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ABSTRACT

A number of bone pathologies, such as fracture, infection or cancer, require drug therapy.
However, conventional systemic drug administration is inefficient, wasteful, may not reach
the target bone tissue in effective concentrations, and may cause unwanted side effects in
other tissues. Ideally, drug should be delivered locally at the specific site, and in an optimal
therapeutic concentration. Surface modification of the titanium implants can meet these
challenges effectively by enabling effective delivery of therapeutics directly at the bone site
for an extended period. Among the various suggested implant modifications, titania (TiOy)
nanotubes (TNTs), which can easily be fabricated on Ti surfaces via cost-effective

electrochemical anodization, is emerging as a possible strategy for local drug delivery.

This thesis describes advances in TNT/Ti implant technology towards achieving
effective therapeutic and cellular modulating action from the surface of Ti wire implants,
which have been nano-engineered to fabricate TNTs. The concept was to design and optimize
novel therapeutic features of TNTSs, using simple and scalable technologies that can ensure
easy integration into implants currently on the market. Specifically, in order to address
complex bone conditions such as infection, inflammation, and cancers of bone, TNTs were

fabricated on Ti wires that could be inserted into bone for 3D in-bone therapeutic release.
The main points of the thesis can be summarized as:

1. Structural engineering of TNTs: Periodic tailoring of the TNT structures using a
modulated electrochemical anodization process in an attempt to enhance drug loading and

releasing abilities of the TNTSs.

2. Fabrication optimization of TNTs on curved surfaces: Optimization of anodization

conditions was undertaken, with a special focus on defining the role of electrolyte ageing,



in order to fabricate a mechanically robust anodic layer (TNTs) on complex curved
surfaces such as Ti wires. The purpose of this was to enable easy integration of TNT
technology into the current implant market, which includes widely varied geometries

(pins, screws, plates, meshes, etc.).

3. Therapies for complex bone conditions: Demonstration of TNTs/Ti wire abilities to meet a
range of therapeutic needs was modelled, by determining the effect of local release of
osteoporotic drugs from TNTs, when inserted into collagen gels containing human
osteoblasts. This was followed by analysis of the therapeutic effect on cells, and cell

spread/migration morphology on the TNT surfaces.

4. Formation of chitosan-microtubes on TNTSs in-situ: Investigation of the fate of chitosan-
modified TNT/Ti implants in phosphate buffer (isotonic to human blood). Chitosan
degradation into micro-tubes on the surface of TNTs was investigated to elucidate the

mechanism underlying the in-situ formation of these novel structures.

5. Titanium (Ti) nanotubes vs titania (TiO;) nanotubes: Conventional titania (TiO,)
nanotubes were chemically reduced into titanium while preserving the nano-topography.
The converted conducting titanium nanotube implants were proposed for electrical

stimulation therapy and local drug delivery.

6. TNTs on 3D printed Ti alloys: Fabrication optimization of TNTs on a unique micro-rough
3D printed Ti alloy, to enable varied surface features, including irregular micro-roughness
combined with nano-topography of TNTs. Comparison was then made of cell adhesion,
attachment and modulation of osteoblast function by TNTs/Ti 3D implants with

conventional smooth, micro-rough and TNTs/Ti flat foil surfaces.

The investigations presented in the thesis are expected to open doors towards the development

of advanced in-bone therapeutic implants, in the form of easy-to-tailor nano-engineered Ti

\"



wires, with superior 3D drug releasing abilities and enhanced bone healing functionalities.
The emphasis has been on designing the simplest and most cost-effective methodologies to
permit easy integration into the current implant market. Applications for these implants could

be in the treatment of fractures, bone infections/cancers and ‘local’ osteoporosis in bones.

Vi



PREFACE

This thesis is submitted as a ‘thesis by publication’ in accordance with “Specifications for
Thesis 2013” of The University of Adelaide. The PhD research spanning 3.5 years generated
1 book chapter, 15 peer-reviewed journal articles [9 published, 3 submitted, and 3 in final
preparation for submission in August 2015], and 2 peer-reviewed conference publications.
Furthermore the PhD research was also presented at 19 national and international conferences.
Six research chapters included in this thesis were published (or submitted or in final
preparation for submission) as research articles in highly ranked journals in the field. A

complete list of publications is provided in the following pages.
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CHAPTER 1: Introduction

CHAPTER 1: INTRODUCTION

1.1. Bone Implants and Challenges

Metal implants, frequently composed of titanium and its alloys, are commonly used for long-
bone fracture/non-union fixation, correcting spinal fractures, total joint replacements for
arthritic/osteoporotic joints, and maxillofacial applications *. These implants, mostly in the
shape of screws, plates, meshes, pins etc., mechanically stabilize the traumatized/fractured
bones so as to reduce pain, enable optimal alignment and healing. The mechanical properties
of these various implants are paramount for their optimal performance 2. Furthermore, the
mechanics and biology at the bone-implant interface can determine the fate of the implant and
success of bone healing. Conventional bone implants are more focused on ‘mechanical
fixation” and rely on the ‘self-healing’ property of the traumatized bone. Many factors
contribute towards failure of fracture healing, including patient condition (disease,
medications, smoking/alcohol, and diabetes), local factors (severe fractures, infection, and
poor vasculature) and surgery/implant characteristics (inappropriate implant functioning, low

bone stock etc.) .

Factors that compromise the short- and long-term success of joint
replacements/fracture fixation implants are loosening/rejection, inadequate bone integration
and deep bone infections, which can cause amputation or even death °. Reports have
suggested that each year several million dollars are spent in correcting/replacing failed
implants/joint replacements, with considerable morbidity and mortality °. Moreover
complications due to implant failures have resulted in class action law suits. Aside from

implant-induced inflammation and infection, mechanical failure/implant fracture and toxic

release of particles and/or metal ions from implants have also caused serious problems ’.
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Infection due to implant placement in bone is relatively rare, but a devastating side
effect of orthopaedic surgery. The current way to treat bone for infection or other disease
states is systemic drug administration. Bacterial infection, in particular, can be very difficult
to treat and eradicate in bone, because of the difficulty of achieving effective drug
concentrations at the affected site and development of bacterial biofilms, which are highly
resistant to treatment ®°. Such problems mean that systemic therapy can be ineffective, as
well as exposing all tissues of the body with high levels of drug, potentially wasting
expensive drug and risking adverse events. Figure 1.1 summarizes the common challenges

associated with bone implant placement and the sub-optimal conventional therapeutic

LN

approaches.

Inflammation
Infe;tion =:> Implant Failure |:>| New Implant |
Poor Int:egration | Surgery I
Titanium Implant Unhealed Bone

Traumatized Bone

Pain/Discomfort

Poor Blood Supply Biofilm Formation High Cost
Unable to Penetrate Thorough Disinfection
& Systemic Therapy
Ineffective Toxic

Figure 1.1. Challenges faced by conventional bone implants and the sub-optimal efficacy of

systemic drug administration.
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1.2. Complex Bone Conditions Demanding Effective Therapies

1.2.1. Osteomyelitis

Osteomyelitis (OM) is the infectious inflammation of bone, and its incidence in the USA is 1-
2 %, with higher prevalence in developing nations ™. The increase in the number of
hip/knee replacements surgeries in the past decade has also led to an increase in OM cases.
Furthermore, in spite of following strict aseptic procedures and antibiotic prophylaxis, OM
occurrence is as high as 22-66% post orthopaedic surgeries, and the associated mortality rate
is around 2% *2. These infections are mostly caused by flora that commonly reside on the skin
and in the mouth, mainly Staphylococcus aureus and Staphylococcus epidermidis ****. Urgent
treatment is required after the onset of bone infections so as to avoid the spread to new sites in
the patient’s body. Conventional treatment involves 2-6 weeks of intravenous antibiotic
administration and a 6-month oral antibiotic course (for chronic infection), together with
surgical removal of infected bone *>°. This approach has several limitations: side effects,
ineffective drug concentration at the trauma site, and bone loss/damage and the need for

complex surgery to address this.

To address these challenges, local drug delivery or LDD has been suggested, and the
first attempts towards treating OM involved potent hydrophilic antibiotics incorporated into
poly(methyl methacrylate) or PMMA beads *’. However, this FDA-approved polymeric LDD
strategy has its own challenges, including: non bio-degradability of PMMA and the need to
remove via surgery, toxicity, fast burst and poorly controllable release, and the possibility of
promoting antibiotic resistance *°. As a result, alternative LDD strategies were devised,
mainly using bioresorbable alternatives such as calcium sulphate cements %°. Although these
are relatively non-toxic and biodegradable, they do not always enable bone formation, leaving

a fibrous gap instead *%. Hence there is an urgent need to develop alternative LDD strategies



CHAPTER 1: Introduction
that can deliver potent antibiotics locally for a prolonged duration and in a controlled and

sustained manner, while not inhibiting osteogenesis.
1.2.2. Osteoporotic Fractures

Millions of people worldwide are diagnosed each year with osteoporosis (OP) and low bone
density 2. OP represents a pathological condition characterised by loss of bone mineral at a
rate that exceeds the new bone formation, whereby the bones become fragile and fracture
prone. With the increase in the ageing population and negative lifestyle factors, the number of
OP patients is predicted to increase. Furthermore, OP fractures can result in high morbidity or
mortality rates 2*. Reports have claimed that one in three women and one in five men with age
> 50 years will suffer OP fracture 2°. With below average healing capacity and low bone
stock, OP fractures can be very hard to heal, and often require long-term hospitalization and

invasive surgeries .

To reduce OP fracture healing times, several therapeutics have been suggested,
although only parathyroid hormone (PTH) and bone morphogenetic proteins (BMPs) are
currently approved 2"%°. Systemic administration of such potent therapeutics is, in the case of
BMP not possible. As a result, LDD of such therapeutics have been investigated ***. Various
strategies, including polymeric beads, co-polymer matrices and calcium-phosphate
modifications on Ti implants have been investigated, in an attempt to augment bone formation
directly at the fracture site ***. However, limitations associated with polymeric and ceramic
implant systems, as mentioned earlier, have again driven the research towards finding more

suitable alternatives.
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1.3. Local Drug Delivery in Bone

Ineffectiveness of conventional treatments to target bone conditions has driven the need for
local drug delivery or LDD. The concept of drug delivery locally from implants at the bone
site was introduced by Buchholz et al., whereby the need to locally administer potent
antibiotics to combat bacterial infection was suggested ***°. This means releasing therapeutics
locally at the site desired, from the surface of the implant, bypassing the need for systemic
drug delivery. The idea is to have sufficient local concentration of the drug so as to address
the disease/fracture, while minimising any unnecessary toxicity throughout the body. In LDD,
the implant is modified to contain therapeutics, which upon surgical placement, will be
released locally by simple diffusion. To achieve this, the surface of the implant needs to be

engineered so as to contain substantial drug amounts.

Besides improving implant acceptance and prevent implant-related complications,
LDD has opened the way for effective treatment of conditions, such as osteoporosis, bone
cancers, and bone infections. Moreover, the target tissue/condition determines the choice of
implant material, which to date include biopolymers, ceramics, and metals/alloys. However,
for load-bearing situations, such as fracture-fixation or total joint replacements, titanium and
its alloys are most preferred due to their properties of corrosion-resistance, biomechanics and
ease of functionalization *®. The simplest of the LDD examples include coating the surface of

implants with potent therapeutic formulations, such as antibiotics or growth factors.
1.3.1. Surface Modification of Bone Implants

The surface characteristics of bone implants or biomaterials, for example topography,
chemistry or surface energy, play an important role in determining cellular functions and
hence successful tissue integration *”. The first steps of cell-to-material interaction include

cell attachment, adhesion and spreading, which must be modulated by the implant surface to
6
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encourage implant acceptance and tissue healing. For bone implants, appropriate surface
roughness can enhance osseointegration (Ol), but also rough surfaces can allow substantial
quantities of active therapeutics (antibiotics or bone forming proteins) to be loaded and hence
released locally. In order to achieve this, various surface modification strategies for titanium

bone implants have been proposed *.
1.3.1.1. Micro-Scale Roughening

Numerous investigations have been conducted to tailor surface roughness to achieve
enhanced cellular activity and hence therapeutic effects *°. Furthermore, various in-vitro/in-
vivo studies, along with mathematical modelling have indicated that roughness in the scale of
micro-meter (especially hemispherical pits ~ 1.5 um deep and ~ 4 um wide), provides the

most suitable bioactivity “°*

. The most common techniques to engender micro-scale
roughness include sand-blasting, acid-etching, plasma treatment and electrochemical
anodization. In sand-blasting, the implant surface is bombarded with abrasive particles
(alumina, titania and hydroxyapatite/HAP) under high-pressure. Among the various choices,
HAP has been recognised as the best particle, which promises increased bone cell adhesion as
compared to others “*°. A similar effect can also be achieved by chemical etching of Ti with
strong acids such as: HNOs, HCI, H,SO, and HF “°. The typical procedure involves
immersion of Ti implants into these etching acids for prolonged durations. HF etching further
enables incorporation of active fluoride ions inside the micro-rough Ti, which has been shown
to positively influence bone cell functions *’. Plasma-assisted spraying of Ti, Zr or Al,Os also
induces micro-scale roughness to the implant surface. This technique has been demonstrated
to improve wear resistance of the resulting surface (as compared to sand-blasting and acid-
etching). However, with the use of Zr/Al,O3, compromised osseointegration of the implant

has been reported *¢. Furthermore, the plasma process is complicated and expensive, thereby

limiting its use.
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Electrochemical anodization (EA) has been used for many decades to grow a thick
oxide layer on the surface of metals to achieve anti-corrosion and colouring effects *. In
general, EA represents a very cost-effective and scalable technology, whereby oxide forms on
metal surfaces when metal is exposed to suitable electrolytes (sulphuric, phosphoric, acetic
acid etc.), under the influence of voltage. Furthermore, this technique allows easy control over
the thickness and properties (mechanical and chemical) of the resultant oxide, by varying
anodization conditions such as electrolyte concentration, voltage, time and temperature “°*°.
When the same process is continued for extended periods of time at high voltages (> 100 V),
a metal oxide film with irregular micro-porosity and enhanced mechanical properties is
obtained (spark anodization or micro-arc oxidation) >*. Furthermore, upon immersion in

simulated body fluid (SBF), such micro-porous oxides enable HAP growth, which

significantly improved implant bioactivity >
1.3.1.2. Promoting Bioactivity and Biosafety of Implants

It is well known that the protein adsorption and conformation on the implant surface is the
first event upon implant placement inside the traumatized tissue, which to a great extent
decides the fate of the implant >*®*. If the surface of the implant is modified such that these
protein/cellular interactions can be modulated, then the implant acceptance and survival
chances can be significantly increased. This can be achieved by incorporation of various
bioactive species in/on the implant surface, in particular Ca, P, HAP (hydroxyapatite) or
growth factors. For instance, CaP coatings on Ti implants have shown promising results for
enhancing bone cell functions, which can be improved further by immobilizing growth factors
> Furthermore several biopolymers and ceramics have also been applied to promote
bioactivity of the implant by modulating protein interactions and promoting cell functions °°.

