently [13,23,24]. Although drugs are clinically administered in diverse ways,
the delivery strategies can be generally divided into systemic drug delivery (intravenous,
intramuscular and oral) and local drug delivery. Comparing with systemic drug delivery
methods, locally delivering antibiotics through implant surface demonstrates numerous
advantages, listed in Table 2.1.

Table 2. 1 Advantages of local drug delivery over systemic drug therapy (Reprinted from [25]
with permission from Elsevier)
1. Low doses required
2. Greater control over toxicity and bioavailability of dose
3. Less susceptibility to promoting antibiotic resistance
4. Extended duration of release
5. Possibilities to combine local and systemic drugs with different kinetics
6. Controlled release from surfaces of combination devices directly to site
7. Avoidance of systemic drug exposure
8. Direct mitigation of device-centered infection using combination device release

To reach a good therapeutic effect, a careful assessment of the antibiotic agent, including
effective dosage, release kinetics, as well as the side-effects to the patient is essential. Taking
6

implant-related infection as an example, the pathogens of the infection (microbial colonization
and biofilm formation), antibiotic resistant, and the toxicity of the antibiotics, have to be
considered when we are selecting antibiotics and drug delivery strategies. An ideal local
antibiotic release profiles for implant-related infection should exhibit burst release (high release
rate) in the initial stage to kill all the bacteria attached on the implant during the surgery,
followed by a long term drug release with the therapeutically effective dosing zone to continually
prevent infection [25].

2.2 Antimicrobial peptides (AMPs)
Due to the increasing resistance of implant-related infection pathogens to the traditional
antibiotics, a family of non-traditional antimicrobial agents – antimicrobial peptides (AMPs) –
are considered as potential alternatives to traditional antibiotics. Antimicrobial peptides have
been found widely distributed in organisms, and function as part of their first line of defence
[26]. These peptides can be directly antimicrobial or can play an important role in the
functioning and orchestration of innate immune and inflammatory responses of mammals,
amphibians, and insects [3,27]. In general, AMPs are amphipathic (having hydrophobic and
charged, hydrophilic patches on their surfaces), small (12-50 amino acids) and cationic (have at
least two positive charges because of arginine or lysine residues) [1,26]. There are four major
structural categories of AMPs (shown in Figure 2.2), including α-helices, β-sheets, loop
structures and extended structures [3].

7

In the past three decades, such AMPs have drawn significant attention because of their
rapid reaction on broad-spectrum bactericidal strains (including Gram-positive and Gramnegative bacteria, viruses, fungi, and some parasites [1-3]), low toxicity and immunogenicity [3],
and as well as complex killing mechanisms, which make them less possible to develop resistance
than traditional antibiotics. Recently, significant progresses were made in new AMPs
identification and synthesis by combining quantitative structure activity relationship (QSAR)
modeling and rapid screening approaches in Dr. Hancock’s Microbiology Lab at UBC, and a
group of highly active small broad spectrum AMPs were achieved [4].

Figure 2. 2 Typical Antimicrobial peptides structures (A) Mixed structure of human β-defensin2; (B) looped thanatin; (C) β-sheeted polyphemusin; (D) rabbit kidney defensin-1; (E) α-helical
magainin-2; (F) extended indolicidin (Reprinted from [26] with permission from American
Society for Microbiology)
8

2.3 TiO2 nanotubes
2.3.1 TiO2 properties and applications for orthopedic implants
Titanium dioxide (TiO2), or titania, the most common compound of titanium, has been
used in a wide variety of applications, including paints, anticorrosion, self-cleaning coatings,
solar cells, photocatalysis, and biomedical applications because of its highly functional
properties, such as wide band gap semiconductivity, excellent mechanical properties, chemical
inertness and biocompatibility. There are three major types of TiO2 crystal structures: rutile,
anatase and brookite; rutile is the most common and stable form in nature [28].

Titanium and its alloys, particularly Ti-6Al-4V and Ti-6Al-7Nb, are among the most
widely used materials for orthopedic and dental implants since 1970, because of their excellent
biocompatibility [7,29]. It has been reported that the natural oxide layer formed on the surface
plays a critical role in the biocompatibility [30-31]. Pure titanium metal lacks bioactive
properties, such as osteoconductivity. Thin TiO2 layer on Ti surface would enable titanium
implants to bind with natural bone [32-34].

2.3.2 Processing of TiO2 nanotubes
Several methods have been developed for the titania nanotubes fabrication, such as
deposition into nanoporous template, sol-gel, seeded growth, hydrothemal processes and
anodization method [35]. Among these technologies, anodization of titanium in fluoride-based
electrolyte has received great interest because of its controllable, reproducible results as well as
the simple process [36].
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In 1999, Zwilling first reported on the fabrication of self-ordered TiO2 nanotubular
structure by anodizing Ti in electrolytes containing fluoride ions [5]. In the following years, this
process was optimized, and well organized, vertically oriented nanotube arrays with variable
diameter (10-300nm) and thickness (0.5-360µm) [7,37] were achieved. Meanwhile, this method
was extended to diverse transition metals (such as Hf, Ta, W, Nb, and Zr) as well as their alloys
(such as TiNb, TiZr, TiAl, Ti6Al7Nb and Ti6Al4V) [38].

Depending on the materials to be anodized, as well as other anodizing parameters (such
as electrolyte, temperature, voltage etc.), two morphologies are typically achieved: nanoporous
and nanotubular structure (showed in Figure 2.3) [7]. The reason for these two different
morphologies is not very clear yet. One possible explanation is because of the electric field and
local heating-enhanced dehydration [7].

Figure 2. 3 Schematic of two typical morphologies (nanoporous and nanotubes) of oxide layers
formed by the anodization method [7,38]
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Formation of oxide layer on transition metals (such as Ti) surface using anodizing
method has been carried out for almost one century [38]. Depending on the anodization
conditions, the oxide layer formed on the titanium surface can be either compact (for most
electrolytes) or nanoporous (in electrolytes containing F- ions, showed in Figure 2.4) [6].

Figure 2. 4 Depending on the anodization conditions, the oxide layer can be either compact, or
nanoporous (Reprinted from [6] with permission from Elsevier)

As we know, there is a very thin natural oxide layer (few nanometers thickness) on the
titanium surface that protects the metal from corrosion. In order to improve the corrosion
resistant property, efforts have been made on making thicker and uniform oxide layers on Ti
surface using anodization method, also known as coloring process [32]. Figure 2.5 shows an
example of the oxide layer on titanium implants prepared under different anodizing voltages. By
11

increasing the anodizing voltage, the thickness of the oxide layer increases, which leads to the
coloring of the screws because of the optical effect [32,39].

Figure 2. 5 Coloring of the clinical titanium implants prepared by galvanostatic oxidation; the
native oxide film (far left), the interference colors consecutively anodized at 20, 40, 80, 100, 180
and 200 V to the right, in 0.5 M tartaric acid (Reprinted from [39] with permission from Elsevier)

The formation process of the compact oxide layer on titanium surface is generally
explained using a so-called high field mechanism [38], illustrated in Figure 2.6a. The key
process is the diffusion of ions through the oxide layer (Ti4+ ions migrate towards oxideelectrolyte interface from the metal-oxide interface, while the O2- ions migrate towards metaloxide interface from the electrolyte-oxide interface) under the applied field. With the increasing
of the oxide layer thickness, the process will gradually slow down and finally become selflimited [38]. Increasing the anodizing voltage will improve the diffusion of the ions, which will
lead to a thicker oxide layer.
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2.3.3 The formation of TiO2 nanotubes
It was not until 1999, when Zwilling reported on fabrication of self-ordered TiO2
nanotubular structure by anodizing Ti in electrolytes containing fluoride ions [5], that scientists
first realized that TiO2 nanotubes can be fabricated by anodization method. In the past few years,
some studies were done on the nanotube growth mechanism. It is generally accepted that the
forming mechanism of TiO2 nanotubes is similar with that of nanoporous alumina (PAA), shown
in Figure 2.6b [6,35,40]. There are three key processes involved:
I.

Water in the electrolyte interacts with Ti anode, and a thin compact oxide layer is formed
on Ti surface;

Anode : Ti  2 H 2O  TiO2  4 H   4e
Cathode : 2e  2 H 2O  H 2  2OH 
II.

(1)

Field-assisted dissolution of the oxide at the oxide/electrolyte interface [35]. Under the
application of the electric field, Ti4+ ions migrate from the metal/oxide interface towards
the oxide/electrolyte interface and dissolved into the electrolyte, while the free O2− anions
migrate towards the metal/oxide interface to interact with the metal;

Ti 4  6 F   [TiF6 ]2
III.

(2)

Chemical dissolution of titania as soluble fluoride complexes at the oxide/electrolyte
interface;

TiO2  6 F   4 H   [TiF6 ]2  2 H 2O

(3)

Figure 2.6c is the schematic diagram of the TiO2 nanotubes formation process. In the first
stage, a compact titania layer is formed on the Ti foil surface. After that, small pits formed
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randomly on the surface (stage 2), due to the localized dissolution of the oxide, mainly process II
(the distribution of the field-assisted dissolution is strongly influenced by the Ti surface
morphology [35,40]). These pits will function as pore forming centers and convert into bigger
pores and increase density. Meanwhile, the tube growth occurs due to the inward movement of
the oxide layer at the bottom of the pore (stage 3) [40-42]. Finally, when a balance between
reactions 1-3 is established (the oxide formation rate is equal to the dissolution rate), the
thickness of the nanotube layer stops increasing (stage 4).

Figure 2. 6 Schematic diagram of the TiO2 oxide layer formation mechanism: a). Compact oxide
layer; b). Nanoporous oxide layer (Reprinted from [6] with permission from Elsevier); c).
Evolution of a nanotube during anodization process: (Stage 1) thin compact oxide layer
formation, (Stage 2) pit formation on the oxide layer, (Stage 3 & 4) growth of the pit into tubular
structure (Reprinted from [41] with permission from Elsevier); d). Typical current density vs.
time response observed for a titanium anodization behavior (400nm Ti foil anodized at 10V in
HF-based electrolyte) (Reprinted from [35] with permission from Elsevier)
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Figure 2.6d shows a typical current density vs. time curve acquired during titania
nanotube growth. In the first stage, a compact oxide layer formed on Ti foil, which functions as
the barrier layer that leads to the rapid drop of the current density (P1). In stage 2, small pits start
to form, which make the ion transport possible again. As a result, the current density increases
slightly (P2). Finally, a balance between oxide formation and dissolution is established, so the
current density becomes stable gradually (P3, P4 & P5) [35,40].

2.3.4 Evolution of the TiO2 nanotubes
In the past decade, three generations of fluoride-based electrolytes have been developed
for anodic TiO2 nanotube array preparation [6,43,44]. The first generation of TiO2 nanotubes was
grown in dilute hydrofluoride acid (HF) aqueous electrolytes. But the limited thickness of the
oxide layer (only up to a few hundreds of nanometers) has restricted its applications [6,43-44].
The reason for that is assumed to be the fast dissolution of TiO2 in HF-containing electrolytes
because of the high acidity [45]. Therefore, in order to have better control of the pH value,
buffered neutral electrolytes (NaF or NH4F), instead of HF, were used, and the second generation
of TiO2 nanotube arrays with a few micrometers thick were successfully fabricated in 2005 [4446]. Later, by using nonaqueous electrolytes (such as glycerol or ethylene glycol), ultrahigh
aspect ratio (length/diameter) nanotubes were achieved [6,43,44]. For example, Haripriya and
coworkers [37] reported successful fabrication of nanotubular membrane with a thickness of
360um using ethylene glycol based electrolyte in 2007. Meanwhile, it has been found that by
using water-free electrolytes, nanotubes with very smooth wall can be obtained. Some examples
of TiO2 nanotubes prepared under different conditions are showed in Figure 2.7.
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Figure 2. 7 SEM images of TiO2 nanotubes grown by different anodization processes: (A)
Typical morphology obtained in HF-based electrolytes; (B) glycerol/fluoride electrolytes; (C)
ethylene glycol/fluoride electrolytes; (D) tubes grown by a different approach: rapid breakdown
anodization (RBA); these tubes grow in disordered bundles within seconds at comparably high
anodic potentials (Reprinted from [6] with permission from Elsevier)

Moreover, several new morphologies have also been reported. By selective chemical
etching of the nanotubes on the bottom side, two-ends open nanotubes were made [47]. When an
alloy with multi-phase structures was anodized, oxide nanotubes with two discrete size scales
can be achieved [48]. Under some specific conditions, double-walled TiO2 nanotubes can also
been formed [49].
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Most recently, active studies have been done on two-step anodization method. For
example, Li and coworkers [40] found that when the voltage in the second-step was lower than
the first-step, a lotus root-shaped TiO2 nanostructure was achieved. There are some advantages
with the two-step anodization method. First, by applying different anodizing conditions (voltage,
electrolytes, temperatures etc.) in two steps, multilayer nanotubes with different morphologies at
different layers can be achieved [37,50]. Second, if the nanotube layer formed in the first step
were removed, the bottom imprints left on Ti foil can function as the “pre-ordering” guides for
the second nanotube layer, thus improving the ordering of the nanotube arrays [40,51].

2.3.5 Crystallographic structures of TiO2 nanotubes
It has been reported that as-prepared TiO2 nanotubes are amorphous. In order to produce
crystalline phases, post heat-treatment is necessary [6,35,38,52]. After annealing at temperature
higher than 300°C in air, the amorphous nanotubes can be transformed into anatase phase; while
rutile phase would appear when the temperature is higher than 450°C (shown in Figure 2.8)
[6,38]. However, up to now, a complete transformation to rutile phase without morphology
deterioration is still not successful. In order to completely transform anatase phase TiO2
nanotubes into rutile phase, high temperature (higher than 650°C) is necessary, when sintering
and collapse of the tubes happen [6,38].

17

Figure 2. 8 The crystal structure of TiO2 nanotubes annealed at different temperatures: a) XRD
pattern (Reprinted from [6] with permission from Elsevier); b) Raman spectroscopy pattern
(Reprinted from [52] with permission from John Wiley and Sons)

2.3.6 Functional properties of TiO2 nanotubes
2.3.6.1 Biocompatibility
Titanium and titania has been extensively used for biomedical applications, such as
implants, tissue engineering, and drug delivery systems, because of their excellent
biocompatibility. It is well known that the cellular response is strongly affected by the surface
morphology. Studies have demonstrated positive cell response to nanotopography, both in vitro
and in vivo [33]. Therefore, when the well-organized, vertical-oriented TiO2 nanotube arrays
were successfully fabricated, it attracted wide interests from biomaterials researchers.

Studies by Oh et al. have showed that the presence of the TiO2 nanotube layer
significantly accelerated osteoblasts’ growth and adhesion [34]. A much stronger bone bonding
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compared to micro-porous sandblasted Ti surfaces was found after four weeks of implantation in
rabbit tibia [53]. Further study showed that the osteoblast behavior changed with the nanotube
diameters: small diameter (~30 nm) promoted the highest degree of osteoblast adhesion, while
larger diameter (70–100 nm) nanotubes elicited a lower population of cells with extremely
elongated cellular morphology and much higher alkaline phosphatase (ALP) levels [33]. Similar
phenomenon was observed in human mesenchymal stem cells (hMSC): small (~30nm)
nanotubes promoted adhesion without noticeable differentiation, whereas larger (70-100nm)
nanotubes elicited a dramatic stem cell elongation, which induced cytoskeletal stress and
selective differentiation into osteoblast-like cells [54]. In vitro studies by other groups also
demonstrated the excellent biocompatibility of the TiO2 nanotubes. For example, primary bovine
aorta endothelial cells (BAECs) showed enhanced mobility, vasodilating bioactivity and
endothelialization on nanostructured TiO2 surface compared with flat Ti surface [55]. The
increased adhesion of chondrocyte (cartilage synthesizing cells) on nanotube arrays provided
opportunities for cartilage applications [56]. In vivo studies of TiO2 nanotubes (diameter 30nm)
in the front scull of pigs also confirmed the enhanced osteoblast functions and bone formation
[57].

2.3.6.2 Adjustable wettability
The wettability of implant surface plays a very important role in biomolecule adsorption
and cell adhesion [8]. It is a great advantage if the wettability of implant surface can be adjusted
according to its applications. Up to now, the reported approaches to control the wettability of
TiO2 nanotubes include the use of organic monolayers and UV illumination [6,8].
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It has been reported in the literature [6,8,58-61] that the water contact angle for asprepared TiO2 nanotubes without any modification is very close to 0°, showing superhydrophilic behavior. However, by attaching organic molecules onto the surface, the wettability
can be modified dramatically, from super-hydrophilic (contact angle lower than 5°) to superhydrophobic (contact angle higher than 150°). For example, Balaur et al [8] reported that by
covering the nanotubes with octadecylsilane or octadecylphosphonic acid molecules, the contact
angle increased up to 165±2° for the silane-SAMs, and 167±2° for phosphonic acid-SAMs.
Moreover, such kind of modification is reversible. By adjusting UV illumination duration, the
contact angle can be altered according to the application requirement [8,58,61].

2.3.6.3 Other properties
In addition to the biocompatibility and adjustable wettability mentioned above, TiO2
nanotubes showed other promising properties for biomedical applications. One example is the
excellent photocatalysis. It has been reported that TiO2 could be used as a photocatalyst to
decompose unwanted and harmful organic compounds in contaminated air and water (selfcleaning properties) [51,62]. Recently, promising result has also been reported to apply the
photocatalysis for photo-induced cancer cells killing [62]. Another example is that, TiO2
nanotubes layer can be used as the template for calcium phosphate deposition. Jin et al.
illustrated that accelerated HAp formation by the presence of NaOH treated TiO2 nanotubes [63].
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2.3.7 TiO2 nanotubes for drug delivery
In light of the diverse functional properties of TiO2 nanotubes, including the high surfaceto-volume ratio, controllable diameter and length, excellent biocompatibility, adjustable
wettability, and self-cleaning property, TiO2 nanotubes prepared by anodization method are
considered as an ideal drug delivery carrier, and some previous studies have shown promising
results. For example Popat et al. demonstrated the controllable release of proteins (bovine serum
albumin and lysozyme) [10] and antibiotics (gentamicin) [13], loaded onto TiO2 nanotubes
(80nm diameter and 400nm long), in the order of hours. Both studies also showed that there was
a slower and sustained release from the nanotubes loaded with a higher amount of protein/drug
than those loaded with lower amounts. Recently, Peng and coworkers [9] reported the influence
of TiO2 nanotube size (diameter/length) on the drug loading amount and release profile, and it
illustrated the possibility of controlling long term elution of small molecule and protein (small
molecules delivery in the order of weeks, while larger molecules in the order of months).
Furthermore, four different drug loading methods were investigated (showed in Figure 2.9) [58],
and it demonstrated the feasibility of loading drug onto TiO2 nanotubes by either physical
adsorption or chemical immobilization method.
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Figure 2. 9 Four different drug loading methods using horseradish peroxide (HRP) as a
hydrophilic model drug: (I) immersion without any TiO2 surface modification, (II) immersion
after OPDA modification in the upper nanotube layer (hydrophobic cap), (III) covalently
attached HRP over the entire nanotube layers, (IV) OPDA cap in the upper nanotube layer and
covalently attached HRP in the lower nanotube layer (Reprinted from [58] with permission from
American Chemical Society)

2.4 Local delivery of antibiotics through implant surface
As discussed above, one ideal solution for implant-related infections is to develop an
antimicrobial implant surface that can locally deliver antibiotics. To fulfill this purpose, there are
two key challenges. The first one is the proper selection of the antibiotics that can avoid
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antibiotic resistance, such as AMPs. The second one is to develop a suitable drug delivery
system that can effectively release the antibiotics according to the ideal local antibiotic release
profiles mentioned in Section 2.1.4.

The diverse drug delivery techniques developed so far can be generally divided into
physical adsorption, chemical immobilization, and surface coating method (shown in Figure
2.10).

Figure 2. 10 Schematic diagram of the drug delivery methods: Physical adsorption, Chemical
immobilization and release from a surface coating (Reprinted from [64] with permission from
Elsevier)
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2.4.1 Physical adsorption
The simplest way to load antibiotics onto implant surface is by soaking it directly into a
solution with antibiotics. Through the van der Waals, hydration force (due to the nature of
hydrophilic/hydrophobic), and electrostatic force, drug molecules will be able to attach to the
implant surface. Martin and coworkers [64-66] showed that by loading growth factor (rhTGF-β)
onto tricalciumphosphate (TCP) coated implant surface (Ti-6Al-4V) using simple physical
adsorption method; the peri-implant bone formation process was accelerated. However, there is
less control over the drug release profiles which makes it unsuitable for long term applications.