These studies utilised bioactive species (biomolecules/growth factors) incorporated inside

porous ceramics and biodegradable/bioactive polymers. The dual effect of bioactive
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polymers/ceramics and active species such as BMPs (bone morphogenetic proteins), can
significantly increase implant biomechanics and bone-remodelling abilities °’. These
strategies have shown promising results in improving bioactivity of the implant and healing
rates of the traumatized bones, however, inadequate release kinetics due to unpredictable
polymeric degradation has driven more research towards finding more reliable bioactive

solutions to ensure long-term success of bone implants.

Protein reactions on the implant surface are electrochemical in nature, which often
leads to oxidation of the implant surfaces, often leading to thicker oxides with time >*°%,
These reactions can also cause metal corrosion and studies have reported the release of by-
products of such reactions from the implant surface, which have been detected in the body of
the patient >, Furthermore, leaching of metal ions in particular can adversely affect bone
healing rates ®*. As a result, and to ensure biosafety and biocompatibility of the implant and

its modifications, it is important to avoid toxicity by utilising only stable, well-adherent and

biocompatible/biodegradable strategies to modify implant surfaces.
1.3.1.3. Releasing Therapeutics from Implant Surfaces

The need for systemic drug administration can be bypassed by local release of therapeutics,
for example from the surface of the implant, directly at the site of implantation/trauma
(Figure 1.2). The simplest of such strategies include coating or adsorption of active
therapeutics such as antibiotics or proteins, into the titanium implant surfaces or its
modifications (micro-rough surface or biopolymer coatings) ®4%. Such investigations have
demonstrated improved implant performances including prevention of bacterial infection and
promotion of bone cell functions %%, However, these therapeutic coatings often fail, mainly
due to poor mechanical stability, quick consumption and fast release kinetics, and re-triggered

bacterial invasion %59,
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Figure 1.2. Various micro-/nano-engineering strategies for fabricating drug-eluting implants

catering to wide range of therapeutic needs (with permission from [68]).
1.3.2. Research Gap

Multiple strategies have been suggested to improve bone implant acceptance/survival and
enable quicker healing rates; however each strategy has some challenges that must be
addressed before proceeding to clinical trials. Improper therapeutic release, compromised
biocompatibility, inadequate modulation of cellular functions, poor mechanical stability and
release of toxic metal ions, limit one or the other implant structural modification strategy.
Furthermore, for load bearing conditions such as fracture fixation or total joint replacements,
only polymeric/ceramic implants can cause poor mechanics with the healing bone, for

instance failure under pressure, and implant loosening due to early degradation/corrosion.

10
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Metallic implants, particularly Ti and its alloys, which have been established for their
corrosion resistance, biocompatibility and appropriate biomechanics with human bone, stand
out as the most suitable implant material choices. While combining multiple strategies into
one implant modification (like therapeutic loaded polymers/ceramics on micro-rough Ti) did
improve bone implant function, for long-term osseointegration after consumption of
polymers, these approaches demand improvements. Also, mere coating of therapeutics on
roughened Ti implants does not provide optimum release kinetics for prolonged durations,
and in fact very high release concentrations can adversely affect the osseointegration of the

implant.

The following properties of a metal implant modification are desired to fabricate the
next generation of bone implants with drug-releasing function that can also cater to complex

bone conditions such as deep bone infections, osteoporotic fractures and cancers:

a. Reproducible, easy and cost-effective fabrication

b. Mechanical stability (especially in load-bearing implant conditions)

C. Non-toxic (avoiding leaching of toxic metal ions)

d. Substantial therapeutic loading and delayed release (catering to a wide-range of

conditions and to achieve a long-term effect)

e. Inherently bioactive (for long term osseointegration, after consumption of

therapeutics)

1.3.3. Nano-Engineering Bone Implants: Titania Nanotubes

To enable higher loading amounts and controlled local-release of active therapeutics, nano-

engineering of the implant surfaces has been suggested ®’. After the advent of techniques such

11
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as electrochemical anodization (EA), nano-tubular or nano-porous surfaces, such as porous
silicon, nano-porous alumina and nano-tubular titania, have gained much popularity towards
improving the therapeutic/bone-forming ability of implants **%. Among these, fabrication of
nano-tubular titania (TiO;) or titania nanotubes (TNTs) on titanium implant surfaces
represents an ideal implant modification strategy, which has the potential to address
challenges associated with conventional bone implants. Moreover, TNTs technology ensures
easy integration into the current implant market, where titanium and its alloys comprise a

large proportion.

Due to its properties, primarily corrosion resistance, biocompatibility, easy-to-tailor
dimensions, cost-effective synthesis, and ease of functionalization, titania nanotubes (TNTS)
fabricated as self-supporting membranes, on Ti substrates and as loose agglomerates, have
been extensively explored for a variety of applications “°. TNTs represent hollow, cylindrical,
hexagonally ordered and vertically-oriented arrays of TiO,, as shown in Figure 1.3. The
dimensions of these unique nanostructures in the form of tiny test-tubes, open at top and
closed at bottom, can easily be tailored using fabrication strategies. Furthermore, they can be
synthesized with diameters of 100-300 nm and lengths of 0.5-1000 pm *°. Owing to their
unique properties, they have been applied for numerous applications, including photo-
catalysis, purification, bio-sensing, bioactive surfaces, drug-eluting implants, and dye-

sensitized solar cells *°.

1.4. Fabrication of TNTSs

Titania nanotubes (TNTs) are 1-dimensional structures with tubular morphology, open at top
and closed at bottom, which hexagonally self-order in an array onto Ti substrates or form as
loose agglomerates in solution. They can be fabricated by three main methods: template-

assisted, hydro/solvothermal and electrochemical anodization. For template-assisted

12
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fabrication, various templates have been used, including molecular rod like assemblies of
micelles, to more organised structures like nanoporous alumina ®*"°. The templates are coated
with sol-gel or atomic layer deposition (ALD) to facilitate TNTs formation. However, the
yield of TNTs is on or inside template structures and removal results in loose TNT
agglomerates with a wide range of TNT lengths. Template-free approaches include the
hydro/solvothermal method and electrochemical anodization. In the case of
hydro/solvothermal methods, which reassemble in nanotubular morphology, TiO, particles
are autoclaved in NaOH, however, the yield is in the form of TNT agglomerates with wide
size distribution "*"2. For the electrochemical anodization (EA) technique, TNTs structures
form in the presence of fluoride-containing electrolytes under the influence of appropriate
voltage. More recently, TNTs have also been fabricated using electrospinning strategy,
whereby titanate precursors are coated onto polymeric fibers and later the polymers are
decomposed via heat treatment, yielding hollow titania nanofibers or TNTs >4 However,
among the various approaches described for fabricating TNTs, EA stands out, mainly due to
its ability to produce TNTs vertically self-ordered onto a Ti substrate with good control over
the dimensions. This is essential, particularly for medical applications suited for bone
implants, whereby Ti and its alloys are routinely used as implants/joint replacements, and EA

enables growth of TNTs onto Ti substrates with the ability to tailor their characteristics.

TiO, (TNT array)
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Figure 1.3. Electrochemical anodization of titanium to fabricate titania nanotubes (TNTS). (a)
Scheme of electrochemical setup, (b) vertically arranged arrays of TNTs on Ti, and (c) SEM
images showing open-pores and closed bottoms suitable for drug loading/releasing

applications (with permission from [185]).

1.4.1. Electrochemical Anodization (EA)

EA is a century old industrial technique to fabricate oxide layers on the surfaces of metals,
mainly to promote corrosion resistance, and for aesthetic appeal. The basic setup of EA
involves an appropriate electrolyte, target metal substrate (working electrode or anode), and
counter electrode (Figure 1.3a). When an adequate voltage is applied, metal (Ti) is oxidised
to form metal oxide (equation 1) or is dissolved in to the electrolyte (equation 2). These

reactions ultimately lead to hydrogen gas evolution at the counter electrode (equation 3).

Ti + 2H,0 > TiO, + 4H" + 4¢ (1)
Ti4+ + SOIV 9 Ti4+30|v (2)
4H* + 46" > 2H, (3)

Upon formation of TiO,, there are three possibilities: (a) metal oxide forms ions that
are completely dissolved in the electrolyte (no oxide film formation, equation 2), (b)
formation of an insoluble oxide film (equation 1), and (c) competition between oxide
dissolution and formation. In the last case, under the influence of suitable ions such as
fluoride, a balance is maintained between oxide dissolution and formation (steady state
equilibrium), resulting in the formation of a porous oxide film (equations 1 and 4). When
these reaction kinetics are optimized, the yield is highly-organised nano-porous or nano-

tubular arrangement >°.

TiO, + 6F + 4H" > [TiFs]* + 2H,0 (4)
14



CHAPTER 1: Introduction

Ti*" + 6F > [TiFe]* (5)

For a typical EA resulting in the formation of TNTs, a characteristic current-density
plot (vs time) is obtained, as represented in Figure 1.4a, where three different regions
corresponding to various stages of formation of TNTs can be identified *. Region-1
corresponds to the reaction in equation 1, whereby current continuously drops due to
formation of oxide on the surface of the metal. At this stage, this oxide film is partially
disrupted by ‘nano-scopic’ etch channels, yielding a porous initiation layer *°. This is
followed by region-2, where the porosity increases the surface area of the electrode and hence
the current is also increased. At this time, the initiated pores compete among each other for
the available current, until an optimized equilibrium state is achieved, where the pores share
the current equally. In region-3 a steady-state equilibrium is established, stable pore growth

begins and the current reaches a constant value.
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Figure 1.4. Characteristic features of electrochemical anodization of Ti to fabricate TNTSs.
(@) typical current-density (j) vs time plot, compact-oxide/CO (---) forms for fluoride free
electrolyte, and porous-oxide/PO (—) forms in fluoride containing electrolytes. Inset shows
linear sweep voltammo-grams (j-U plots) for electrolytes, containing different fluoride
concentrations [very high: electro-polished/EP, very low: CO, intermediate: PO or TNT
formation]. (b-c) Transport of active ions through the metal-oxide layer in the absence and

presence of fluoride ions. (Adapted from [49]).
1.4.2. Progress in Ti Anodization

In 1999, Zwilling et al. pioneered the fabrication of TNTs using the EA technique, and since
then many attempts have been made to improve the ordering of TNTs and achieving higher
growth rates '"'8, The initial studies only yielded TNTs with lengths of 0.5 pm, due to
extensive dissolution in the chromic acid electrolytes containing HF . However, this study
established the role of fluoride ions in self-ordering of the TNTSs structures, but the resultant
TNT vield lacked ordering and uniformity. This was followed by the 2™ generation of EA
advancements, whereby pH controlled aqueous buffered electrolyte (with fluoride ions)
significantly reduced the excessive dissolution and TNTs formed with lengths of 5-7 um "%,
These investigations also confirmed the relationship between nanotube characteristics (like
size, organisation, crystal structure etc.) and the various anodization parameters like
electrolyte composition, pH, voltage/current, time etc. 8. This advancement lead to the 3™
generation, where further increased growth rates (TNT lengths up to 1000 pum) were obtained
by using non-aqueous polar organic solvents, such as dimethyl sulfoxide, formamide,
ethylene glycol etc., in combination with fluoride ions #®. The most optimized anodization
conditions to fabricate highly-ordered, close-packed and long TNTs can be summarized as:
anodization voltage of 80-120 V and organic viscous electrolytes. Furthermore, fabrication of
TNTs has also been reported in fluoride-free electrolytes .
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Besides the advances in EA to fabricate high quality TNTs on Ti substrates, there
remain some challenges that must be addressed to permit further optimization of the method.
For instance, electrolyte ageing, which is anodization of dummy titanium foil repeatedly prior
to anodizing target substrate, is not fully explored. While investigations have claimed that the
use of aged/previously used electrolyte aids in fabricating high-quality TNTs, and contributes
towards changing electrolyte characteristics and hence the TNT vyield, there still remains
scope for improvement *°. The electrochemical systems used in these studies did not consider
water absorption from the environment by the hygroscopic electrolyte, and the effect of
ageing was not linked to structural stability/adherence of TNTs onto underlying substrates.
Hence an in-depth study of the various anodization parameters, including electrolyte ageing,
is desired to further optimize the anodization procedure to yield stable and well-adherent
TNTSs arrays. This can further aid in anodizing complex substrate geometries such as pins,
wire, meshes etc., whereby occurrence of cracks and instabilities lead to delamination of the
anodic film. It is noteworthy to mention here that for bone implant applications, mechanical
stability is crucial and any defragmentation of TNTs can initiate tissue toxicity and lead to

poor osseointegration.