2.4.2 Chemical immobilization
Grafting biomolecules onto implant surface is an alternate drug loading method. Since
there are chemical bonds (commonly covalent bonds) between drug molecules and implant
surface, the biomolecules are expected to able to retain on the surface for a relatively longer
period than physical adsorption method. For the metals used in orthopedic applications, due to
the very thin natural oxide layer, there would be some hydroxyl groups on the surface, which
provide locations for the bonding using silane chemistry [64]. Up to now, biomolecules, such as
proteins, peptide and enzymes, have been successfully immobilized onto Ti [67], Ti alloys [68]
and other biomaterials. Besides the control over the drug release profiles, chemical
immobilization method also provides possibility of particular orientation of drug molecules on
implant surface.
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2.4.3 Surface coating
Incorporating biomolecules with surface coating is another drug delivery method.
Compared with physical adsorption, this method has better control of the biomolecule release
profile. Up to now, various coating materials, such as calcium phosphate (CaP), silica gel,
collage, poly(lactide-coglycolide) (PLGA) and etc [64,69], have been explored for the drug
delivery purpose. Because of its chemical similarity with the mineral component of natural bone,
CaP coatings are commonly used for orthopedic applications (such as implant for bone
reconstruction) [69,70]. It has been reported in literature that organic components (such as
collagen and growth factors) can be incorporated with the porous CaP coatings to achieve
different purposes. The TiO2 nanotube coating, discussed above, is another potential inorganic
surface coating for bone implants.

2.5 AMPs delivery
Despite active researches on the immobilization of peptides onto implant surfaces to
enhance cell adhesion and bone growth, reports regarding the delivery of antimicrobial peptides
on a solid surface have been very limited [20]. Our previous study suggested that AMPs can be
effectively attached onto titanium surface through physical adsorption, chemical immobilization
(covalent bond) and CaP coatings, and all of them showed positive bacteria inhibitory activity.
However, under physiological conditions, a burst release of the majority of the peptides attached
onto titanium surface via physical adsorption method is expected during the first few hours,
therefore, the long term effect could not be guaranteed. On the other hand, immobilization of
peptides onto Ti surfaces through short linker may limit the peptide mobility, which may
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compromise the antimicrobial activities of the peptide [70]. The best results came from the CaP
coatings. However, the weak interface of the coating makes it unsuitable for long term
applications. In light of their nanosize morphology, unique functional properties, as well as the
strong interface, TiO2 nanotube coating is a potential carrier for delivering AMPs.

2.6 Summary
An ideal treatment for peri-implant infections is to locally deliver antimicrobial agents
through the implant surface. Traditional antibiotics are facing the challenge of increasing
resistance of pathogens. Due to their board-spectrum activity and complex killing mechanism,
antimicrobial peptides have attracted great interests and are considered as potential alternatives
to traditional antibiotics to kill implant infection-related bacteria. Studies on TiO2 nanotubes
prepared by anodization method have illustrated their excellent biocompatibility, adjustable
wettability and some other functional properties for biomedical applications. Therefore, it is
considered as an ideal candidate for the antimicrobial drug delivery. There have been very
limited studies on locally delivering antibiotics, especially with AMPs, using TiO2 nanotubes.
The goal of this study is to develop a novel antimicrobial implant surface by loading AMPs onto
TiO2 nanotubes.
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Chapter 3 Scope and Objectives
3.1 Scope
This study is a part of the collaborating project named “Novel Antimicrobial Surfaces for
Orthopaedic Applications” funded by CHRP. The goal of this thesis is to develop an antimicrobial

implant surface that can locally deliver antibiotics for peri-implant infection problems.

In past years, progresses in designing, screening and processing antimicrobial peptides using
the peptide spot synthesis method have been made in Dr. Hancock’s Microbiology Lab at UBC, and
several short, cationic, and potent AMPs have been successfully developed. In this study, one of

the most potent broad-spectrum AMP, HHC-36 (KRWWKWWRR), was selected as the test
AMP for local delivery and antimicrobial activity study.

TiO2 nanotubular structures fabricated by anodization method have attracted great
interest in the past decade because of its simple process, controllable and reproducible results
[36]. In light of their high surface-to-volume ratio, controllable dimension, excellent
biocompatibility [6,7], adjustable wettability [6,8] and other promising properties, the TiO2
nanotubes are considered as an ideal carrier for drugs.

There have been no reports in literature on AMP delivery using TiO2 nanotubes prepared
by anodization method. Since the goal is to develop an anti-infectious implant surface, the
antimicrobial activities, biocompatibility and cytotoxicity of the AMP-loaded TiO2 nanotubes
samples will need to be investigated.
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3.2 Objectives
The specific objectives of this study are:
1. Optimizing the anodizing process and investigating the influences of anodizing
conditions on nanotube morphology, including the electrolyte composition, pH value,
voltage, anodizing time.

2. Testing the effect of AMP loading conditions, such as time and concentration, on the
drug loading efficiency.

3. Evaluating the antimicrobial activities of the AMP-loaded samples by in vitro bacteria
culturing.

4. Detecting AMP in vitro release profile.

5. Examining the biocompatibility and cytotoxicity of the AMP-loaded TiO2 nanotube
samples, in vitro.
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Chapter 4 Materials and Methods
4.1 Preparation of TiO2 nanotubes by anodization method
4.1.1 Anodizing setup
In the current study, titanium dioxide nanostructures were prepared by anodization
method using the experiment setup showed in Figure 4.1. A typical 2-electrode system was used,
including a computer controlled DC power supply (Matsusada R4K-80 Series) and an
electrochemical cell.

Figure 4. 1 Schematic diagram of the anodizing setup

Commercially pure titanium foils (0.1mm, 99.6% purity, Goodfellow) were used as the
working electrode (anode), while a piece of platinum foil was functioned as the counter electrode
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(Cathode). As showed in Figure 4.2, the system includes a beaker, an electrode fixture, 2
electrodes (Ti foil and Pt foil) and a magnetic stirrer (HAAKE MRS). The magnetic stirrer was
used to reduce the thickness of the double layer at the Anode/electrolyte interface, and ensure
uniform local current density and temperature over the Ti electrode surface [42].

Figure 4. 2 Experimental setup for titanium foil anodization

4.1.2 Processing of titanium dioxide nanotubes
Before anodizing, commercially pure Ti foils were cleaned ultrasonically in acetone,
absolute ethanol, distilled water for 15 minutes respectively, and dried in the air stream. Then,
both titanium and platinum foil were mounted on the fixture and partially immersed in the
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electrolyte. During the anodizing process, a constant voltage was applied by the power supply for
a given time. After the experiments, the samples were rinsed with large amount of distilled water
and dried in the air. In this study, all the processes were performed at room temperature.

To optimize the anodizing process, the effects of various anodizing conditions were
studied, including electrolyte composition, pH value, voltage, anodizing duration. Table 4.1
provides a summary of these conditions. Several electrolyte systems were used in the current
study, including water based electrolytes (phosphoric acid based and ammonium sulphate based
electrolytes) and organic based electrolytes (glycerol based and ethylene glycol based
electrolytes).

4.1.2.1 Water based electrolytes
In our first set of experiments, TiO2 nanotube fabrication were conducted in 0.3M
phosphoric acid (H3PO4) solution containing a small amount of ammonium fluoride (NH4F)
within the range 0.07-0.27M. Later, in order to have a better control of the pH value, buffered
neutral electrolytes, ammonium sulphate (NH4)2SO4 was used, instead of H3PO4. Previous studies
suggested that anodization voltage is the key factor controlling the nanotube diameter [6,71].
Therefore, in order to prepare nanotubes with different diameters, different voltages ranging
from 20 to 40V were applied. To evaluate the change of nanotube film thickness with processing
time, anodizing duration was varied from 1h to 6 h.

31

4.1.2.2 Organic based electrolytes
Organic based electrolytes, specifically glycerol based and ethylene glycol based
electrolytes were used in our study in order to generate thicker TiO2 nanotube coatings. It has
been demonstrated in literature [72] that highly viscous organic electrolytes can effectively
suppress local concentration fluctuations and pH bursts during anodizing process which result in
smoother walls and higher aspect ratios and as a result a thicker coating can be achieved.

4.1.2.2.1 Glycerol based electrolytes
A set of experiments were carried out in solutions containing 0.27M NH4F consisting of
glycerol/water mixture with different volumetric ratios (98:2%, 75:25%, 50:50%, 25:75%). The
aim of this study is to investigate the influence of electrolyte viscosity on the anodizing process
and to generate better nanotube coatings. Estimation of the viscosity of glycerol-water mixture is
still incomplete in the literature yet. Some formulas have been reported, however, most of them
are only applicable to limited conditions [73]. But it is clear that increasing water content lead to
a lower viscosity. The applied anodizing voltage varied from 20V to 40V, and anodizing
duration was varied from 1h to 6 h.

4.1.2.2.2 Ethylene glycol (EG) based electrolytes
Additional experiments were performed in 98% ethylene glycol solution containing
0.27M NH4F. The aim is to produce thicker nanotube coatings, because it was difficult to obtain
nanotube coatings with a thickness over 5µm in other electrolyte systems. The applied anodizing
voltage varied from 20V to 40V, and anodizing duration was varied from 1h to 22 h.
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Table 4. 1 Summary of the anodizing parameters
Supporting

NH4F (M)

Voltage

Duration

(V)

(h)

0.07-0.27

20-40

1-6

electrolyte
Water based electrolytes

0.3M H3PO4/
1M (NH4)2SO4

Glycerol based electrolytes

Water

0.27

20-40

1-6

EG based electrolytes

2% Water

0.27

20-40

1-22

4.1.3 Post-anodizing annealing
To investigate the effect of annealing on the morphology and crystal structure of the TiO2
nanotube coatings, as well as the influence of crystallinity on the antimicrobial drug loading and
eluting efficacy, the processed nanotubes were annealed at different temperatures.

The annealing was carried out in a chamber furnace (CARBOLITE Type 3216).
Specimens were heated from room temperature (about 20°C) to the final setting temperatures
(200/400°C) in air at a heating rate of 5°C/min, held for 3 hours, and cooled down in the furnace.

4.1.4 Materials characterization
4.1.4.1 Scanning Electron Microscope (SEM)
Scanning electron microscope (SEM Hitachi S3000N) was used for morphological
observation of the titanium oxide coatings. Samples were sputter-coated with Au-Pd (60:40)
alloy using Denton Vacuum Desk II sputtering coater (Moorestown, NJ, USA) before the
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characterization. The thickness of the nanotube layer was measured directly from the SEM crosssectional images of mechanically bent samples. The chemical composition of the nanotube
coatings was analyzed using the Energy Dispersive Spectrometer (EDS) equipped in the SEM.

4.1.4.2 Raman spectroscopy
The crystalline phases of the coating were examined using a Renishaw Laser Raman
Spectroscopy (inVia). The analysis was performed within the range 200-700cm-1, which is an
optimal region for discriminating between different crystal phases of TiO2 [52].

It has been reported in literature that X-ray diffraction (XRD) can also be used for phase
analysis of the nanotube coatings. However, in the current study, we found that the signals of the
TiO2 nanotubes were too weak, compared to the Ti substrate. However, due to its metallic nature,
Ti has free electrons preventing the lattice vibrations [32] and as a result, Ti substrate does not
have any peaks in the Raman spectrum.