Besides TNTs, alternate modified-TNTs and other TiO, nanostructures have also been
fabricated as a result of various voltage or current oscillations during the EA process “°"®.
These include branched nanotubes, nanolace, inner-tubes, bamboo-type nanotubes, and
multilayer nanotubes (Figure 1.5) ®. However these altered morphologies of the TNTs have
not as yet served any application. Very recently, to further enhance the EA process, the effect
of UV-Vis irradiation on EA of Ti was investigated and the results confirmed the growth of

larger diameter TNTs with thicker walls . In a similar study, ultrasound forces were used

during the fabrication procedure to promote TNT growth rates ®'.
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Novel TNT structures as described above can offer interesting properties to otherwise
straight cylindrical TNTSs, especially for local therapeutic release applications suited for bone
implants. By simply modulating the voltage or current during the anodization process, these
structures with varied geometrical features can be generated, without any added complication.
This simple methodology creates TNT structures with modulated dimensions in a periodic
manner, corresponding to changes in the anodization voltage/current. This offers the ability to
tailor TNT dimensions, including inner/outer diameter, branching of tubes, shape etc. For
therapeutic applications, this can be translated into a modified available nanotubular volume.
This vacant volume with modulated periodic features can enable improved drug releasing
performance, mainly due to agglomeration of therapeutics inside the deliberately created
restrictions in otherwise smooth straight pore nanotubes. Besides this, exploring the
separation of loose nanotubes by breaking the tubular structures of modulated-TNTSs, can

offer interesting possibilities for drug encapsulation and targeted drug delivery.

2
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Figure 1.5. SEM images depicting the novel tubular TiO, nano-structures fabricated using
modified electrochemical anodization procedure. (a-b) Bamboo-type nanotubes with ability to
tune segment size by voltage variation, (c-d) branched-nanotubes by voltage-stepping, and (e)

hydrophobic and hydrophilic arrangement of nanotubes (Adapted from [76]).
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1.4.3. TNTs on Complex Substrate Geometries

Research focused on TNT technology for bone implant applications generally involve TNTSs
fabricated on Ti flat foil substrates, whereby TNTs grow perpendicular to the substrate
surface. Moreover the anodization optimizations have been performed for Ti flat substrates,
which are easy to manage. However in the current bone implant technology, implants occur in
various shapes and geometries such as pins, wires, screws, plates etc. Therefore to enable easy
integration into the current implant market, TNT fabrication should be extended and
optimized for more complex substrate geometries. This will require fabricating high quality
and well adherent TNTs onto these complex substrates. Such advancements can ensure
achieving 3-dimensional release from the implant surface. There are several reports showing
fabrication of TNTs on meshes and wires, although for applications such as solar cells and

filtration 8,

In 2011 Yu et al. reported the fabrication of core-shell TNT structures by EA of Ti
wires, followed by complete dissolution of the wire core, and these structures were proposed
as photo-anodes for solar-cells ®. Furthermore, Zeng et al. reported the fabrication of TNTs
on Ti mesh by using a neutral electrolyte composed of ammonium sulphate and ammonium
fluoride, and studied the influence of different anodization parameters on TNTs . In another
study, Sun et al. showed the influence of electrode orientation on TNTs fabricated by the
anodization of hollow titanium cylinders *°. These reports confirmed the fabrication of TNTs
uniformly on the surface of various substrate geometries, however, optimization of
anodization conditions on such complex substrate shapes and geometries has not been
investigated. In addition, most studies have reported cracks in the anodic film formed on
curved surfaces, which is due to competitive growth and volume expansion on a 3D circular
surface. These cracks or instabilities must be controlled, and more research is demanded in
this respect, particularly towards improving the adherence of the anodic film on such complex
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substrates. This is important for the functioning and survival of the proposed applications,
including electro-optics and bone implants, where delamination or breakage could lead to

failure %,
1.4.4. TNTs on Ti alloys

Titanium alloys with Al, V, Ta, Zr have shown enhanced biomechanics as compared to
commercially-pure Ti, and Ti alloys cover a large proportion of the implant market 2. As a
result, various surface modification techniques, including EA, have been extended to Ti
alloys. Macak et al. anodized Ti alloys Ti-6Al-7Nb and Ti-6Al-4V, and obtained nanotubes
composed of mixed oxides to lengths of several hundred nanometers ®. Other researchers
have reported similar results with Ti-28Zr-8Nb and Ti-35Zr **%. Furthermore, rapid
breakdown anodization (RBA) was utilised to synthesize oxide nanotubes on TiNb, TiZr and
TiTa ®. On the other hand, TiO, nanotubes or TNTs have also been fabricated on Ti alloys ¥
% Nanotubes fabricated on biomedical alloys have also been proposed for drug delivery
applications ¥". Briefly, the antibiotic minocycline hydrochloride was loaded inside TNTs
fabricated on Ti-4Zr-22Nb-2Sn alloy via the immersion technique and the release kinetics

were compared with different dimensions of nanotubes *’.
1.5. Therapeutic Functions of TNTs/Ti Implants

The vacant volume of the TNTs generated on Ti substrates can hold active therapeutics that
can be released locally for extended periods of time, which can be controlled readily by
adjusting the dimensions of the TNTs *°. Furthermore, local drug delivery on a biocompatible
surface modification on various Ti substrates and alloys means easy integration into current
implants. Many studies have confirmed the local drug eluting abilities of TNTs, which were
loaded with substantial amounts of antibiotics, proteins, growth factors etc., each representing

varied solubilities, chemistries and catering to particular bone-implant challenges . Also,
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TNTs offer ease of chemical and biological functionalization, which could easily enhance
drug loading/releasing abilities and modulate cellular behaviour. Various biocompatibility and
toxicity studies carried out using TNTs have established their suitability for implantable
applications ***%. More suited for bone implants, TNT-modified Ti surfaces have been shown
to promote bone cell function, including adhesion and differentiation (Figure 1.6) 0+
Investigations with bacteria, endothelial cells, macrophages etc. on TNT-modified implants
have suggested their ability to cater to implant-related challenges, such as infection, tissue
integration, and inflammation %22 Therefore, fabrication of TNTs on Ti implants represents
a promising strategy to address complex implant challenges **®®. Moreover, as described
earlier, implant failure can result from inadequate osseointegration and bacterial invasion .
On the other hand appropriate modulation of the immune responses or FBR (foreign body
response) can enable implant acceptance and survival. In order to address the most common

implant challenges, various therapeutics have been loaded inside of TNTs and their local

release has been studied in various in-vitro and in-vivo settings .
1.5.1. Modulation of Immune Responses

1.5.1.1. Foreign Body Response

Immediately following biomaterial implantation, ECM proteins and blood interact with the

implant surface (Figure 1.7). The immune response is determined by the local environment at

the site of implantation and the protein adsorption/conformation on the implant surface ***°".

As a result, the implant surface modifications are aimed at minimising unfavourable

interactions, thereby avoiding FBRs such as fibrous tissue encapsulation of implants %,

However, it has been reported that modulating such responses in an appropriate manner is

109-110

advantageous for the implant acceptance and osseointegration . The tuning or

modulation of immune responses can be realised by: (a) limiting functionality (adhesion and
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activation) of macrophages by adequate surface roughness, and (b) surface incorporations of

anti-inflammatory drugs or growth factors %",

surface devoid of nanoscale
features

y
)
:

protein cell adhesion cell cell
adsorption ‘and specificity = proliferation differentiation
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Figure 1.6. Schematic showing how cellular behaviour is modulated by nano-topography of

the implant surface (with permission from [182]).
1.5.1.2. Immune Responses on TNTs

In a study by Ainslie et al., the ability of the nano-rough surface of titanium implants in
reducing the inflammatory response was demonstrated *°. They investigated and compared
the immune reactions (human monocyte viability and morphology, inflammatory cytokines
and reactive oxygen species generation) between smooth and nano-structured surfaces *°.
Furthermore, in-vitro short and long term immune responses were compared between TNTSs
and medical grade Ti, using human blood lysates (with leukocytes, thrombocytes and
erythrocytes) **. Immune cells (macrophages, monocytes and neutrophils) showed
significantly reduced cell functions (viability, adhesion, proliferation) for both short and long
term on TNTs ™. Also, very recently, an in-vitro study of TNTs and Ti with macrophages

[RAW?264.7] confirmed reduced inflammation in response to TNTs, suggesting the ability of
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TNTs at modulating the macrophage responses ‘. These studies, along with other in-vivo
investigations, whereby no fibrous encapsulation was observed for TNT implants, confirm the
role of anodized nano-tubular surface in avoiding unwanted immune responses, which can

result in excessive inflammation or, at the extreme, the need for total implant replacement

68,102

a)
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Figure 1.7. Schematic illustration of cellular interactions with the implant surfaces: (a)
immediately after implant surgery, (b) protein adsorption/conformation on the surface, and (c)

cellular attachment (with permission from [183]).
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1.5.1.3. Loading Anti-inflammatory Drugs

Although TNTs by themselves have shown the ability to reduce excessive inflammation,
various studies have shown substantial loading and local release of anti-inflammatory drugs
from TNT modified implants. Aninwene et al. demonstrated the SBF deposited loading of
dexamethasone inside TNTs and confirmed controlled drug release and enhanced osteoblastic

67

functions Indomethacin is a commonly prescribed NSAID (non-steroidal anti-

inflammatory drug) for pain and inflammation **2. Our group has also extensively studied the
enhanced loading and controlled release of indomethacin from TNT/Ti implants %34 we
have shown previously that advanced drug releasing features, like controlled release/multi-
drug release of indomethacin, can be achieved by biopolymer coatings on drug-loaded TNTs
and by micellar encapsulation of drugs ******. Furthermore, alternative anti-inflammatory

drugs, such as ibuprofen, sodium naproxen etc., have also been loaded using various

strategies and their favourable release kinetics observed >,

1.5.2. Antibacterial Effects

1.5.2.1. Race to Invade Implant

Studies have confirmed that smooth implant surfaces prevent bacterial attachment, but bone
cell attachment, which is crucial for osseointegration, is also reduced **”. Both bone cells and
bacteria prefer rough surfaces, which provide ‘anchoring-points’, and thereby lead to
successful attachment and adhesion *. As a result, modifying the surface roughness alone
cannot be used to simultaneously reduce bacteria attachment and enhance bone cell function,
in the case of bone implantation. In fact, post-implantation, pathogens may invade the
traumatized bone site via the same mechanism as do the host immune cells *8. There thus can
be a ‘race’ between immune cells and bacteria to reach and invade the compromised implant

site, and this may determine the fate of the implant **°. The incidence of implant-associated
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infections has been reported as 2-30% for transcutaneous fracture correction pins, and 2-5%
for spinal implants '?°. The most common pathogens causing implant-related infections

include: S. aureus, S. epidermidis and Pseudomonas aeruginosa *2**?,

1.5.2.2. Treatment of Implant-Infection and Osteomyelitis

As stated previously, osteomyelitis (OM) or deep bone infections are very serious medical
challenges, and if untreated, can result in amputation and even death. Similarly, infection at
the site of implantation can lead to OM. Prophylactic treatment involves simple antibiotic
coatings on the surface of implants, as described previously. However, such coatings fail in a
number of ways, including very high local concentration of antibiotic, which can be cytotoxic
and impede osseointegration, unpredictable release kinetics, and the chance of rebound
bacterial infection after the drug is consumed . Therefore, prolonged local release is desired

S0 as to assure long-term anti-bacterial effects.
1.5.2.3. TNTs and Bacterial Attachment

TNTSs represent a promising strategy for achieving local therapeutic release from the surface
of implants, however, nanotopography can promote bacterial attachment as compared to
rough and conventional Ti surfaces (Figure 1.8) . TNTs in particular can lead to enhanced
bacterial attachment via three possible mechanisms: (a) incorporated fluoride ions from
anodization, (b) presence of dead bacteria, and (c) amorphous nature of TNTs **°. While
loading of substantial antibacterial compounds inside TNTs is a promising solution, many
researchers have aimed at finding the most suitable TNT properties/enhancements to impede
bacterial attachment. This concept combined with loading of antibiotics can further ensure a
long term antibacterial effect. Ercan et al. reported the effect of tuning TNT dimensions and
heat-treatment on attachment of bone-infection related bacteria ***. The study suggested that

large TNT diameters (60-80 nm) and heat-treatment (500°C for 2h) can significantly reduce
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the number of attached live and dead bacteria. It is also noteworthy to mention here that dead
bacteria on implant surfaces release proteins that can attract live bacteria, therefore, it is

essential to reduce attachment of both live and dead bacteria 1%,

= Conventional Ti = Nanotubular
= Nanorough = Nanotextured
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S. Aureus  S. Epidermidis P. Aeruginosa

Figure 1.8. Evidence of increased bacterial attachment on nanotubular surfaces (TNTS) in

comparison with conventional, nanorough and nanotextured Ti surfaces (adapted from [123]).
1.5.2.4. Antibiotic Incorporated TNTs

To render implant surfaces bacteriostatic and bactericidal, various antibiotic formulations
have been incorporated inside of TNTs/Ti surfaces **®®% These include antibiotics, metal
ions, anti-microbial peptides (AMPs) and biopolymer coatings. Many independent reports
have shown a reduction in the number of bacteria attached by locally releasing substantial
amounts of antibiotics from TNTs. Popat et al. investigated the effect of different amounts of
gentamicin loaded in TNTs against S. epidermidis adhesion '°2. They concluded that local

antibiotic release did not interfere with osteoblastic functions, which is important in terms of
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ensuring appropriate bone-implant bonding '°. Similar claims have also been made by

implantation of vancomycin-loaded TNTs in rats for 30 days .

Antibiotic resistance is another challenge that must be addressed, as it makes even the most-
potent antibiotics unable to eradicate invading pathogens, especially the methicillin-resistant
S. aureus (MRSA) '?’. Repeated antibiotic treatments cannot act against such resistant
bacteria, which can lead to serious consequences including deep-bone infection. Furthermore,
repetitive or very high local release from implants can significantly reduce Ol. This demands
local release of alternate antibiotics that can effectively eradicate resistant-bacteria without
adversely affecting Ol. To address this, AMPs have been loaded inside TNTs to achieve
maximum therapeutic effect against such resistant bacteria **"*%. Almost 99.9% antibacterial

activity of AMPs HHC-36 loaded TNTs was confirmed against S. aureus %,
1.5.2.5. TNTs with Metal Nanoparticles/lons

Metal species, especially silver ions and nanoparticles, which are potent antibacterial agents,
have also been incorporated inside TNTs. Zhao et al. soaked TNTs in AgNOj3 solution,
followed by UV-irradiation to incorporate Ag NPs *#. Local release of Ag NPs from TNTs
ensured short- and long-term (> 30 days) anti-bacterial activity **°. This approach, however,
can cause cytotoxicity due to NPs release, but this limitation can possibly be avoided by
controlling the release kinetics of NPs from TNTs. Moreover, zinc ions loaded inside TNTs

have been reported to provide both anti-bacterial and osseointegrating functionalities .
1.5.2.6. Biopolymer Modified TNTs

Bioactive polymers like chitosan offer many functions suitable for implant applications,

including cost-effective synthesis, ease of modification, biodegradability, inherent anti-
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bacterial property and osseointegrating abilities ~°. As a result, various orthopaedic

applications involving chitosan hydrogels, fibers, NPs, etc. have been suggested 32, In

27



CHAPTER 1: Introduction

fact, chitosan modified titanium implants have shown superior anti-bacterial properties with
improved bone cell adhesion ***. This strategy has been extended to TNT/Ti implants to
control drug release, while enhancing antibacterial and osteoblastic functions *°**. Another
study demonstrated the ability of chitosan-coated selenium electrodeposited TNTs against E.
coli activity ***. This effect can be attributed to the dual antibacterial properties of chitosan

and chitosan-degradation dependent release of potent therapeutics.
1.5.2.7. Advancing Antibacterial Effects using TNTs

It has been well established that electric current can significantly cause cell damage and
detachment, and this mechanism can be well applied for fabricating the next generation of
antibacterial bone implants **. Ercan et al. utilised this approach to advance TNT implants
seeded with S. aureus by electrically stimulating them each day (using 15 and 30 V for 1 hr)
137 Enhanced biofilm formation was observed for TNT surfaces (in comparison with bare Ti
surfaces), mainly due to promoted fibronectin adsorption on TNTs *¥’. When the surfaces
(both TNTs/Ti and bare Ti) were electrically stimulated, biofilm formation was reduced and
this reduction was dependent on the voltage used (high voltage increased bactericidal effect)
37 This unique strategy combined with TNT implants showed promising results, however, its
effectiveness in actual traumatised bone tissue can only be confirmed after in-vivo studies, as

electric stimulation might affect the health of bone cells.
1.5.3. Augmenting Osseointegration of Implants

1.5.3.1. Osseointegration (OI)

In order to ensure implant acceptance and survival, bone cell functions must be promoted at

the bone implant interface in order to achieve osseointegration. Appropriate Ol prevents

implant loosening/micromotion and ultimately leads to enhanced bone healing rates **3**°. As

discussed previously, TNTs provide a nurturing micro-environment at the bone-implant
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interface, whereby the bone cell functions such as attachment, adhesion and differentiation are
promoted, leading to increased Ol °***°. This observation is attributed to the ability of TNTs

to absorb high amounts of vitronectin (protein that drives osteoblast adhesion) from serum.
1.5.3.2. TNTs and Ol

Several in-vitro and in-vivo studies have established the osseointegrating abilities of TNTs
%088 popat et al. demonstrated short- and long-term Ol abilities of TNTs/Ti surfaces %%,
Enhanced functions of bone marrow stromal cells were confirmed, along with improved
bioactivity of TNTs upon implantation in Lewis rats in-vivo . Furthermore, no chronic
inflammation or fibrosis was observed *°*. In another pioneering study, TNT implants were
inserted into the skull of domestic pigs, and the results confirmed higher collagen type-1
expression and improved Ol **!. These and many other in-vivo investigations indicate that

TNTs offer improved Ol as compared to cp Ti and micro-/nano-rough surfaces %41 142,

Fcel

Cell membrane Cytoskeleton

Focal adhesion complex

Integrins (brown)

Figure 1.9. Illustration of mechanically-induced stress by TNTs surfaces, which can

determine the extent of osseointegration for the bone implants (with permission from [184]).
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1.5.3.3. TNTs with Metal lons and Biopolymers

To upgrade Ol features of TNTs, metal ions/nanoparticles (NPs) and bioactive polymers have
been coupled with TNTs. In a novel study, Neupane et al. loaded gelatin-stabilised Gold NPs
inside TNTs, and observed increased osteoblast adhesion and movement of cell filopodia '*%,
Other studies have reported increased bone-forming features obtained from TNTs
incorporated with zinc and strontium *****. Our group has extensively utilised biopolymers,
such as Chitosan and PLGA (poly lactic-co-glycolic acid), to delay release of therapeutics
loaded inside TNTs and observed simultaneously enhanced osteoblastic functions %,
Furthermore, Chen et al. electrodeposited selenium inside TNTs, followed by Chitosan
modification, and the results revealed Ol and anti-cancer features '*°. Although these
strategies enable improved bone-forming abilities, the polymeric degradation Kkinetics and

possible toxicity due to leaching of metal ions/NPs, needs to be investigated, especially for

longer implantation periods.
1.5.3.4. Incorporation of Hydroxyapatite inside TNTs

To avoid possible limitations associated with metal ions and biopolymers, incorporation of
hydroxyapatite (HA) on/inside TNTs can significantly improve Ol. Kunze et al. suggested
that anatase TNTs, in comparison with amorphous TNTs and TiO,, perform better for the
growth of stable carbonated HA upon exposure to SBF (simulated body fluid) *.
Electrodeposition was also utilised to incorporate HA, by exposing TNTs to alkaline
treatment, followed by pulsed-electrodeposition of CaP and annealing to form stable and
nanocrystalline HA '*®. Another strategy employed the alternate immersion of TNTs in
solutions containing calcium hydroxide and diammonium hydrogen phosphate **’. This
alternate immersion method enables accelerated immobilisation of HA particles in an SBF

environment, and allowed control over HA deposition weight and improved mineralisation

rates 1*"**®. Furthermore, HA incorporation into TNTs from SBF can allow for simultaneous
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loading of therapeutics, thereby catering to both therapeutic as well as Ol requirements of

implants ©’.
1.5.3.5. Loading Proteins/Growth Factors inside TNTs

There are different types of growth factors, catering to various aspects of Ol and bone healing,
which can be loaded inside TNTs to achieve maximum therapeutic effect **°. Promoting Ol
and also bone-forming ability, especially in complicated situations like osteoporotic (OP)
fractures, directly at the site of trauma can significantly improve bone-healing **°. In such an
attempt, BMP-2 (bone morphogenetic protein) was conjugated on polydopamine modified
TNTs, and MSCs cultured in their presence revealed increased ALP activity and

131 Furthermore, in a separate study, a multilayered coating of bioactive

mineralization
polymers gelatin and chitosan were formed on BMP-2 loaded TNTSs to delay the release of
proteins *°2. Bisphosphonates, known to reduce bone loss, especially in conditions like bone
metastasis and Paget’s disease, have also been incorporated inside TNTS/Ti implants to
reduce bone resorption activity *>>***. The bisphosphonates, pamidronate and ibadronate were
loaded into TNTs, which were implanted into the tibiae of Wistar rats. After 2 and 4 weeks of
implantation, enhanced expression of collagen type-1 and osteocalcin was reported **. In
separate investigations, alternative bioactive molecules, including CNN2 (connective tissue
growth factor) fragment, peptide sequence KRSR (lysine-arginine-serine-arginine), and the

OP drugs raloxifene and alendronate incorporated inside TNTs showed improved Of 0155156

While the abovementioned studies showed promising results in in-vitro and in-vivo
settings, longer duration studies of >6 months are desired to investigate the state of bone-
implant bonding, especially when the loaded biomolecules have been consumed. Moreover,
for complex therapeutic requirements like in OP fractures, a tiny implantable device capable
of releasing active molecules directly inside the bone micro-environment in a 3D fashion,

could provide improved therapeutic effect and fixation ability. Such in-bone therapeutic
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implants should require minimal invasive surgery for implantation/placement, and should not
require removal. This new generation of ‘fit-and-forget’ bone implants may address

challenges associated with therapeutic demands of OP fractures, bone cancers and infections.

1.5.4. TNTs for Complex Therapies

TNTs offer many advantages, such as ease of fabrication, biocompatibility, ability to tailor
release of loaded therapeutics, ability to functionalize and favourable cellular activity, and as
a result have been suggested for alternative therapies targeting complex disease conditions.
Besides bone implants, titanium and its alloys have also been widely used as dental implants
to fix root-canal infections and as dental prostheses. To achieve dental implant success,
appropriate Ol and prevention of bacterial infection are desired, and as a result various surface
modification strategies have been suggested for dental implants **"*%®. In such an attempt,
TNT modified Ti implants were modified with Ag NPs and the growth factor FGF-2 to
reduce the chances of bacterial infection and simultaneously heal the surrounding tissues **°.
In another strategy, Lee et al. investigated the effect of bone formation for N-acetyl cysteine
(NAC) incorporated in TNTs in in-vitro and in-vivo settings, and reported reduced
inflammation and promoted bone formation '*°. To extend the TNT technology to dental
implants, Demetrescu et al. confirmed promoted fibroblastic adhesion and improved stability

of TNTs/Ti implants in saliva conditions, recreating the micro-environment for dental implant

161

TNTs have also been suggested as implants for releasing active chemotherapeutic
agents directly inside tumours or cancer affected tissues. This strategy of LDD can avoid
toxic and complex conventional treatments, including systemic chemotherapy and
radiotherapy. Chen et al. electrodeposited Se inside TNTs followed by coating of chitosan to
delay its elution, and reported inhibition of growth of cancerous osteoblasts, while promoting

the functioning of healthy osteoblasts **. Alternatively, Kalbacova et al. utilized a photo-
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catalytic feature of TNTs to kill cancerous cells, by UV irradiating the TNTs inside cancer
cell cultures *2. Furthermore, in a novel study, 3D mesoporous TNT-like fragments were
fabricated as nano-vehicles to carry the potent anti-cancer therapeutic daunorubicin, and study

with the hepatocarcinoma cell line revealed increased therapeutic uptake by cells *,

These novel investigations using TNTs as a platform to modify implant surfaces to
achieve effective therapeutic action show promising results. However, there is ample scope
for improvement in terms of designing easy-to-fabricate novel implants for in-bone and in-
tumor therapeutics, achieving 3D release directly inside the affected tissue, and maintaining
the minimally invasive surgery for placement and easy integration into the current implant
market. Furthermore, there is enough potential to extend the TNT or other established
nano/micro-technologies to address complex therapeutic challenges, for instance brain

disorders and tumors.
1.6. Advancing Therapeutic Releasing Functions of TNTs

The release of loaded therapeutics from TNTs follows Fick’s first law of diffusion, whereby
the release is mostly dependent on the size/mass of therapeutic molecules, their solubility, and
interaction with TNTs >4 As soon as the drug loaded open-pore TNTs come into contact
with physiological fluids, a very rapid or burst release is expected due to a high diffusion
gradient. This initial burst release (IBR), which is largely unavoidable for a nanoporous
implant modification, can be disadvantageous, resulting in rapid consumption of loaded drugs
and very high initial dosage, which can compromise Ol and produce unnecessary tissue
toxicity. Furthermore, in conditions like implant-related infections, early consumption of
antibiotics can retrigger bacterial invasion. Hence, there is a need to further improve the drug
release kinetics from the surface of TNTs/Ti implants, by enabling control over both the

amount of drugs loaded and achieving their controlled sustained release for longer durations.
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Further advancement in terms of triggered-release, bio-sensing and multi-drug release with
TNT/Ti implants can cater to more complex therapeutic requirements of bone conditions. An

illustration of the various TNTs drug-releasing advancements is presented in Figure 1.10.