4.2 Antimicrobial peptide loading onto TiO2 nanotubes
One of the most potent broad-spectrum AMPs identified in Dr. Hancock’s Microbiology
Lab at UBC [21], HHC-36 (KRWWKWWRR), was selected for the current drug delivery study.

Our previous study [70] suggested that chemical immobilization of peptides onto Ti
surfaces may limit the peptide mobility, which may compromise the antimicrobial activities of
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the peptide. Therefore, in this study, a simple vacuum assisted physical adsorption method was
used.

To load HHC-36 onto the nanotube samples, a 1mg/ml peptide solution was prepared by
dissolving HHC-36 powders into a buffer solution (50 mM Na2HPO4 (CALBIOCHEM, Canada),
and the pH value was adjusted by N/10 NaOH to 7.40). Then, samples (1×1cm) were immersed
into 1ml of this peptide solution in vials, and the vials were placed in a vacuum system for 10
minute and kept for 1 hour at room temperature while being shaken gently. After that, the
samples were rinsed with the buffer solution for 3 times, 30 seconds each time, to remove the
excess peptide on the surface.

In order to investigate the effect of AMP loading conditions on drug loading efficiency,
we later changed our AMP loading protocol by increasing the concentration of peptide solution
from 1mg/ml to 2 mg/ml, and placed the samples (with peptide solution) into the vacuum system
for 30 minutes and followed by gentle shaking for 20 hours at room temperature.

4.3 Antimicrobial test against Staphylococcus aureus (S.aureus)
As discussed in Chapter 2.1.3, about 70% of implant-related infections are caused by
Staphylococcus aureus (S.aureus) and Staphylococcus epidermidis (S.epidermidis) [14]. In the
current study, the antimicrobial activities of all specimens were tested against Gram-positive
bacteria, S.aureus.
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For each antibacterial experiment, S. aureus strains (in freeze-dried form) were cultured
in rich media overnight prior to the experiment. After that, 100µl of the original bacteria solution
was transferred into a sterile tube containing 5ml Mueller Hinton Broth (MHB) and incubated for
1h at 37oC to obtain bacteria in the mid logarithmic phase of growth. The S. aureus bacterial
suspension was then re-suspended in MHB to dilute the solution and provided a final density of
~106 cells/ml.

To test the antimicrobial property of the AMP-loaded samples, a survival assay was
performed. First, samples (1*1cm) were each placed in a well in a 12-well culture dish, and 1ml
bacteria solution (~106 cells/ml) was dripped into each well. After specific intervals of
incubation (37oC, humidified, 5% CO2 and 20% O2, keep shaking), the residual bacteria in the
solutions were tested by incubating the bacteria solutions on nutrient agar plates overnight at
37°C and the number of survival bacteria was assessed by counting colony forming units (CFU).

4.3.1 Antimicrobial Test 1
Four groups of samples were tested against S.aureus, including: one negative control
(bacteria solution only), one positive control (as-prepared TiO2 nanotubes) and two AMP-loaded
sample groups (as-prepared nanotubes and 400 °C annealed nanotubes). The purpose of
including the annealed TiO2 nanotube group was to investigate the effect of crystallinity on the
antimicrobial efficacy. Three samples were tested from each group. The testing intervals were
set to: 0, 30, 60,120 and 240 minutes. The antimicrobial activities of the groups were compared
among the groups by ANOVA test and t-tests between every two groups. Table 4.2 is a summary
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of the four groups used for antimicrobial test 1. Three samples were tested from each group. The
testing intervals were set to: 0, 30, 60,120 and 240 minutes. The antimicrobial activities of the
groups were compared among the groups by ANOVA test and t-tests between every two groups.

Table 4. 2 Design of experimental groups for antimicrobial test 1
Design
Experiment Groups
Control

Bacteria solution only

ApNT

As-prepared TiO2 nanotubes

ApNT-AMP

As-prepared TiO2 nanotubes loaded with AMP

AnNT-AMP

400 °C Annealed TiO2 nanotubes loaded with AMP

4.3.2 Antimicrobial Test 2
To test the effect of loading conditions on the AMP loading efficiency, we changed our
AMP loading protocol and a second antimicrobial test (Test 2) was performed.

Five groups of samples were tested, including: one negative control (bacteria solution
only), two positive control groups (as-prepared nanotubes and annealed nanotubes) and two
AMP-loaded sample groups (as-prepared nanotubes and annealed nanotubes). Table 4.3 is a
summary of the groups for antimicrobial test 2. Three samples were tested from each group. The
testing intervals were set to: 0, 60 and 240 minutes. The antimicrobial activities of the groups
were compared among the groups by ANOVA test and t-tests between every two groups.
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Table 4. 3 Design of experimental groups for antimicrobial test 2
Design
Experiment Groups
Control

Bacteria solution only

ApNT

As-prepared TiO2 nanotubes

ApNT-AMP

As-prepared TiO2 nanotubes loaded with AMP

AnNT

400 °C Annealed TiO2 nanotubes

AnNT-AMP

400 °C Annealed TiO2 nanotubes loaded with AMP

4.4 Bacteria adhesion on sample surfaces
The bacteria adhesion and the morphologies of bacteria (S. aureus) colony formed on
different sample surfaces were studied. The samples for antimicrobial test 2, after 4 hour of
bacteria growth, were examined using SEM. Before imaging, the bacteria fixation onto the
sample surface, a critical part of the analysis, was performed using the following protocol:

1. Samples were washed with 0.1 M PBS three times, 1 min each time.
2. Samples were fixed with 2.5% glutaraldehyde in 0.1 M PBS for 2 hour at room
temperature.
3. Samples were washed with 0.1 M PBS three times, 1 min each time.
4. Samples were dehydrated in graded ethanol (50, 70, 80, 90, 95 and 100%), 15 min each
time.
5. Samples were dried in a critical point dryer.
After bacteria fixation, the samples were gold sputtered, and imagined using SEM.
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4.5 In vitro Release of AMP
The in vitro drug release profile of the AMP-loaded nanotubes samples (both as-prepared
nanotubes and 400°C annealed nanotubes) were studied using liquid chromatography-mass
spectrometry (LC-MS, Varian). Each sample was placed in a capped vial containing 1ml buffer
solution (the same buffer solution used for AMP loading) and was kept shaking at 37 ºC.

A 200µl solution was collected at regular intervals for up to 7 days (i.e. 1, 4, 24, 72,
168h). At each time point the vial was replenished with 200 µl flesh buffer solution to keep the
volume constant. After 7 days, samples were dried and kept for further analysis. All solution
samples were stored in capped microtubes before testing.

A series of standard solutions with known concentration of HHC-36 (0, 0.1, 0.5, 1, 5, 10
and 50µg/ml) were tested together with the release samples to provide a calibration curve by
which the AMP concentration in buffer solutions can be calculated (External Standard Method).

4.6 Cell adhesion and biocompatibility study
MG-63 osteoblast-like cells from human osteosarcoma (ATCC® CRL-1427TM, USA)
were cultured at 37°C in an incubator in standard culture medium Dulbecco’s Modified Eagle
Medium (DMEM, GIBCO, Canada), consisting of a minimal essential medium, supplemented
with 10% fetal bovine serum, and 1% non-essential amino acids (GIBCO, Canada). The medium
was replaced every 2 to 3 days. The detachment of the confluent osteoblast cultures (passage
nine) from the culture flask was achieved by adding 0.1% trypsin and 0.1%
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ethylenediaminetetraacetic acid (EDTA) into the flask for 5 min. After that, the MG-63 solution
was centrifuged at 400g for 10 minutes, and re-suspended in the medium.

To study the cell adhesion and biocompatibility of the samples, the MG-36 responses on
four different surfaces were investigated, including ApNT, ApNT-AMP, AnNT, and AnNTAMP. Samples (1*1cm) were first placed each in a well in the 12-well culture dish. Before
seeding, all the samples were washed with 70% ethanol for 3 times, for the purpose of
sterilization. Samples were then washed with warm PBS for 3 times and cells were plated at a
density of ~10,000/well. After 30 hour culture in an incubator (37°C, humidified, 5% CO2 and
20% O2), the media were removed and the cells were fixed onto the sample surface for SEM
imaging. Same protocol used for the bacteria fixation was used for cell fixation.

4.7 Cytotoxicity assay
Same as cell culture, prior to cytotoxicity assay test, MG-63 osteoblast-like cells (ATCC® CRL-1427TM, USA) were cultured in standard culture medium. The growth and viability of
cells colonizing on different samples were evaluated by measuring the mitochondrial
dehydrogenase activity using a modified MTT (3-(4, 5-dimetyl-2-tiazolyl)-2, 5-diphenyl-2Htetrazolium bromide) (Biotium Inc., USA) reduction assay.

4.7.1 MTT assay for HHC-36
To evaluate the cytotoxicity of HHC-36, the MTT assay was performed by culturing MG36 cells, at a density of ~10,000 cells, in HHC-36 solutions with different concentrations: 0
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(control), 25, 50, 75, 100, 125, 150, 175, 200, 300 and 500µg/ml. After 16 hours incubation
(37°C, humidified, 5% CO2 and 20% O2), MTT solution in 1ml serum free medium was added
and the plate was incubated for 4 hours. The solution was then removed, dimethyl sulfoxide
(DMSO) was added, and the plate was shaken for 15 min before measuring absorbance at
wavelength of 570 nm (the reference value was 690 nm) on an ELISA microplate reader (BioTek Instruments).

4.7.2 MTT assay for AMP loaded samples
To study the cytotoxicity of AMP loaded TiO2 nanotube samples, the MTT assay was
performed by culturing MG-36 cells on different sample surfaces. Samples were first placed each
in a well in a 12-well culture dish. Before seeding, all the samples were washed with 70%
ethanol and warm PBS for 3 times, for the purpose of cleaning. MG-36 cells, at a density of
~10,000/well, were then seeded onto each sample. Same method was used as for HHC-36
mentioned before, the MTT assay for these samples was performed after 1, 2 and 5 days. Table
4.4 is a summary of the groups of samples for MTT assay.

Table 4. 4 Design of experimental groups for MTT assay
Design
Experiment Groups
Ti

Cleaned Ti foil

ApNT

As-prepared TiO2 nanotubes

ApNT-AMP

As-prepared TiO2 nanotubes loaded with AMP

AnNT

400 °C Annealed TiO2 nanotubes

AnNT-AMP

400 °C Annealed TiO2 nanotubes loaded with AMP
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4.8 Statistical Analysis
In general, the data of experimental groups was analyzed with one-way analysis of
variance (ANOVA) test and Holm t test. Since most of our experiment designs involves multiple
groups (at least 3 groups), an ANOVA test was first performed to check whether or not there is
any difference in all the groups. Then, Holm t tests were used for multiple comparisons to check
if there is any difference between any two groups. The confidence level was set at 0.05 (α=0.05).
A P value lower than 0.05 (p < 0.05) indicates a statistical difference between testing groups;
otherwise, there is no significant difference between testing groups (p > 0.05).
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Chapter 5 Results
5.1 Processing of TiO2 nanotubes
The first part of the study was dedicated to develop a reproducible process for TiO2
nanotube arrays. The effects of various anodizing conditions on nanotube morphology (such as
thickness of the nanotube coating and diameter of the nanotubes) were studied. Various test
parameters were used, including: different electrolyte composition, pH value, voltage, and
anodizing duration. It has been reported in literature that the electrolyte composition and its pH
value affect both the nanotube formation rate and the dissolution rate of titanium oxide.
Therefore, to fabricate nanotube layers with controllable thickness, several electrolyte systems
were investigated in this study: fluoride containing water based electrolytes (H3PO4 based and
Na2SO4 based electrolytes) and organic based electrolytes (glycerol based and ethylene glycol
based electrolytes).

Generally, during anodizing process, the surface color of the titanium foil surface
changes from gold, purple, blue, to light green, and finally brown (showed in Figure 5.1). The
mechanism is the same as the coloring process discussed in Chapter 2.3.2. The current decreases
rapidly in the first 5 minutes, and becomes stable gradually, following a similar trend to
the curve shown in Figure 2.6.

Figure 5. 1 Color changes of titanium foil surface during anodizing process
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5.1.1 Fluoride containing water based electrolytes
5.1.1.1 H3PO4 based electrolytes
The first electrolyte used in this study was 0.3M phosphoric acid (H3PO4) solution
containing a small amount of ammonium fluoride (NH4F). As discussed in Chapter 2.3.2, the
existence of fluoride ions plays a key role in the formation of TiO2 nanotubes. To identify the
minimum addition required for nanotube growth, the fluoride concentration was varied
systematically, within the range of 0.07-0.27M. SEM images below (Figure 5.2b-e) show
nanotube coatings over a wide range of F- concentration (0.1M-0.27M), and EDS results
illustrate that the coatings contain titanium and oxygen (Figure 5.2f). However, when the Fconcentration was lower than 0.1M, a compact oxide layer, instead of nanoporous oxide layer,
was formed (Figure 5.2a). Although it has been reported in the literature that the nanotubes can
be formed at 20V in HF based electrolytes [71,74-76], it was hard to obtain nanoporous oxide
layer when the voltage is lower than 30V in our experiments. The formation of TiO2 nanotube
includes three key processes: compact oxide layer formation, field-assisted dissolution and
chemical dissolution of titania (detail information can be found in Chapter 2.3.3). When the Fconcentration was too lower, both field-assisted dissolution and chemical dissolution were not
strong enough to form the pores on the compact oxide layer. Similarly, when the voltage was not
higher enough, the field-assisted dissolution was not strong enough to break the compact oxide
layer. Thus, thin compact oxide layers were formed instead of nanoporous structure.
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Figure 5. 2 SEM images of samples anodized in electrolyte: 0.3M H3PO4 + NH4F: a) 0.07M, b)
0.1M, c)0.14M, d)0.2M, e) 0.27M at 30V for 2h and f) EDS result of the nanotube coating
indicates that the coating contains titanium and oxide
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The effect of F- concentration on the nanotube morphology was evaluated by measuring
the thickness and the diameter of the nanotubes prepared in the electrolytes with different Fconcentration from SEM images. It was found by increasing F- concentration, smaller nanotube
diameters were obtained (Figure 5.3), while the thickness of the coating did not change much
(within 400-500nm, shown in Figure 5.4). The decreasing nanotube diameter, and thus, more
nanotubes per unit area, may be explained with the nanotube formation mechanism: by
increasing F- concentration, the dissolution rate of titania accelerates, leading to more small pits
at stage 2 (Section 2.3.3) that would develop into nanotubes in the later stages.
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Figure 5. 3 Nanotube diameter vs. NH4F concentration. Error bars indicate standard deviation
(n=10)
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Figure 5. 4 SEM images of TiO2 nanotubes in cross-sectional view of samples anodized in
electrolyte: 0.3M H3PO4 + NH4F 0.1M (left) and 0.27M (right) at 30V for 2h, both of them
shows the thickness within 400-500nm

In order to prepare thicker nanotube coatings, extended anodizing time (up to 6h) was
applied. However, it did not show significant increase in nanotube thickness, which was still within
400-500nm. Constant thickness with extended anodizing time is an indication of the balance

between reactions 1-3 (Chapter 2.3.3). Therefore, after 2 hour of anodizing process, the optimal
thickness of the TiO2 coating was reached.

5.1.1.2 (NH4)2SO4 based electrolytes
The thickness of the nanotube layer is essentially the result of the equilibrium between
electrochemical formation of TiO2 at the bottom of pores and the dissolution of TiO2 in an Fcontaining solution [46]. One of the key conditions that restricted the thickness of the TiO2
nanotube layer in H3PO4 based electrolytes was the low pH value, which resulted in the high
dissolution rate. To obtain a thicker nanotube layer, instead of 0.3M H3PO4, 1M (NH4)2SO4 was
used as the supporting electrolyte in our experiment. The SEM images (Figure 5. 5) showed that
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the thickness of the oxide layer increased to ~1.5µm. The diameter of the nanotubes was within
80-110nm, which was much smaller than the ones prepared in H3PO4 based electrolytes.

Figure 5. 5 SEM images of samples anodized in electrolyte: 1M (NH4)2SO4 + NH4F: 0.1M,
0.14M and 0.2M at 20V for 2h, top view (left) and cross-sectional view (right)
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Moreover, as mentioned previously, it was difficult to obtain nanoporous oxide layer
when the voltage is lower than 30V in H3PO4 based electrolytes. However, for (NH4)2SO4 based
electrolytes, the anodizing process can be performed under relatively lower voltage (20V). This
may be due to the higher concentration and ionic strength of the supporting electrolyte (1M
(NH4)2SO4), which enhanced the conductivity of the solution. When higher voltages (30V or
higher) were applied, sponge-like nanoporous coatings were formed instead of well organized
nanotube layer, which may be ascribed to the high dissolution rate.

Extended anodizing time (up to 6h) was used, and it did not show significant increase of
the coating thickness, which indicates the achievement of the equilibrium.

5.1.2 Fluoride containing organic based electrolytes
5.1.2.1 Glycerol based electrolytes
In this study, the maximum thickness of the nanotube coating prepared in water based
electrolytes was ~1.5µm, due to the high dissolution rate. However, by using highly viscous
organic based electrolytes (such as glycerol), it is possible to obtain thicker nanotube coatings.
To achieve that, it is important to evaluate the effect of electrolyte viscosity on nanotube
processing. Estimation of the viscosity of glycerol-water mixture is still incomplete in the
literature yet. Some formulas have been reported, however, most of them are only applicable to
limited conditions [73]. But it is clear that increasing water content leads to a lower viscosity.
Therefore, in the current study, a set of experiments were carried out in solutions containing
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0.27M NH4F consisting of glycerol/water mixture with different volumetric ratios (98:2%,
75:25%, 50:50%, 25:75%).

The SEM images (Figure 5.6-Figure 5.11) showed that TiO2 nanotubes were successfully
fabricated in all these electrolytes, however, the morphology of the oxide layer varied
dramatically with the water content of the electrolytes. When the water content was greater than
50 vol.%, randomly assembled nanotubes were obtained (Figure 5.6a and Figure 5.7a), while
self-organized nanotube arrays (Figure 5.8a and Figure 5.9a) were achieved when the water
content was less than 25vol.%. As discussed in Section 2.3.3, the compact oxide layer is
dissolved with a rather random spatial distribution at the stage 2, which leads to the irregular
morphology when the dissolution rate is too high. Decreasing water content or increasing the
viscosity of the electrolyte prolongs the ion diffusion process, which leads to a lower dissolution
rate. Therefore, well-organized nanotubes can be formed when the water content is low enough.

The water content of the electrolyte also influenced the morphology of the tube walls. By
decreasing the water content in the electrolyte, nanotubes with very smooth walls (with fewer
ripples, shown in Figure 5.9d) were achieved. It has been reported in the literature [40,43] that
the nanotubes formed in most electrolytes have obvious thickness variation, also known as
ripples. So far, the ripples are attributed to the periodic oscillations of the current during
anodization [40,51]. By using highly viscous electrolytes, instead of aqueous electrolytes, the ion
diffusion process can be significantly slow down, which results in a steadier nanotube growth
and smooth wall tubes.
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Figure 5. 6 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in glycerol/water electrolyte (25:75 vol.%) containing 0.27 M NH4F at 20V for
6h.

a

b

51

c

d

Figure 5. 7 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in glycerol/water electrolyte (50:50 vol.%) containing 0.27 M NH4F at 20V for
6h.

a

b

c

d

52

Figure 5. 8 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in glycerol/water electrolyte (75:25 vol.%) containing 0.27 M NH4F at 20V for
6h.
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b

c

d

Figure 5. 9 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in glycerol/water electrolyte (98:2 vol.%) containing 0.27 M NH4F at 20V for 6h.

Table 5.1 shows the tube diameters and lengths measured from the SEM. It was found
that with decreasing of the water content, the nanotube diameter decreased, as well as the coating
thickness, which may also be ascribed to the slower ion diffusion process.
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Table 5. 1 Effect of water content on nanotube diameter and length
Glycerol : Water (vol.%)

Diameter (nm)

Length (µm)

25:75

110.2±12.7

3.07±0.17

50:50

103.8±16.4

2.44±0.20

75:25

100.6±8.8

1.59±0.055

98:2

59.3±7.1

1.08±0.096

For low water content glycerol based electrolytes (lower than 25vol.%), higher voltage
(30V) was applied, and the SEM images of the samples are showed in Figure 5. 10 and Figure
5.11. The tube diameters and lengths are following: 159.7±24.6nm and 1.84±0.14µm (25vol.%
H2O), 90.2±6.3nm and 1.54±0.11µm (2vol.% H2O). It suggests that higher voltage leads to
larger and longer nanotubes.
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Figure 5. 10 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in glycerol/water electrolyte (75:25 vol.%) containing 0.27 M NH4F at 30V for
6h.
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Figure 5. 11 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in glycerol/water electrolyte (98:2 vol.%) containing 0.27 M NH4F at 30V for 6h.
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Nanoporous Ti surface was observed when the nanotubes were peeled off, shown in
Figure 5.12. EDS analysis found that the sample had mostly Ti, with little O. Such porous Ti
surface may also have some other potential applications.