1.6.1. Controlled Therapeutic Release from TNT/Ti Implants

The release of loaded payloads from TNTs is governed by the diffusion gradient. The
therapeutic release from nanoporous substrates mainly follows a biphasic fashion, whereby
initial burst phase (1% few hrs) results in quick release of therapeutics present near the open
end of the nanotubes/pores, which is followed by release of therapeutics loaded deep inside
the nanotubes/pores. A very high initial burst release results from very high diffusion gradient
as the implant is exposed to the external media, and can result in quick release of around 40-
70 % of loaded therapeutics. This not only means early consumption of loaded therapeutics
but can also cause local tissue toxicity. The idea is to load active molecules deep into the
nanotubes and reduce/control the initial burst release phase. This is because the basic
requirement of such implants is to maintain sufficient local concentration to have an

appropriate therapeutic effect, which must be sustained for prolonged durations.

Other factors that determine the release kinetics include the interaction of drug with
TNTs, therapeutic size/solubility, and implant size and these must also be taken into
consideration to design/fabricate tailorable therapeutic TNT implants that can cater to specific
conditions. Furthermore, growth factors/hormones must be protected from denaturation.
Hence to prevent very high initial dosages and early consumption of therapeutics, which
might lead to retriggered bacterial invasion and compromised osseointegration, the releasing

ability of TNTs must be controlled to achieve prolonged favourable release patterns.

34



CHAPTER 1: Introduction

1.6.1.1. Tailoring TNT Dimensions

Since EA allows for controlling TNT dimensions via varying the anodization parameters, the
same process can be used to control drug loading amounts and release kinetics. This strategy
has been regarded as the simplest approach to addressing drug release challenges of
nanoporous substrates ***. By varying anodization time, various lengths of TNTs were
fabricated, which were later used to control loading amounts and release kinetics of the potent
anti-inflammatory drug Indomethacin ***. Longer TNTs (as compared to short TNT tubes, but
with same diameter) could load more drug, with a delayed overall release, which can be
attributed to deeper loading of drugs in the longer TNTs ***1%. However, when controlling
loading/release by TNT dimensions, there is an inverse proportionality between loading
amounts and delayed release, for example, wider TNTs can load more drug deeper inside the
TNTSs but since the pore size is large, IBR will be very high. Hence, alternative approaches
are required, to reduce IBR. A simple strategy could be tailoring the geometry of TNTs (for

e.g. fabricating branched or multi-layer nanotubes), to control drug release.
1.6.1.2. Maximising Drug Occupancy of TNTs

TNTSs represent tubular capillary-like architecture with diameters and lengths in the range of
30-100 nm and 1-100 um respectively, where substantial loading of active molecules of
varied chemistries, weights and solubilities can be very challenging. The key is to exploit the
vacant volume of these ‘capillaries’ to load the maximum amount of drug. Furthermore, if the
drugs are only present near the open ends of the TNTSs or in the inter-TNT spaces, a very high
IBR is expected. Moreover, to ensure appropriate therapeutic benefit, the loading should be
deep in the TNTs structures. The most common loading procedures involve drop-casting,
immersion, vacuum-assisted, and loading from SBF. Yao et al. have reported simultaneous
recruitment of CaP crystals, when penicillin-based antibiotics were loaded from SBF, and

achieved longer release as compared to physically adsorbed drugs *°¢. Similar enhancements
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were observed when the anti-cancer drug doxorubicin was loaded inside TNTs using vacuum
suction **’. The vacuum-assisted method in particular allows for loading therapeutics deep
inside the TNT interior, as compared to soaking/immersion, which loaded therapeutics
superficially near the TNTs open pores and inter-tube voids **’. In another strategy, active
antibiotics were loaded into silica xerogel prior to incorporation inside TNTs, to achieve

maximum drug occupancy ¢,
1.6.1.3. Encapsulation of Sensitive Drugs

To load and locally release labile biomolecules, such as proteins or growth factors, it is
crucial to maintain their stability and activity. In an attempt to achieve this, our group
pioneered encapsulation of model drugs in polymeric micelles prior to their loading inside
TNTs %4 This strategy enables encapsulation of a wide variety of drugs with varied
chemistries, solubilities and targeting different bone conditions. Briefly, as a model drug
indomethacin was encapsulated in micelles [Pluronic F127®, TPGS: d-a-tocopheryl
polyethylene glycol 1000 succinate, and others], and its in-vitro release was measured over 4-
8 weeks '**. Micellar encapsulation further allows tailoring of the loading/release by tuning
TNT dimensions, size/properties of micelles etc. Furthermore, this technique was reported to
further advance the TNT drug releasing functions by enabling loading/releasing of multiple

therapeutics, and triggered release %",

1.6.1.4. Functionalization of TNTs

Chemically modifying TNTs to render the surface hydrophobic or hydrophilic can
significantly change the drug-TNTs interaction, which in turn can influence both the loading
amount and the release Kkinetics. To achieve this, prior to loading a hydrophobic model drug,
TNTs were modified by self-assembling monolayers (SAMSs) of 2-carboxyethyl-phosphonic

acid (hydrophilic) and 16-phosphono hexadecanoic acid (hydrophobic) **. The release
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studies revealed delayed release of drug for hydrophilic TNTs as compared to hydrophobic
and untreated TNTs ***. This technique employing SAMs is very versatile and can be used to
immobilize various functionalities to the TNTs, which can further improve drug attachment

and release.
1.6.1.5. TNTs Modified with Bioactive Polymers

Combining biodegradable and osseointegrating polymers with drug eluting implant
modifications of TNTs, could enable interesting characteristics especially towards improving
release of drug payloads and simultaneously enhancing bone forming abilities. Furthermore,
the ability to fabricate polymers in the form of coats, hydrogels, fibers, nanoparticles, etc. can
be exploited to modify TNTs surfaces, to reduce or block the open pores of TNTs to slow
drug release. Our group has extensively explored this area of TNT implant technology,
whereby we have used plasma-polymerisation, dip-coating, and micellar-encapsulation to
include new functionalities into the drug eluting TNTs 190417217 T4 reduce the open pore
size of TNTs (and also nanoporous alumina), an ultra-thin coat of plasma-polymerised
poly(allylamine) was applied onto the drug loaded nanoporous substrates *'2*". The release
experiments confirmed delayed release for modified TNT implants, which can further be
tuned by varying plasma conditions ">*"%. Furthermore, this strategy can also be used to
impart selective functionalization and interfacial properties to the TNT surfaces, which can be
used to improve release and modulate cellular interactions. However, with the use of plasma
polymerisation, there are several challenges, such as time-consuming calibration, costly
equipment and complex operation, which can limit its integration into the current implant

market.

A simple alternative could be use of less complicated polymer modification
techniques, such as dip-coating. Dip coating of the biopolymers chitosan and PLGA was

made on drug loaded TNTSs, in an attempt to cover the open pores of TNTSs, to reduce IBR and
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delay overall release *®. Moreover, with dip-coating thickness of the polymer coat onto TNTs
can be modified easily by varying the number of coats, coating speed, polymeric
concentration etc. The results of doing so indicated reduced IBR and delayed overall release
to over 30 days (as compared to 4 days for unmodified TNTSs), with the ability to tune release
kinetics, based on polymer thickness . The release in this case was dependent on polymeric
degradation and exposure of TNTs to the aqueous medium. Moreover, the biopolymer
modification simultaneously enhanced osteoblastic functions '®. In a similar study, gelatin
and chitosan were multilayered onto BMP-2 loaded TNTS, to delay release of this labile but

potent bone anabolic protein *

. However, systems employing polymers require more
investigation to closely link various parameters influencing degradation rate (especially in situ
at the site of implantation), with the release of drugs incorporated inside TNTSs, to aid in
designing implant technologies to cater to a wide range of therapeutic needs. Likewise,
alternative polymer modification technologies, such as electrospinning of polymeric

nanofibers, coupled with TNTs, could provide a varied scale of nano-topography to further

enhance the functionality of implants.
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Figure 1.10. Schematic representation of various strategies employed to modify TNTs/Ti
implants to: (a-e) control drug releasing kinetics, (f) enable loading of multiple therapeutics,

and (j-g) stimuli responsive drug release (adapted from [186]).

1.6.2. TNTSs for Triggered Therapeutic Release

For targeting complex bone conditions and implant failures, the new generation of drug-
eluting bone implant should also be capable of addressing the needs of immediate drug
release, especially in situations like bacterial infection where delayed release is not desirable.
Hence, an advanced drug releasing implant, capable of releasing drug directly when it is
desired via an external or internal trigger, could attend to these complex therapeutic
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requirements. As a result, various TNT/Ti implant investigations have attempted to achieve
triggered release upon stimulation by temperature, light, magnetic/electric field, ultrasonic
trigger etc. Utilising the change in tissue environment (pH, temperature, oxygen content,
sugar level etc.) upon onset of bacterial infection, inflammation or cancer, could be used as
internal triggers to produce immediate local drug release ™. In such an attempt, Cai et al.
deposited a temperature-sensitive hydrogel composed of PNIPAAmM (poly N-
siopropylacrylamide) and PAAm (polyacrylamide) on Vitamin B2 loaded TNTSs, and used

5 In conditions like inflammation the local tissue

temperature stimulated drug release
temperature rises to 38.3-38.5°C, and the LCST (lower critical solution temperature) of
polymer composite being 38°C, allowed for sudden release of the loaded therapeutics from
TNT modified implants . In another novel study, Shreshtha et al. loaded a fluorescent
marker via silane coupling to magnetic TNTs (TNTs doped with magnetic NPs), and upon
exposure to UV observed the sudden release of model drugs by chain-scission of anchoring
groups *"®. A magnetic field approach has also been utilized to initiate quick release of
indomethacin, via loading of micelle-encapsulated drugs into TNTs already containing
magnetic NPs *"°. This novel magnetic trigger approach can also be linked with current
magnetic diagnostic tools like NMR (nuclear magnetic resonance), however this strategy also

has the limitation of accidental release of therapeutics upon exposure to routinely experienced

magnetic fields.

To release drugs based on an electric field, Sirvisoot et al. electrodeposited
polypyrrole conjugated with drugs on MWCNTs (multi-walled carbon nanotubes) modified
TNTs/Ti implants, and observed around 80% release when an electric field was applied 78,
Other strategies for quick on-demand release, include ultrasonic irradiation (micelle
encapsulate drugs in TNTs) and radiofrequency (drugs encapsulated in micelles loaded in

TNTs containing gold NPs) *™°_ Furthermore, both these approaches also reported easy
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tuning of the trigger based on ultrasonic force (time, intensity, and amplitude) and
radiofrequency (RF energy and amount of NPs) *"**"°_ Although these triggered strategies did
show quick release upon use of stimulation (internal or exterior), thorough in-vivo
investigations are required to prove the usefulness of these triggers. Other challenges that
these strategies must overcome include: release Kkinetics/possible toxicity of TNT
modifications (polymers, NPs etc.), bone cell toxicity upon exposure to trigger/sudden
release, long-term survival of triggered mechanism and avoiding accidental release. An
alternative tactic could be fabricating TNTs with an in-built ability to respond to
external/internal triggers, which could avoid possible limitations associated with multi-step

chemical/physical modifications of TNTs/Ti implants.
1.6.3. TNTs for Multi-Therapy and Bio-Sensing

Sometimes the therapeutic need of a bone condition might require simultaneous
administration of multiple therapeutics, for e.g. avoiding bacterial attachment, while
promoting bone forming ability. To address such challenges via TNTs/Ti technology, simple
loading of multiple drugs inside TNTs might deactivate them, requiring a shielding strategy to
avoid mixing. Our group addressed these complications by encapsulating two drugs with
different solubilities: hydrophobic indomethacin/intraconazole and hydrophilic gentamicin,
independently in regular and inverted polymeric micelles, respectively, prior to their loading
inside TNTs in a layered fashion **°. Upon immersion in PBS medium, the two immiscible
drug containing micellar layers were released in a sequential pattern, with hydrophobic
drugs/regular micelles (which were loaded later) releasing initially until 5 days, followed by

release of hydrophilic drugs/inverted micelles (which were loaded initially inside TNTs) .