Figure 5. 12 The Ti surface after removal of nanotube layer (left) and the EDS analysis of the
nanoporous surface (right)

5.1.2.2 Ethylene glycol based electrolyte
Although thicker nanotube coatings were prepared in glycerol based electrolytes (~2µm),
it is still not thick enough for the drug delivery purpose. Therefore, ethylene glycol based
electrolytes were used in our experiment. Figure 5.13 shows the SEM images of the TiO2
nanotubular structure prepared in 98% ethylene glycol solution containing 0.27M NH4F.
Compared with the samples anodized in water-based and glycerol based electrolytes, some
obvious differences were observed in nanotube morphology:
1. There was a barrier layer (or nanowire layer) covering the top of the nanotubes;
2. The nanotubes were closely packed with each other, there was no obvious gaps between the
tubes;
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3. The nanotube walls were extremely smooth;
4. The coating was much thicker (~7µm after 6 hour anodizing process).
5. The diameter of the tubes was small (~80nm for 30V)

a

b

c

d

Figure 5. 13 SEM images of TiO2 nanotubes in a top (a), bottom (b), and cross-sectional (c, d)
view. Anodized in 98% ethylene glycol solution containing 0.27M NH4F at 30V for 6h.
The forming mechanism of the barrier layer is not very clear yet. It may be ascribed to
the etching of the top layer by the residual electrolyte on the surface or in the nanotubes at the
end of processing. It has been reported in the literature that the barrier layer can be removed by
either washing the specimen in a dilute solution of hydrofluoric acid (1vol.%) or ultrasonic
cleaning in isopropyl alcohol [32,37]. In this study, the barrier layer was removed by washing
ultrasonically in absolute ethanol. However, there is one drawback for this ultrasonic washing
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method: it may damage the interface between the oxide layer and the titanium substrate
underneath. To remove the barrier layer without damage the interface, it is essential to minimize
the ultrasonic duration. To determine the minimal time required, a set of samples were prepared
under the same conditions, and then ultrasonically cleaned in absolute ethanol for different times
(0, 5, 10 and 20mins). The SEM images (Figure 5.14) showed that, after 5mins of ultrasonic
cleaning, most of the barrier layers were removed, and uniformly distributed, self-organized,
vertically-oriented TiO2 nanotubes were observed. However, with extended ultrasonic washing
time (over 10mins), cracks and debonding of the coating were observed.

a

b

c

d

Figure 5. 14 SEM images of TiO2 nanotube samples anodized in 98% ethylene glycol solution +
0.27 M NH4F at 30V for 6h, then ultrasonic washed for (a) 0, (b) 5, (c) 10 and (d) 20 mins
respectively.
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One of the main advantages of using ethylene glycol based electrolytes was that a much
thicker nanotube coating can be formed on titanium surface. By changing the experiment
conditions, such as anodizing time, the thickness can change from several microns to several
hundreds of micron. To investigate the influence of the anodizing duration on the nanotube
thickness, a set of samples were anodized in 98% ethylene glycol solution containing 0.27 M
NH4F at 30V for different durations, within the range 1-22h. The thicknesses of the oxide layers
were measured directly from the SEM cross-sectional images, and a thickness vs. duration curve
was plotted in Figure 5.15. Mathematical simulation indicated a linear relationship between the
thickness of the nanotube coating and the anodizing duration, within the range 1-22 hour.
According to the nanotube growth kinetics discussed in chapter 2.3.3, the nanotube growth rate
should slow down when it approaches the equilibrium. The linear curve indicated that 22 hours is
not long enough to achieve the equilibrium, in other words, it is still possible to obtain a thicker
coating by prolonging the duration.
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Figure 5. 15 Thickness of nanotube layer vs. anodizing duration curve
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25

Different voltages (20-40V) were applied, and the SEM images of the samples are
showed in Figure 5.16. The tube diameters and lengths are the following: 66.7±5.8nm and
3.08±0.07µm (20V), 84.2±5.1nm and 6.99±0.35µm (30V), 104.6±9.1nm and 12.9±0.4µm (40V).
Similar to the glycerol based electrolytes, higher voltage leads to larger and longer nanotubes.

Figure 5. 16 SEM images of nanotubes anodized in 98% ethylene glycol solution + 0.27 M
NH4F for 6h at 20, 30, 40V respectively.

5.1.3 Summary
TiO2 nanotubes were successfully prepared in both water based electrolytes (phosphoric
acid based and ammonium sulphate based electrolytes) and organic based electrolytes (Glycerol
based and Ethylene glycol based electrolytes). For phosphoric acid based electrolytes, the TiO2
layer can only grow up to 400-500nm, which restricted its applications. It was found that by
using ammonium sulphate, instead of phosphoric acid, thicker coatings can be achieved.
However, the maximum value was ~1.5µm in the current study. In spite of their limited
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thickness, the nanotubes prepared in water based electrolytes are rough, i.e. there are ripples on
the tube walls. Therefore, organic based electrolytes were used. Well-organized TiO2 nanotube
array were obtained in glycerol based electrolytes when the water content was lower than
25vol.%, and the thickness of the coatings increased up to 2µm. With the decreasing of the water
content, the nanotube walls became smoother. The best results came from the ethylene glycol
based electrolytes. Nanotubes with extremely smooth walls and ultrahigh aspect ratio
(length/diameter) were prepared, and the thickness can be controlled by adjusting anodizing
time, from several microns to tens of micron.

5.2 Effect of heat treatment on crystalinity of TiO2 nanotubes
Post heat treatment (200 and 400°C) was done to the samples anodized in 98% ethylene
glycol solution containing 0.27 M NH4F at 30V for 6h. Figure 5.17 is the Raman Spectroscopy
result. It showed that both as-prepared and 200°C annealed nanotube samples do not have any
obvious peaks within the range 200-700cm-1 (an optimal region for discriminating between
different crystal phases of TiO2), indicating their amorphous nature. It is possible that there are
some small crystalline areas in the nanotubes, but they are too small to be detected in amorphous
matrix by Raman spectroscopy.

On the other hand, 400°C annealed sample showed typical anatase phase peaks at ~400
cm1 (B1g vibration mode), ~520cm-1 (A1g mode) and ~640cm-1 (Eg mode) [52], which suggested
that the phase change of TiO2 nanotubes. Due to the nanosize scale of the tubes, interfacial
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vibrations broaden the peaks and slightly shifted them towards lower wavelengths, when
compared to the vibration mode for bulk TiO2 [32]..
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Figure 5. 17 Raman spectroscopy of TiO2 nanotubes: As-prepared, 200°C annealed, and 400°C
annealed

5.3 Antimicrobial activity test against S.aureus
Two separate antibacterial tests were performed with different batches of samples (listed
in Table 4.5-4.6). The purpose of Test 1 was to evaluate the possibility of killing bacteria using
the peptide-loaded TiO2 nanotube samples. To improve the antimicrobial activities of the AMPloaded samples in Test 2, the drug loading protocol was modified. The results are discussed
below.
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5.3.1 Antimicrobial Test 1
The first antimicrobial test was designed to test the bacteria killing abilities of AMPloaded TiO2 nanotube samples, as well as to evaluate the efficiency of our AMP loading method.

Table 5.2 and Figure 5.18 show the results of the antimicrobial test 1. The four curves in
Figure 5. 18 correspond to one negative control group (bacteria solution only), one positive
control group (ApNT: as-prepared TiO2 nanotubes without AMP) and two sample groups
(ApNT-AMP: as-prepared TiO2 nanotubes loaded with AMP; AnNT-AMP: 400°C annealed
TiO2 nanotubes loaded with AMP). No significant differences were observed between the
control group and ApNT group, in terms of bacteria growth, which indicates that the amorphous
TiO2 nanotubes without AMP does not have any antimicrobial activities.

There was 100 times difference of bacteria colony number observed between the asprepared TiO2 nanotubes with and without AMP (ApNT-AMP and ApNT) after 4 hours
incubation; this result indirectly indicated the successful loading of the peptide onto the
nanotubes via the simple vacuum assisted physical adsorption method we used.

Both as-prepared (amorphous) and annealed (crystalline) TiO2 nanotubes loaded with
AMP showed positive bacterial inhibition after incubation with Staphylococcus aureus for 60,
120 and 240 minutes. However, better bacteria inhibition was observed in annealed Ti nanotube
samples. After 240 min incubation, the annealed samples (AnNT-AMP) showed approximately
90% decrease in bacteria colony forming unit (CFU), and was 100 times less than that of the asprepared samples (ApNT-AMP).
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Table 5. 2 Antimicrobial activity test 1 against S.aureus
Mean±SD

CFU/ml (× 10 E06)

Time (min)

Control

ApNT

ApNT-AMP

AnNT-AMP

0

1.25±0.553

1.25±0.553

1.25±0.553

1.25±0.553

30

2.0±0.283

4.0±0.5

2.0±2.00

1.43±0.575

60

8.25±2.63

4.23±0.252

1.05±0.606

0.86±0.361

120

55±21.2

33.3±25.2

2.1±1.205

0.478±0.507

240

1000±0

1000±0

10.7±9.86

0.112±0.135

10

10

Initial
30min
1h
2h
4h

9

Colony forming unit (CFU/ml)

10

8
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Figure 5. 18 Antimicrobial activity test 1 against S.aureus. Error bars indicate standard deviation
(n=3).
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5.3.2 Antimicrobial Test 2
Based on the positive results of antimicrobial test 1, we tried to improve the antimicrobial
activities of the samples by changing our drug loading protocol (detailed information can be
found in Chapter 4.2). It was found from the Test 1 that the annealed samples (crystalline) had
better antimicrobial activity than the as-prepared samples (amorphous). To explain this
interesting result, another positive control group of 400°C annealed TiO2 nanotubes without
peptide was included in this second test.

The results of antimicrobial activity against S. aureus from Test 2 are showed in Table
5.3 and Figure 5.19. One-way ANOVA tests (listed in Appendix A) were performed to calculate
the P value of the five groups (Control, ApNT, ApNT-AMP, AnNT and AnNT-AMP) after 1 and
4 hours incubation. The result (P = 0.009 for 1hr and P= 0.000 for 4 hr) suggested statistical
difference among the five groups. To identify which of the five groups are different from each
other, Holm t- test was used for multiple comparisons (p values are listed in Table 5.4 and Table
5.5).

According to the P value of Holm t-test between every two groups, there is no significant
difference between the control group, ApNT and AnNT groups, which indicates no antimicrobial
activities of either as-prepared or annealed TiO2 nanotubes. However, both ApNT-AMP and
AnNT-AMP group demonstrated continuous bacteria killing, and approximately 99.9% of
decrease in bacteria colony forming unit (CFU) after 4 hours of incubation. This result suggested
that both as-prepared (amorphous) and annealed (crystalline) TiO2 nanotubes loaded with AMP
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can elute AMP gradually from the nanotubes and significantly inhibit the bacteria proliferation in
the surrounding environment of the implant.