Previous sections have described how drug loading can be improved to achieve
delayed release for extended durations, and also on-demand triggered release. However

diagnostic/sensing at the traumatized bone site adjacent to the bone implant could be used to
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provide a clear picture of the state of bone healing, bacterial invasion or inflammation.
Sirvisoot et al. designed a novel TNT implant by growing MWCNTSs (multi-walled carbon
nanotubes) inside the TNTs to improve bone cell activity and also include sensing
functionality **°*8!. To prove the concept of sensing complex bone conditions such as
inflammation or infection, the electrochemical signals from these modified implants inside the
solution containing extracellular components released by osteoblasts were recorded and
analysed 8%, These signals could then be linked with the health of the surrounding bone cells
and any abnormalities related to trauma, such as inflammation or infection. Although this
technology has produced promising results, more thorough in-vivo studies are required to test
its applicability for sensing in complex multi-component traumatic bone micro-environment

next to the bone implants.

1.6.4. Challenges for TNTs/Ti Bone Implants for Improved Therapeutics

The literature reviewed here summarizes the progress in exploring TNTs as a promising
strategy towards modifying titanium bone implants, thereby improving implant
acceptance/survival and also catering to complex therapeutic requirements of infections,
osteoporotic fractures and cancers. It also indicates the challenges that still remain and must
be addressed to advance the TNTs bone implant technology into clinical trials and enable its
easy integration into the current implant market. Some of the key challenges are summarized

below, and they serve as the objectives of this PhD project.

1. Fabricating novel TNT/Ti implants with the ability to tailor loading and release of
therapeutics without the need of further modification.

2. Novel implants that require minimal invasive surgery for implantation (required for
severe conditions such as deep bone infections, to achieve local delivery of

therapeutics).
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3. Fabrication of well-adherent and highly-ordered TNTs on various titanium substrates,
to facilitate easy integration into the current implant market (which includes various
implant materials: Ti and its alloys, often in complex geometries like: pins, screws,
meshes, 3D-printed scaffolds, etc.).

4. Local drug delivery inside the bone microenvironment to successfully target complex
conditions such as fixation of osteoporotic fractures, bone cancers, etc.

5. Monitoring the spread of therapeutics directly inside the bone micro-environment to
inform the design of next generation of in-bone therapeutic implants.

6. Combining bioactive polymers with TNTs technology towards enhancing implant
features.

7. Combining 3D printing technology with micro/nano-engineering to create unique

custom-printed Ti implants.

1.7. Objectives

The broad aim of the work described in this thesis was to develop novel nano-engineered
therapeutic and bone-forming implants based on titania nanotubes (TNTSs), that enable
effective 3D in-bone therapeutic effect, while maintaining cost-effective fabrication,
minimally invasive implantation, and easy integration into the current implant market. The

following points summarize the aims/objectives of this thesis:

1. To fabricate  TNT with improved structural properties that can enable enhanced
therapeutic loading and releasing abilities by:
e Fabricating periodically-structured TNTs (P-TNTSs) via voltage oscillations during the
electrochemical anodization
e Comparing drug loading and in-vitro drug release characteristics between P-TNTs and

conventional TNTs
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e Preparing loose TNTs/agglomerates by fracturing the P-TNTSs as drug carriers
2. To develop advanced anodization conditions to fabricate stable and high-quality TNTs on
curved surfaces by:

e Understanding and optimizing the ageing conditions of the anodization electrolyte
towards generating adherent and stable TNTs on complex substrate geometry of a Ti
wire

e Investigating the effect of other influencing parameters such as water content,
anodization/voltage and substrate dimensions, towards finding the most optimized
anodization conditions to anodize curved surfaces of Ti

3. To demonstrate the ability of TNTs/Ti wire implants as customizable in-bone therapeutic
implants for complex conditions such as osteoporotic (OP) fractures by:

¢ Investigating substantial loading and controlled in-vitro release of OP relevant drugs:
indomethacin and parathyroid hormone (PTH)

e Studying the therapeutic effect of PTH-loaded TNTs/Ti wire implants inside collagen
gels containing human osteoblasts

¢ Imaging the cellular spread morphology from collagen gel (to model bone tissue) onto
TNT implants and the influence of micro-scale cracks on the anodic film

e Analysing the stability of TNTs/Ti wire implants after ex-vivo implantation inside
bovine trabecular bone cores

4. To investigate the in-situ formation of chitosan microtubes on TNTs/Ti wire implants
upon immersion in PBS buffer by:

e Comparing the effect of various parameters (substrate surface, immersion solution and
pH, time of immersion, and thickness of chitosan coating) that can influence the
formation of CMTs upon degradation of chitosan coatings on TNTs

e Elucidating the mechanism of micro-tube formation on TNTs

5. To advance therapeutic features of TNT/Ti wire implants by:
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Magnesiothermic reduction of TiO;, nanotubes (TNTSs) into Ti while preserving the
nanotubular morphology

Performing material characterizations to confirm effective conversion, and
demonstrating the electrically conducting (proposed for electrical stimulation therapy)

and drug releasing abilities of the titanium nanotube implant.

6. To combine 3D printing technology and electrochemical anodization to advance TNT

implant technology by:

Printing novel micro-rough Ti alloy substrates, followed by fabrication of TNTs while
maintaining the micro-roughness

Testing bone cell adhesion and spreading onto these micro-/nano-rough implants
Elucidating the bone-forming/remodelling abilities of these implant by studying

genetic expression

1.8 Thesis Structure

The thesis includes 9 chapters and the following summary briefly describes how specific

objectives (as defined in the previous section) are addressed by each chapter, towards

advancing bone implant technology using titania nanotubes.

Chapter 1 describes in some detail bone implant technology, and the need to develop local

drug releasing implants based on TNTSs. It also describes the fabrication of TNTs, therapeutic

release, and other advances in the field of nano-engineered Ti implants based on TNTSs.

Chapter 2 provides details on materials and methodologies including TNTs fabrication,

modification, therapeutic loading/release, and various bone biology investigations to

substantiate the applicability of TNTs/Ti as improved therapeutic implants.
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Chapter 3 demonstrates fabrication of new periodically-structured TNTs by voltage
oscillations during anodization. This concept of structural engineering is explored as a
strategy to improve drug releasing performances. Therapeutic loading and releasing abilities

are compared between TNTs with periodically shaped and flat nanotube structures.

Chapter 4 presents the optimization of electrochemical anodization parameters (especially
ageing of electrolyte) towards fabricating stable and well-adherent high-quality TNTs on
curved surfaces of Ti wires. This work is an important contribution toward improving TNTs
fabrication technology and especially towards enabling easy integration of the TNTSs into the

current implant market.

Chapter 5 explores a new concept of TNTs on Ti wires is presented as new bone therapeutic
implants for treatment of osteoporotic (OP) fractures, by substantial loading/controlled release
of OP therapeutic. The therapeutic effect on osteoblasts cultured in collagen gels, and
demonstration of the stability by implantation in bovine trabecular bone cores, is also
described. Furthermore, monitoring the release kinetics inside bone microenvironment ex-vivo

using Zetos ™ bone reactor system is also demonstrated.

Chapter 6 reports in-situ degradation of chitosan coating on TNT/Ti wire implants into novel
micro-tubular morphology, in the presence of phosphate buffer solution under optimized

conditions of pH, substrate surface, thickness of coating and time of immersion.

Chapter 7 presents the conversion of TiO, nanotubes (or TNTs) fabricated on Ti wires into
Ti nanotubes (Ti NTs), to enable novel characteristics, such as electrically-conducting and

drug-eluting titanium nanotube implant (proposed for electrical stimulation therapy).

Chapter 8 shows the combination of 3D printing technology and anodization towards

creating novel micro-rough Ti alloy implants decorated with TNTs. The behaviour of
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osteoblasts on these novel TNT/3D substrates are compared with Ti 3D, rough Ti, polished Ti

and bare TNTSs.

Chapter 9 summarizes the results of the investigations carried out to advance TNTs/Ti
implant technology towards in-bone therapies, and provides a perspective for future

applications of this technology.

The appendices provide the peer-reviewed articles that were published/submitted
during the course of the PhD. Appendix A is the recent research article (in final stages of
submission) that shows monitoring of therapeutic release directly inside the bone
microenvironment ex-vivo using Zetos'™ bone reactor. Appendix B is the peer-reviewed
conference proceeding from 2013, which presents the in-vitro investigations using TNTs/Ti
wire implants for targeting various bone conditions. Appendix C is the peer-reviewed review
article published in 2012, as a part of extensive literature review. Appendix D is the recently
published book chapter, which extensively reviews titania nanotube implants for local drug

delivery applications.
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CHAPTER 2: FABRICATION of TITANIA
NANOTUBES on Ti for USE as BONE THERAPEUTIC

IMPLANTS

2.1. Introduction and Objectives

A primary requirement for any bone implant modification is the use of
biocompatible/biodegradable materials and scalable technology, which can ensure easy
integration into the current implant market. Electrochemical anodization (EA) used to
fabricate TNTs have been well researched and advanced, however, there is still scope for
improvement, specially towards anodizing substrates with complex geometries, to meet
specialised therapeutic needs. This chapter focuses on defining the design, fabrication
strategies and therapeutic functionality of electrochemically anodized novel TNTs/Ti bone
implants. This chapter also describes in detail the electrochemical setup, optimized
anodization conditions, drug loading and tailoring in-vitro release, surface morphology

characterization, and ultimately ex-vivo drug diffusion inside the bone micro-environment.

2.2. Fabrication of TNTs on Various Substrates

2.2.1 Ti Flat Foil Substrate

EA is most popular methodology to fabricate high-quality self-ordered TNTs suitable for
multiple applications, and represents a cost-effective and scalable technology *. To fabricate
TNTSs, the electrochemical cell consists of 3 main components: Ti substrate (Ti flat foil),
counter-electrode (dummy Ti foil, cathode) and appropriate electrolyte (1-3 % v/v water, 0.3

% w/v NH4F in ethylene glycol). This electrochemical cell is sealed to avoid moisture uptake
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by the hygroscopic electrolyte, maintained at 25°C and placed on a magnetic stirrer. To
prepare the electrolyte by means of ageing, anodization of dummy titanium (mechanically
polished flat foil) was performed using a fresh/unused electrolyte. Each step of ageing
corresponds to 2 h of anodization at 75 V, after which the sample (anode) was replaced with
fresh polished Ti foil. An age of 10 h was considered appropriate to fabricate well-adherent
and high-quality TNTs. Detailed investigations leading to optimization of electrolyte ageing
are presented in Chapter 4. Prior to anodization, the Ti implant substrates were polished so as
to obtain better ordering of the TNT arrays *°. For flat Ti, mechanical polishing was
performed, which included sand paper scrubbing (coarse and sand), followed by polishing
with alumina powder paste made in deionized water (coarse and fine). After polishing, the Ti

substrates were sonicated in ethanol and acetone.

The electrochemical setup designed to achieve successful fabrication of TNTs on Ti
flat foil substrates is presented in Figure 2.1. For anodizing Ti flat foil substrates, the anodic
holder comprises a plastic body with a copper connection that runs through it (Figure 2.1a),
onto which various components of the electrode can be placed and secured with a clip
(Figure 2.1b-c). Mechanically polished Ti foil (approx. size 1.2 x 1.2 cm?) is securely placed
on top of Al foil, which covers the underlying copper plate. Onto this, the rubber and plastic
components are placed with a hole that permits a circular area of diameter 1 cm of the
underlying Ti to be exposed to the anodization electrolyte. Later, the anode and cathode (Ti
foil strip) are immersed in the electrolyte containing transparent plastic container, which has a
magnetic stirrer at the bottom. The distance between electrodes (2 cm), stirring speed and the
temperature (25°C) is maintained throughout the anodization procedure. The setup is sealed at
the top to avoid moisture uptake. The electrodes are then connected to the respective ports of
the computer controlled power supply (Agilent) using Labview Program, as described

elsewhere .
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Figure 2.1. Schematic illustration of anodization setup used for fabricating TNTs on flat Ti
foil substrate: (a) anodic holder design, (b) assembling various components of the anode
holder, (c) final assembled anodic holder exposing 1 cm diameter circular area of
mechanically polished Ti foil, and (d) sealed electrochemical cell with anode/cathode attached

to computer-controlled power supply.

The anodization is carried out constant voltage (60-120 V) and the current density vs
time plots are continuously monitored and recorded. To anodize a flat Ti foil substrate, a two-
step anodization was adopted, with the 1% step involving 75 V for 2 h, followed by removal of
the anodic film by sonication in methanol. This permitted a templated surface on the Ti
substrate, suitable for the 2" anodization step (75 V, various times), which results in
improved ordering of the TNTSs arrays. The two step anodization permits growth of highly
ordered TNTs on flat foil substrates, however to achieve altered nanotube structures, such as
periodic tailoring, a modified anodic profile was used with continuous voltage variation with

time. The generation of periodically modulated TNTSs structures is described in Chapter 3.