Table 5. 3 Antimicrobial activity test 2 against S.aureus
Mean±SD
Time (min)

CFU/ml × 10 E06
Control

ApNT

ApNT-AMP

AnNT

AnNT-AMP

0

1.25±0.464

1.25±0.464

1.25±0.464

1.25±0.464

1.25±0.464

60

3.48±1.76

2.5±0.988

0.33±0.248

1.98±0.861

0.16±0.0874

240

106.67±26.58

126.67±30.77

0.0015±0.0023

93.3±23.38

0.00117±0.00204

Table 5. 4 P value of Holm t-test between every two groups for antimicrobial test 2 after 60
minutes incubation
1hr

Control

ApNT

ApNT-AMP

AnNT

AnNT-AMP

Control

-

0.98

0.003

0.093

0.002

-

0.023

0.534

0.016

-

0.068

0.837

-

0.048

ApNT
ApNT-AMP
AnNT

Table 5. 5 P value of Holm t-test between every two groups for antimicrobial test 2 after 240
minutes incubation
4hr

Control

ApNT

ApNT-AMP

AnNT

AnNT-AMP

Control

-

0.270

0.000

0.453

0.000

-

0.000

0.080

0.005

-

0.000

1.000

-

0.000

ApNT
ApNT-AMP
AnNT
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Figure 5. 19 Antimicrobial activity test 2 against S.aureus. Error bars indicate standard deviation
(n=3).

5.3.3 Summary
Both antimicrobial tests against S.aureus confirmed promising bacteria killing ability of
the AMP-loaded TiO2 nanotube samples, which also indirectly indicated the successful loading
of the peptides onto the nanotubes via the simple vacuum assisted physical adsorption method
we used. Moreover, it suggests that the antimicrobial activities of the samples are highly
dependent on the drug loading conditions. By changing AMP loading conditions (AMP solution
concentration, vacuuming and shaking time), the bacteria killing rate increased approximately
from 90% (Test 1) to 99.9% (Test 2) after 4 hour incubation.
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5.4 Bacteria adhesion on sample surfaces
After surgery, the bacteria that can not attach quickly onto the implant surface will be
killed by the immune system rapidly [13]. The adhesion of bacteria onto implanted biomaterial
surfaces is a critical step for pathogenesis of implant-related infections. Therefore, in the current
study, the bacteria adhesion on nanotubes was observed. The samples for antimicrobial Test 2,
after 4 hours of bacteria culture, were fixed and then imaged using SEM.

The SEM images of S.aureus colonies on different sample surfaces are shown in Figure
5.20. The bacteria colonies on the different surfaces do not show significant differences, in terms
of morphology. However, it is obvious that there are more bacteria colonies on the samples
without peptide (ApNT & AnNT) than the peptide loaded samples (ApNT-AMP & AnNTAMP). This result may be explained by the elution of AMP from the AMP-loaded samples that
significantly reduced the S.aureus colony forming units on the surfaces. As discussed above, the
bacteria attached onto the implant surface lead to infection. Thus, it is expected that using the
AMP-loaded TiO2 nanotube coatings for orthopaedic implants can effectively protect the surface
from the colonization by microbes, which leads to lower possibility of peri-implant infections.
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Figure 5. 20 SEM images of S.aureus colonies after 4 hour culture on: ApNT, ApNT-AMP,
AnNT and AnNT-AMP respectively
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5.5 In vitro release of AMP from TiO2 nanotubes
The in vitro AMP release profile from TiO2 nanotubes were tested by LC-MS up to 7
days. Unfortunately, we only managed to get the 1 hour release amount (shown in Figure 5.21).
The as-prepared nanotube (ApNT-AMP) and 400 °C annealed nanotube (AnNT-AMP) groups
showed an AMP release amount: 9.52±1.14 and 12.99±2.37 µg/cm2 respectively. Higher amount
of AMP were detected for the annealed samples, and this result was consistent with our
antimicrobial activity test. After 7 days of release, the samples were examined with SEM; the
nanotubes coatings were found to be intact on Ti surface.

16

AMP amount (ug/cm 2)

14
12
10
8
6
4
2
0

ApNT-AMP

AnNT-AMP

Figure 5. 21 The amount of peptide released from TiO2 nanotubes in 1 hour. Error bars indicate
standard deviation (n=3). The as-prepared nanotube and 400°C annealed nanotube groups
showed an average AMP release amount of 9.52 and 12.99 µg/cm2, respectively
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5.6 Cell culture: adhesion of osteoblast-like cells on sample surfaces
The attachment of osteoblast onto implant surface is a critical step for the bone growth,
leading to the success of the implantation. Since the aim for the current study is to develop an
antimicrobial implant surface by applying AMP-loaded TiO2 nanotubes as the coating for
orthopaedic implants, study on osteoblast cells attachment on the sample surfaces is necessary.
SEM images of the cells (MG-36) on TiO2 nanotube surfaces after 30 hour culture are shown in
Figure 5.22 SEM images of MG-36 cells after 30 hour culture on: ApNT, ApNT-AMP, AnNT
and AnNT-AMP respectively. It shows that cells spread and attach onto the sample surfaces by
filopodia for all four types of surfaces (ApNT, ApNT-AMP, AnNT, AnNT-AMP), which
indicates all the surfaces are biocompatible. No big differences were found between the TiO2
nanotubes with and without AMP, showing the AMP loaded on the nanotubes does not have any
significant negative effect on the cell growth and attachment.
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Figure 5. 22 SEM images of MG-36 cells after 30 hour culture on: ApNT, ApNT-AMP, AnNT
and AnNT-AMP respectively
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5.7 Cytotoxicity assay
5.7.1 MTT assay of AMPs
The result of MTT assay for HHC-36 solutions is shown in Figure 5.23. Holm t- test was
used to identify if there is a statistical difference between the control and HHC-36 solutions. The
results (Appendix B) indicates that there is no significant difference between the control group
and HHC-36 until when the concentration is greater than 200µg/ml (p=0.032<0.05). In other
words, HHC-36 does not show significant negative effect on cell proliferation, when the
concentration is lower than 200µg/ml.

MTT Cytotoxicity of HHC-36
Optical Density

0.60
0.50
0.40
0.30
0.20
0.10
0.00

HHC-36 solution concentration (µg/ml)
Figure 5. 23 MTT assay was performed to evaluate the cytotoxicity of HHC-36 with MG-63
osteoblast-like cell in the solution. Error bars indicate standard deviation (n=3). No statistical
difference in cell activity between the control and HHC-36 solutions when the concentration is
lower than 200µg/ml
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5.7.2 MTT assay for TiO2 nanotubes
The result of MTT assay for TiO2 nanotube samples, with and without AMP, is shown in
Figure 5.24. The cells on the all these surfaces showed consistent proliferation with time,
indicating that all the surfaces are not cytotoxic for MG-36 osteoblast-like cells. However, high
standard deviations were found for the nanotube samples (ApNT, ApNT-AMP, AnNT, AnNTAMP). In other words, for the same group of samples, the cells proliferated well on some of the
surfaces, but were perished on the others. The high standard deviations may be ascribed to the
chemical contaminations on the samples, i.e. the residual electrolyte solution in the nanotubes.
To address this result, further studies are needed.

Optical density

2

Ti

1.8

ApNT

1.6

ApNT-AMP

1.4

AnNT

1.2

AnNT-AMP

1
0.8

0.6
0.4
0.2

0
Day 1

Day 2

Day 5

Figure 5. 24 MTT assay was performed to evaluate the cytotoxicity of TiO2 nanotube samples
with/without AMP. Error bars indicate standard deviation (n=3). High standard deviations were
found for the nanotube samples
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Chapter 6 Discussion
6.1 Selection of cationic antimicrobial peptides
As discussed in Chapter 2.1.3, the rising problem of infections caused by multi-antibiotic
resistant bacteria, or so-called superbugs, makes traditional antibiotics less effective for periimplant infections. Therefore, in the current study, cationic antimicrobial peptides were selected
as alternatives to traditional antibiotics because of their rapid reaction on broad-spectrum
bactericidal strains, low toxicity and immunogenicity, as well as the complex killing mechanism.
The mechanism of the antimicrobial activity of AMPs is not very clear yet. Previous studies
suggested that AMPs may interact with bacterial surfaces by either permeabilizing them or
translocating across the cytoplasmic membrane to attack cytoplasmic targets [21]. More than one
killing mechanism may be observed with a single peptide. As a result of the complex killing
mechanisms, the possibility of developing a resistant mutant is significantly reduced.

HHC-36 (KRWWKWWRR) was selected as the test AMP in this study. It is one of the
most potent peptides identified by the high-throughput peptide synthesis (peptide arrays on
cellulose and rapid screening technologies) in combination with quantitative structure activity
relationship (QSAR) modeling. In vitro tests demonstrated that this peptide has better
antimicrobial activities against a broad array of multi-drug resistant “Superbugs”, such as
methicillin-resistant Staphylococcus aureus (MRSA), than some of the highly used traditional
antibiotics and the most advanced clinical candidate antimicrobial peptide (MX-226) [3].
Moreover, it showed very low toxicity in metabolically active cells and caused minimal red
blood cell lysis for concentrations up to 251 mM [3].
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6.2 HHC-36 loading onto TiO2 nanotubes via physical adsorption method
Our previous studies suggested that the chemical immobilization of peptides onto a
surface may limit the peptide mobility, which may compromise the antimicrobial activities of the
peptide [70]. Therefore, in the current study, a simple vacuum assisted physical adsorption
method was used for AMP loading. Reports have been made on the physical adsorption of
various proteins on TiO2 surface, such as human serum proteins [77-78], human plasma
fibrinogen [79], lysine and/or arginine residues of MBP (maltose-binding protein) and Fe Cyt-c
(horse heart cytochrome c) [80] and other biomolecules. The mechanism for physical adsorption
on titanium dioxide surface is generally interpreted as a combination of electrostatic and van der
Waals forces.

The iso-electric point (pI) of TiO2 is about 4.5 [77,79], i.e. TiO2 surface has a net negative
charge at physiological pH (at pH ~7.4, which is also the pH value of the buffer solution used
for drug loading). On the other hand, as we mentioned in chapter 2.2, most of the AMPs are
cationic. The peptide used in the current study (HHC-36) has an isoelectric point of 12.7
(pI=12.7) with five positively charged residues (Arg and Lys), possesses a positive charge at
physiological pH. Thus, a strong electrostatic interaction between TiO2 nanotubes and HHC-36
molecules is expected, leading to a good drug loading effect. Furthermore, TiO2 nanotube
coating is super hydrophilic and highly polar surface, which make it attractive for water and
water-soluble molecules in general [77].
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6.3 Selection of nanotubes for AMPs delivery
In the current study, TiO2 nanotubes were successfully prepared under several electrolyte
systems: phosphoric acid based, ammonium sulphate based, glycerol based and ethylene glycol
based electrolytes. For phosphoric acid based electrolytes, the thickness of the TiO2 layer can
only reach up to ~400-500nm, while using ammonium sulphate based and glycerol based
electrolytes, the coating thickness can be increased up to 1.5-2µm. However, coatings thicker
than 5µm were only achieved in the ethylene glycol based electrolytes. Depending on anodizing
conditions, such as anodizing duration, the thickness changes from several microns to tens of
microns. Moreover, by using water-free electrolytes (i.e. glycerol and ethylene glycol),
nanotubes with extremely smooth walls and ultrahigh aspect ratio (length/diameter) can be
obtained.

The thickness of the nanotube coatings (i.e. the length of the nanotubes) and diameter of
the nanotubes were the two key factors considered for AMP carrier selection. The longer tubes
means larger volumes available for drug loading and the smaller diameter may lead to slower
drug release. Peng L et al [9] confirmed this idea: longer tubes performed better than the shorter
ones, in terms of drug loading and elution. However, the thicker the oxide layer, the weaker the
interface. When the nanotube layer is too thick, the weak interface between the coating and the
Ti substrate makes it unsuitable for clinical applications. Therefore, in the current study, the TiO2
nanotubes (thickness: ~7 µm and diameter: ~80nm) prepared in 98% ethylene glycol containing
0.27M NH4F at 30V for 6 hour were chosen as the carrier for AMPs.
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6.4 Effect of AMP loading conditions on drug loading efficiency
In the current study, a very simple vacuum assisted physical adsorption method was used
for antimicrobial peptide loading onto TiO2 nanotubes, and two antimicrobial tests (1&2),
against S.aureus, confirmed promising results on the bacteria killing ability of this novel
antimicrobial implant surface. In addition to the simplicity of this process, another very
important advantage of this drug loading technology is its clinical feasibility. Both the implants
and the drugs can be developed and packaged independently; thus, the drug loading process can
be done in the operating room, which simplifies the regulation process and prolongs the shelftime.

Comparing the results of the two antimicrobial tests, it can be concluded that the
antimicrobial activities of the samples are highly dependent on the drug loading conditions. By
changing the AMP loading conditions (such as AMP solution concentration, vacuuming time and
shaking time), the bacteria killing rate after 4 hour incubation increased approximately from 90%
(Test 1) to 99.9% (Test 2), at 100 times difference (shown in Figure 6.1). It is expected that the
antimicrobial activities of AMP-loaded samples can be further improved by optimizing the drug
loading protocol.

Moreover, in this study, in order to investigate the efficiency of TiO2 nanotubes as a
carrier for AMPs, the samples were rinsed with the buffer solution for 3 times, 30 seconds each,
to remove the excess peptide on the surface (detailed information can be found in Chapter 4.2).
However, in the clinical situations, this is not necessary. The excess peptide on the surface is
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expected to be released quickly in the initial stage to kill the bacteria, which may lead to better
bacteria killing effects of the AMP-loaded samples.

Figure 6. 1 Comparison of antimicrobial activities of samples loaded with different protocols

6.5 Effect of crystallinity on the AMP delivery
In order to investigate the effect of crystallinity on the drug loading efficacy, the
antimicrobial activities of both as-prepared (amorphous) and 400°C annealed (anatase) TiO2
nanotubes were test against Staphylococcus aureus.

For Test 1, although both as-prepared (amorphous) and annealed (crystalline) TiO2
nanotubes with AMP showed positive bacterial inhibition after 60, 120 and 240 minutes
incubation, better bacteria inhibition was observed in annealed nanotube samples (AnNT-AMP).
At 240 minutes, the annealed samples showed approximately 100 times less bacteria colony unit
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than that of the as-prepared samples. The difference may be explained by three possible reasons,
or a combination of them:
1. The annealed TiO2 nanotubes can kill the bacteria by themselves;
2. The annealed TiO2 nanotubes have better AMP loading efficiency;
3. The annealed TiO2 nanotubes have better AMP eluting profile.

To examine why the annealed samples has better antimicrobial activity than the asprepared samples, another positive control group of annealed TiO2 nanotubes without peptide
(AnNT) was included in the second test.

The result of Test 2 showed that there was no significant difference between the control
group, ApNT and AnNT groups, which indicated no antimicrobial activity of the annealed TiO2
nanotubes. It is interesting to note that both as-prepared and annealed TiO2 nanotubes loaded
with AMP demonstrated continuous bacteria killing in Test 2 with approximately 99.9%
decrease in bacteria colony forming unit (CFU) after 4 hour incubation. The reason for this is not
clear yet. One possible explanation is that the annealed TiO2 nanotubes have better AMP loading
efficiency after soaking in the AMP solution for 1 hour. However, after 20 hours of soaking,
both the as-prepared and annealed nanotubes were saturated with AMPs, which may result in no
differences between these two groups, in terms of drug loading efficiency. To prove this
hypothesis, further experiment is needed.
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6.6 Amorphous vs. Anatase TiO2 nanotubes
Although anatase TiO2 nanotubes showed better antimicrobial activity than amorphous
samples in the antimicrobial Test 1, there is no significant difference between these two groups
(ApNT-AMP and AnNT-AMP), in terms of bacteria colony forming unit, in antimicrobial Test
2.

Previous studies suggested that the anatase phase TiO2 is much more favorable for bone
growth than the amorphous phase maybe because of the better lattice match with hydroxyapatite,
the mineral component of natural bone tissue [31,34,81]. Recently, Yu and coworkers [82] also
demonstrated that anatase phase TiO2 nanotubes have better corrosion resistance, compared to
the amorphous phase in naturally aerated Hank’s solution. Furthermore, our preliminary study on
the interface strength of TiO2 nanotube coatings indicated that the annealed coatings were
stronger than the as-prepared ones. It is hypothesized that residual stress in the coating is
released when it is annealed. Therefore, although both amorphous and anatase phase TiO2
nanotubes showed similar antimicrobial activities, anatase phase is expected to be a better
candidate for the anti-infectious implant for clinical applications.
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Chapter 7 Conclusions
This thesis studied the local delivery of one potent antimicrobial peptide (HHC-36) using
TiO2 nanotube arrays prepared by anodization method. The in vitro release of peptide from the
nanotubes was tested by liquid chromatography-mass spectrometry, and the antimicrobial
activities of the samples were evaluated against S.aureus, as well as the biocompatibility and
cytotoxicity of the samples. Based on our experimental results, the following conclusions can be
made:

1. Titanium dioxide nanotubes were successfully prepared by anodization method in both
water based electrolytes (phosphoric acid based and ammonium sulphate based electrolytes) and
organic based electrolytes (Glycerol based and Ethylene glycol based electrolytes). For water
based electrolytes, the thickness of the nanotube layer was within the range of 0.5~1.5µm, while
thicker coatings were obtained in glycerol based electrolyte (~2µm). However, coatings thicker
than 5µm were only achieved in the ethylene glycol based electrolytes.

2. The morphology of the nanotubes (such as diameter, length, tube wall etc.) can be
controlled by anodizing conditions. Our results showed that the diameter of nanotubes is
proportional to the anodizing voltage; higher voltage can lead to larger diameters. For ethylene
glycol based electrolytes, by prolonging the anodizing duration, the thickness of the coating
increases from several microns to tens of micron. Furthermore, by using water free electrolytes
(glycerol or ethylene glycol), TiO2 nanotubes with extremely smooth wall (with few ripples) can
be obtained.
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3. Raman spectroscopy results indicated that the as-prepared nanotubes coating is
amorphous. In order to obtain crystalline phase, post heat treatment is necessary. After 400℃
annealing, the amorphous phase of the nanotubes can be transformed into anatase phase.

4. Antimicrobial peptides were successfully loaded onto the nanotube samples via a
simple vacuum assisted physical adsorption method, and the in vitro AMP release profile from
TiO2 nanotubes were tested by LC-MS. The as-prepared nanotube and 400 °C annealed nanotube
groups showed an AMP release amount: 9.52±1.14 and 12.99±2.37µg/cm2 respectively, in 1
hour.

5. Antimicrobial activity test against Gram-positive bacteria (S. aureus) demonstrated
that this novel AMP-loaded nanotubular surface can significantly inhibit bacteria proliferation
and effectively reduce bacterial adhesion on the surface. It also suggested that the antimicrobial
activities of the samples are highly dependent on the drug loading conditions. By changing the
loading conditions (such as AMP solution concentration, vacuuming time and shaking time), the
bacteria killing rate can be increased dramatically from 90% (Test 1) to 99.9% (Test 2).

6. The cell adhesion and MTT assay studies showed that the peptide-loaded TiO2
nanotubes surfaces are biocompatible and do not have significant side effect on osteoblast-like
cells (MG-36).
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Chapter 8 Recommendations for future work
Based on the results obtained so far, the following research is recommended for future
studies:
1. Optimization of the anodizing process. Preparation of TiO2 nanotube arrays with ideal
hexagonal arrangement is useful, not only for drug loading purpose, but also for variety of other
applications. To achieve that, a systemic study on the effects of anodizing conditions on the
morphology is necessary.

2. Detection of the total amount of AMPs loaded onto the nanotubes as well as the in
vitro release profile of the AMPs.

3. Investigating the effect of nanotube morphology (i.e. diameter and thickness) on the
AMP loading and elution efficiency.

4. Improvement of the drug loading protocol. Our research results indicated that the
antimicrobial activities of the peptide-loaded samples are highly dependent on the drug loading
conditions. By optimizing this technology, it is expected to improve the bacteria killing results.

5. Selection of AMPs. HHC-36 was used as the test AMP in our research. It has been
reported in the literature that some short peptides could selectively bind to solid surfaces.
Identifying the specific AMPs that could effectively bind to TiO2 nanotube surface may
significantly improve the drug loading efficiency.
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6. In vivo test. Although in vitro test showed positive results, the real situation in living
body is unknown.
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APPENDICES
Appendix A: ANOVA for antimicrobial test 2
Table 1 ANOVA tables for antimicrobial test 2 after 60 minutes incubation
Source of Variation

Sum of squares

DF

Mean square

F

P

Between Groups

24.4

4

6.101

6.25

0.009

Within Groups

9.768

10

0.9768

Total

34.17

14

Table 2 ANOVA tables for antimicrobial test 2 after 240 minutes incubation
Source of Variation
Between Groups

Sum of squares

DF

Mean square

F

P

4.437e+04

4

1.109e+04

25.21

0.000

4400

10

440

4.877e+04

14

Within Groups
Total

Appendix B: MTT assay for AMPs
Table 3 P value of Holm t-test on the results of MTT assay for HHC-36
HHC36 concentration

10

25

50

75

100

125

150

175

200

300

500

0.437

0.361

0.647

0.703

0.842

0.928

0.356

0.260

0.032

0.001

0.000

(µg/ml)
Control
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