72



CHAPTER 2: Fabrication of Titania Nanotubes on Ti for Use as Bone Therapeutic Implants

2.2.2. Ti Wires and 3D Printed Ti alloys

To fabricate high quality TNTs on complex Ti substrate geometries such as curved surface of
Ti wires, an in depth evaluation of various contributing factors, including electrolyte ageing,
water content, anodization voltage and time, and substrate dimensions, was performed. The
investigations, as described in Chapter 4, lead to defining the most optimized anodization
procedure, whereby well-adherent and highly ordered TNTs can be fabricated on curved
surfaces of Ti wires. For Ti wires, electropolishing (EP) was performed prior to anodization,
using perchloric acid electrolyte, containing butanol and ethanol (P:B:E = 1:6:9), maintained
at 0 °C for 1-5 min at 25-40 V. The diameter of Ti wire used (0.50 or 0.80 mm) determined
the time/voltage of EP. Afterwards, the implants were cleaned thoroughly in ethanol and
acetone, and stored dry. For anodizing polished Ti wires, appropriately aged electrolyte (10 h
aged, 1% v/v water and 0.3% w/v NH4F in ethylene glycol) was used in a 1 step procedure,
carried out at 75 V for various times. For wires, no special anodic cell/holder was used, and a
simple silicone tube was used as a mask to shield the wire from electrolyte, exposing only a
specific length of the electropolished Ti wire (3-10 mm) for anodization. The schematic
presented in Figure 2.2 shows the electrochemical setup used to anodize Ti wires. This setup
enables fabrication of TNTSs all over the exposed curved surface area of Ti wires.

To anodize 3D printed Ti alloy, cleaned substrates (4 x 4 mm?) were attached to Ti
wire via parafilm wrapping towards one of the corners. Later the implants were immersed as
shown for Ti wires, where parafilm acted as a shield and Ti wire served as a connecter to the
power supply. A single anodization step was used at 60 V for various times. This resulted in
TNT fabrication on both sides of the flat substrate and on the edges. No polishing step was
performed prior to anodizing printed Ti alloys, so as to preserve the unigue micro-scale

topography (generated by random arrangement of Ti alloy micro-particles on flat substrate).
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Furthermore anodization was used to add nano-structural topography while preserving the

micro-scale features. Details are provided in Chapter 8.

Anodising Ti Wires
A B
Electropolished + | =
Ti Wire I |
Anode Cathode

e
—
Si Mask <

TNTs
Exposed to

Electrolyte |

v

Sharp Tip due to p/

Electropolishing

Figure 2.2. Scheme showing the electrochemical setup for anodizing Ti wires.
2.3. Therapeutic Loading inside TNTs

TNTs have been widely explored for use as therapeutic implants and many studies have
shown that substantial amounts of drug can be loaded (various chemistries and catering to
various conditions), and released locally >®. To demonstrate their application for various bone
conditions, different active therapeutics were loaded inside TNTs generated on Ti flat foil or
wires. These include the non-steroidal anti-inflammatory drug indomethacin (Indo) and the
potent osteoporotic therapeutic, parathyroid hormone (PTH). Prior to loading, the implant
surfaces were sterilised using UV irradiation of all sides, for 30 min. The loading procedure

used depended on the substrate choice: for TNTs generated on Ti flat foil, a drop of the drug
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solution was placed onto the implants and allowed to dry. The steps were repeated until
substantial amounts were loaded inside the implants. For TNTs/Ti wire, cleaned implants
were immersed in drug solutions and the drug amounts loaded were found to directly correlate
with the time of immersion. After loading, the surfaces of implants were gently wiped using a
soft tissue to remove any surface accumulated drug.

To quantify the amount of drug loaded inside TNTs, firstly the characteristic
decomposition peak of the particular therapeutic was evaluated using thermo-gravimetric
analysis TGA Q500 (TA Instruments). Briefly, a known amount of the therapeutic was placed
in the Pt pan and heated to > 500°C in a N, environment at the rate of 10°C/min. From the
weight change vs temperature profile, the characteristic peak (temperature range at which
decomposition occurs) of the drug was obtained. After this, the therapeutic loaded TNT
implants were heated in the TGA furnace using the same conditions, and the characteristic
peak, representing the therapeutic, was used to determine the amount loaded. Any background

signal from TNTSs alone was subtracted to obtain the correct loading amount.
2.3. Release of Therapeutics from TNTSs in-vitro

Therapeutic loaded TNT/Ti samples were immersed in 5 ml phosphate buffered saline (PBS),
maintained at pH 7.4 and 25°C. At predetermined time intervals, 3 ml aliquots were drawn
and immediately replaced with fresh PBS solution. The 3 ml aliquots were used to measure
absorbance, using Cary 60 Spectrophotometer at a wavelength which corresponds to the
particular therapeutic used. Later this absorbance was used to calculate the concentration,
based on the calibration curve, and a cumulative weight % vs time graph was plotted. A
typical drug release profile is shown in Figure 2.3. Drug release in PBS is mainly driven by a

diffusion gradient, and a biphasic release pattern is observed, whereby therapeutics present
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near the open ends of TNTs are quickly released (initial burst release), which is followed by a

sustained release pattern corresponding to the therapeutics that are present deep inside TNTSs.
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Figure 2.3. Release of gentamicin from TNTs/Ti wire, showing biphasic release pattern with
initial burst release (1% 6 h) followed by total release until the entire loaded therapeutic is

released into the PBS buffer (adapted with permission from [7]).
2.4. Strategies to Control Therapeutic Release

As described in Chapter 1, to achieve optimum release kinetics, the initial burst release must
be reduced and overall release must be prolonged. To achieve this, two strategies were
employed: periodic tailoring of TNTs structures via voltage oscillation (Chapter 3) and
coating a thin layer of biopolymer on drug loaded TNTs/Ti wire (Chapter 5). For
periodically tailored TNTs, the available vacant volume of TNTs was modulated so as to
create restrictions in otherwise smooth nanotube walls. These in turn were expected to impede
the diffusion of drug molecules. In another strategy, a thin film of bioactive and antibacterial

polymer chitosan was coated onto indomethacin loaded TNTs/Ti wires, which served as an
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extension to our previous work on TNTs/Ti flat foil *. The release in this case was dominated
by the rate of chitosan degradation, which exposed the open pores of TNTs to the PBS.
Furthermore, to investigate the fate of such biopolymer coatings, a systematic study was
performed for chitosan coated TNTs/Ti wire immersed in PBS, to also simultaneously report

the generation of chitosan micro-tubes on nanotubular structures (Chapter 6).
2.5. Experimental Setup to Confirm Bone Therapeutic Effects

The fabricated TNTs on Ti wires were proposed as in-bone therapeutic implants, capable of
catering to wide range of complex bone conditions such as deep infections, osteoporotic
fractures, cancers etc. To demonstrate the ability of the implant to effectively deliver
therapeutics locally for maximised action, two separate experiments were designed. Firstly,
parathyroid hormone (PTH) loaded TNTs/Ti wires (of various TNTs dimensions) were
inserted into a collagen gel containing SaOS2 osteoblast-like cells. The release of PTH from
TNTSs and its effect on bone cells was evaluated in terms of genetic expression (Chapter 5).
Secondly, to show the ability of the minimally invasive TNTs/Ti wire implants to release
drugs inside the bone tissue itself, fluorescent dye Rhodamine B was loaded into implants
followed by their insertion into bovine trabecular bone cores ex-vivo. The presented strategy
in Figure 2.4 shows the sequence of the experiment whereby trabecular bone cores were
made from bovine sternum, followed by drilling a hole with a stainless steel pin and insertion
of the dye loaded TNTs/Ti wire implant. The bone cores were then placed inside plastic
perfusion chamber, which was perfused with culture media, using the Zetos™ system. The
bone cores used represented three variants: intact with bone marrow, intact with bone marrow
+ anticoagulant (heparin), and with bone marrow removed. The release of dye at

predetermined time intervals was measured using fluorescence microscopy (Appendix A).
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Later, the implants were retrieved and examined under scanning electron microscopy (SEM)

to reveal any structural deformities or delamination.

Bone core extraction and Insert dye loaded
drilling hole TNT/Ti Wire

Fluorescence

Imaging b ) -
(top-view of bone core) v Bone inside media perfusion
Media Flow using Zetos™ System chamber

Figure 2.4. The photographic sequence showing the procedure for monitoring the release of

therapeutics directly inside the bone micro-environment.
2.6 Structural Characterization of TNT implants

Structural morphology of the fabricated TNT/Ti implants was characterized using a field
emission scanning electron microscope (SEM) (FEI Quanta 450). The samples were mounted
on a holder with double-sided conductive tape and coated with a layer of platinum 5 nm thick.
Images with a range of scan sizes at normal incidence and at a 30° angle were acquired from
the top/bottom surfaces and cross sections. SEM images were subsequently analysed by

ImageJ (public domain program developed at the RSB of the NIH). Furthermore, EDXS
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(energy dispersive X-ray spectroscopy) of the nanotube samples, at top and cross-sections

(after fracturing nanotube membrane) was also performed.
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Titania nanotube (TNT) implants loaded with parathyroid
hormone (PTH) for potential localized therapy of
osteoporotic fractures

Karan Gulati®, Masakazu Kogawa®, Matthew Prideaux®?, David M. Findlay® Gerald ). Atkins®and
Dusan Losic™

Healing of fractures in osteoporotic (OP) bone is problematic because of low bone stock. Here we propose a
new strategy for potential treatment of OP fractures, via local delivery of hormones/drugs to the fracture site
using the drug releasing fracture-fixation implants. The proposed implants were preparced in the form of small
Ti wire/needle with nano-engineered oxide layer composed of array of titania nanotubes (TNTs). The prepared
implants loaded with parathyroid hormone (PTH), an approved anabolic therapeutic for the treatment of OP,
were inserted into a 3D collagen gel matrix containing human osteoblasts, to study the elTect of their local
release. Gene expression studies revealed a suppression of SOST and an increase in RANKL mRNA
expression, confirming release of PTH from TNTs and its therapeutic action related to OP and bone fracture
healing. The study of bone cell interaction with the surface of TNTs confirmed cellular spread morphology
consistent with firm attachment and cell migration. Finally, the mechanical stability of the prepared implants
was tested by their insertion into bovine trabecular bone cores ex-vive followed by retrieval: which confirmed
robustness of TNTs structure required for real bone implantation and fracture-fixation. This study proved the

suitability of the TNT/Ti wire implants for bone therapy and potential enhancement of OP fracture healing.

1 Introduction

Osteoporosis (OP) is a pathological condition where the bones
become fragile and fracture prone. It is characterized by a loss of
bone mincral at a ratc, which surpasses new bone formation.
Millions of people worldwide are diagnosed with OP and low bone
density each year.' This number is predicted to increase significantly
due to negative life stvle factors, the increase in life expectancy and
the ageing population. Fragility fractures can result in high morbidity
or mortality, with mortality rates associated with hip-fractures during
the first and the second vear post fracture around 30 % and 40 %,
rc:spuutivu]y.z Ome in three women and one in five men over the age
of 50 wvears arc cstimated to suffer from OP  fracture, which
represents a serious health and cconomic prub]cm.3

Severe fractures in OP bone can be dilficult to repair, due to
insufficient bone stock and sub-optimal healing capacity, and often
require prolonged hospitalization and invasive surgery. The
principal regulator for calcium metabolism in the human body,
parathyroid hormone (PTH), is an approved anabolic therapeutic for
the treatment of severe OP.> Animal studies and clinical trials have
established the role of PTH systemic administration on reducing the
OP fracture healing time.®” Limitations associated with systemic
administration of PTH include insufficient concentration at the
traumatized bone tissue, high costs and poor patient compliance with
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daily injections, prompting the development of local drug delivery
strategics for PTH treatment of OP fractures.* Morcover a local PTH
releasing implantable device could also be used to augment bone
formation directly at the fracture site. Various attempts to achieve
local delivery of PTH based on polymeric beads, co-polymer
matrices and CaP coatings on Ti implants have been reported.™!!
However, complex polymer degradation Kinetics and their lack of
mechanical support has made the polymeric drug releasing systems
unsuitable for the load bearing conditions associated with implant
fixation or total joint replacement. Novel biocompatible and ossco-
integrating implant modifications, with enhanced drug loading and
releasing  performance are desired to enable eflective local
therapeutic effect at the fracture site.

Drug-releasing implants based on titania (TiOs) nanotubes
(TNTs) fabricated by clectrochemical anodisation has been regarded
as the most promising implant-modification stratcgy, as it offcrs
many advantages including: tailorable drug loading, controllable
drug release abilities (including extended release ol several months
and externally triggered release), excellent biocompatibility/osseo-
integration, and ease of surgical implantation.'*'* This allows for a
wide variety of bone implant functions, including localized drug
delivery to treat bone-infection, bone inflammation, promote ossco-
integration, and localized cancer Lherap}-‘.'*'s Furthermore, many in-
vive investigations have established the suitability of TNTs/Ti as
superior titanium  bone implant modification, as compared to
conventional, micro-rough and nano-rough Ti implant surfaces.'®"
Moreover successful fabrication of TNTs on various substrate
morphologies like curved surfaces (e.g. Ti wires) has enabled easy
integration into the current implant technology, three-dimensional
drug release inside the bone micro-cnvironment, and also the ability
to target complex in-bone conditions.'™ " To prove the suitability of
TNTs drug releasing implants for real medical applications, in our
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previous work we demonstrated several of these concepts using in-
vitro and ex-vivo studics to extend/control the drug release for many
model drugs (antibiotics, bone proteins, anti-cancer drugs ete.)
relevant to bone infections and localized cancer therapy. %21 It is
surprising that TNTs/Ti implants have not been explored for

complex bone therapeutic requirements like in severe fractures of
OP bones.
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Fig 1. Scheme showing nano-engineered Ti wire implants proposed for
osteoporotic fracture therapy (the scale is not real). (a) Structure of titania
nanotubes (TNTs) prepared on Ti wires by electrochemical anodisation,
loaded with drugs (PFTH, parathyroid hormone), and (b) efTect of local release
of PTH from TNTs on human osteoblast cells embedded in a collagen-gel
matrix and the expected genetic expression.

Recent studies have shown that local delivery of PTH directly at
the fracture site can address compromised bone healing issues of the
OP fractures.* To help solve this problem TNT/Ti based implants
looks as promising solution for bone [ixation or total joint
replacement  applications (especially in case of OP  fracturcs),
prowdm%wmbmud functionalitics of drug-releasing and mechanical
support. In this context, we present this study '!urlul to explore
the application of minimally invasive approach based on TNTs/Ti
wire implants loaded with specific anabolic therapeutic for the
localized OP treatment. Our approach is presented schematically in
Fig. 1 showing the surface of bone fracture-fixation and drug-
releasing wire made from Ti with layer of titania nanotubes (TNTs)
nanocngincered by clectrochemical  anodisation  process. These
TNT/Ti wire implants were loaded with OP relevant drug (PTH) and
inserted into a collagen gel matrix containing human osteoblasts
cells in order to confirm their localized drug release performance and
impact on bone cells. This was achieved by evaluation of genetic
expression of RANKL (receptor activator of nuclear factor kappa-B
ligand) and SOST (sclerostin), which can be directly related with the

state of bone forming ability of the human osteoblasts. Imaging of

the morphology of migrated bone cells onto TNT/Ti wire implants

was also performed to show cellular attachment and interaction of

bone cells with TNTs surface. Furthermore in order to optimize
TNTs for proposed application it is critical to have maximized
loading capacity and sustained drug release over a long period.
Therefore the second objective of the study was focused on
exploring the influence of nanotube dimensions (diameters and

lengths) of TNTs on their drug loading capacity. A thin layer of

chitosan was coated onto indomethacin (model anti-inflammatory
drug) loaded TNTs. as a strategy to improve their drug releasing
performance and achieve sustained release. Finally, to determine the
ability of the TNT/Ti wire implants to withstand the forces
experienced during fracture-fixation procedure, the implants were
inserted into bovine trabecular bone core specimens (ex-vivo) and
the surface morphology of the TNTs was examined. We believe this
comprchensive  study  open new  perspectives  and  valuable
contribution toward the application of the TNTs/Ti wires as new
fracture-fixation and drug releasing implant for alternative therapy to
enhance [racture healing of severely OP bones,
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2 Experimental
2.1 Fabrication of TNTs on Ti wire

High purity titanium wires (0.80 mm) were purchased from Nilaco
(Japan). Ethylene glyeol, ammonium fluoride (NH4F), perchloric
acid, butanol, ethanol, and acetone were obtained from Sigma-
Aldrich (Swvdney, Australia). Ti wires were annealed at 500°C for 2
h. Annealed wires were sonicated in acetone and dried in N; prior to
the polishing step. Electropolishing was performed in perchloric acid
cleetrolyte (with butanol and cthanol) at 40 V using a special
clectrochemical sctup maintained at 4°C. The wires were cleancd
with deionized (DI water and sonicated in acctonc/cthanol.
Electrochemical anodisation of the Ti wires was carried out by
exposing a specilic length of the Ti wire (via masking) to the
ethylene glycol electrolyte (with 1 % water and 0.3 % NH4) at 75
maintained at 25°C,

2.2 Loading of parathyroid hormone inside TNTs

For cell studies, 5 mm Ti wire was anodised at 75 V for different
times: 10 min (TNT-10) and 20 min (TNT-20). Post anodisation, the
wires were sonicated in DI water for = 1 h and later dried in Ns.
Before loading PTH, all implants were sterilized for 1 h using UV
irradiation. The TNT implants were then immersed thrice in 200 pl
of 30 nM human recombinant PTH1-34 solution (in PBS) for | hr
each. Controls included empty TNTs (no PTH loaded, only loaded
with PBS), and empty TNTs + PTH in media (PBS loaded TNTs and
same amount of PTH dispersed in media). TNT-10 and TNT-20
were loaded with 10 pland 15 plof the PTH solution, respectively.

2.3 52082 3D cell culture

Human osteoblast-like Sa082 cells (obtained from the American
Type Culture Collection) were cultured in a-MEM with 10% FCS,
10 mM HEPES, 0.2 M L-Glutamine and penicillin/streptomycin (all
from Life Technologies) at 37°C with 3% COa. Cells were seeded at
a density of 2.5x10° in a typel collagen gel (Cell Matrix, Nitta,
Japan) in a 24-well plate (Nunc), as described prcﬂous]y.43 After 24
h, culture medium was aspirated and TNT implants were inscrted
into the gel. TNTs (both TNT-10 and TNT-20) preloaded with PTH
were inserted through the collagen gel matrix at an angle of
approximately 30° To provide structural support to the collagen gel,
the implants were supported by sterilized plastic clips. Controls for
the experiment were also similarly placed in the gel matrix: empty
TNTs (no PTH, but loaded with same amounts of PBS): and empty
TNTs with PTH present in mediom, at an identical efTective
concentration to that present in the corresponding PTH-loaded
implants. After implant placement, the media were replaced with
differentiation medium (@-MEM with 10% FCS, 10 mM HEPES, 0.2
M L-Glutamine, penicillin/streptomyein, 50 pg/ml ascorbate-2-
phosphate and 1.8 mM potassium dihydrogen phosphate). After 24
h, RNA was harvested from each sample using Trizol reagent (Life
Technologies, NY, USA).

2.4 Gene expression measurement by RT-PCR

RNA was extracted using the Trizol method, according to the
manufacturer’s instructions and as described elsewhere® The
quantity and quality of the RNA was measured by using NanoDrop
spectrophotometer (Thermo Scientific, Waltham, MA, USAY 1 pg
of RNA was reverse transeribed into ¢DNA using the iScript RT kit
(BioRad, CA, USA). RT-PCR was performed using SYBR Green
Fluor qPCR Mastermix (Qiagen, Limburg, The Netherlands), in a
CFX Conneet thermocyeler (BioRad). Oligonucleotide primers for
the amplification of human SOST and RANKL mRNA were designed
in-house and synthesized by Geneworks (Thebarton, SA, Australia),
as described elsewhere.*® Relative gene expression was caleulated
using 2-AACt method and normalized to the expression of
I8STRNA M

2.5 Improving drug loading and releasing perfor mances
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5 mm Ti wires were anodised at 75 V for 120 min (TNT-120), To
cnable substantial drug loading amounts, cleancd TNT implants
were immersed in indomethacin solution in ethanol (1% v/v) for 24
h. TNTs were rotated occasionally to ensure even loading inside the
TNTs. Later, the implant surface was cleaned gently with soflt tissue
to remove any surface accumulated drug. Quantification of the drug
loading was achieved using thermo-gravimetric analysis (TGA), as
described previously.®" To delay the release of drug, a thin coat of
chitosan solution [ 1% (w/v), chitosan + 0.8 vol. % acetic acid in DI
water] was added onto the drug-loaded TNTs using a dip-coating
technique. In-vitro drug release was performed in phosphate buffer
solution (PBS) at pH 7.4 by mcasuring the absorbance of releascd
drug at 320 nm using UV-Vis spectrophotometer (Cary 60, Agilent
Technologies) ?' Briefly, TNTs (drug loaded TNTs and chitosan-
coated drug loaded TNTs) were immersed in 3 ml of PBS, and at
predetermined time intervals 3 ml aliquots were drawn and
transferred to a 3 ml quartz cuvette (10 mm path length, Sterna
Scientific,  Awustralia)  for  absorbance analysis.  The  drug
concentration  for  the corresponding  absorbance  values  was
calculated based on a calibration curve for indomethacin in PBS.
Ultimately, the concentration was expressed as weight % released
and plotted against time.

2.6 Ex-vive bovine trabecular implantation

Trabecular bone cores (10 mm diameter and 5 mm height) were
prepared from bovine sternum (harvested from a freshly slaughtered
animal}, as described prcvious]y.w Sterility and viability of the bone
cores were maintained at all steps. The bone cores were washed in
PBS to remove any residual bone marrow, without damaging cells
within the bone matrix. Finally, the bone cores consisting of
trabecular bone without any cartilage or bone marrow were used to
test the mechanical stability of the implants. A hole was drilled into
cach bone core by using sterilized Kirschner wire (surgical grade
stainless steel pin), followed by manual insertion of the TNT
implants (TNT-120, anodised at 75 V for 120 min, length 10 mm).
This was followed by perfusion of culture media for over 5 days
using the Zetos™ bone bioreactor system, as described elsewhere."”
Later the TNT implants were removed from the bone cores and their
surface morphology was examined using SEM.

2.7 Surface characterization of TNT implants

Surface morphology of the TNT/Wire implants following their
fabrication, aficr drug loading/drug release, chitosan coating and
alter implantation in the bovine bone core, was analysed using a
field emission scanning electron microscope (FEI Quanta 450). The
samples were mounted on a SEM  holder with double-sided
conductive tape and coated with a 5 nm thick layer of platinum.
Images with a range of scan sizes at normal incidence and at a 3(°
angle were acquired from the top and bottom surfaces and from
cross-sections.

2.8 Characterization of cellular morphology

SEM fixation of the cells cultured in the collagen matrix setup was
also performed. Briefly, the implants (TNT-10 and TNT-20: empty,
only loaded with PBS) with cells attached were immersed in
glutaraldehyde/paraformaldehyde solution to fix the cells. Later, the
cells were washed with PBS buffer (5 min) and treated with 70% and
90% EtOH for 15 min each. Then the surfaces were treated with
100% EtOH for 15 min (x 2 times), [ollowed by immersion in
HMDS (hexamethyldisilazane): 100% EtOH [1:1] solution for 10
min. The final treatment involved 100% HMDS solvent for 10 min
(x 2 times). Finally the HMDS was removed and the samples were
dried, and mounted on SEM holders for imaging.

2.9 Statistical analysis

Data analysis was performed using Graphpad Prism (Graphpad, CA,
USA). For the purpose of comparing various experimental samples,
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a one way analysis of variance (ANOVA) was used with a
Bonferroni post=hoc test. a= significantly different to TNT=10 Empty
and b= significantly different to TNT-20 Empty (P<0.05).

3 Results and Discussion
3.1 Characterization of nano-engincered TNT/Ti wire implants

Fig. 2 reveals the changes in surface morphology of the Ti
wires during the electrochemical fabrication process and
generation of oxide laver with vertically aligned TNTs. The
commercially available Ti wires have an extremely micro-
rough surface, which makes them unsuitable for anodisation
[Fig. 2(a)]. To smoothen the surface [Fig. 2(b)]. clectro-
polishing was performed at 40 V for 1 min: followed by
anodisation at 75 V for 20 min (TNT-20) to achieve TNTs layer
with well-organized and perpendicularly oriented array of
nanotubes [Fig. 2{c-d)]. As shown. TNTs cover the entire
surface area of the Ti wire, including the top. which is
sharpened as resulting from the etching during the electro-
polishing step [Fig. 2(c)]. The sharp tip of the implant which is
uniformly covered with TNTSs, can aid in implant insertion and
placement inside the traumatized bone. Duc to the volume
expansion of the anodic film {(TNTs) on curved surlaces. cracks
oceurred as can be observed in Fig. 2(d). However these
structural features do not compromise the stability of the anedic
film and can allow additional amounts of therapeutics o be
loaded as proved in our previous work.!™%X 1t is also
noteworthy to mention here that sharpness/bluntness of the
implant tip and the crack width of the anodic laver can casily be
tailored, for e.g. by varving clectropolishing (etching) and
anodisation conditions. High resolution images presented in
Fig. 2(e-D confirms the unique geometry of TNTs structures
with open tops and the closed bases which are perfect reservoirs
suitable for loading large amount of drugs. The dimensions of
TNTs formed for anodisation at 75 ¥V for 200 min (TNT-20)
were determined to be 65 £41 nm diameter and 12 £0.5 pum
length.
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Fig.2 Scanning electron microscopy (SEM) images showing fabrication
of TNTs on Ti wires. (a) Rough surface of commercial Ti wire. (b)
smooth surface obtained by electro-polishing process, (c) Ti wire (top)
after electrochemical anodisation and formation of TNTs layer, (d)
close-up of crack observed on the TNT anodic layer. High-
magnification image of TNTs showing: (e) open tops and () closed-
bottoms. The anodisation for Ti wire presented in this figure was
performed at 75 W and 20 min (= TNT-20).

To maintain biologically relevant concentrations in the

extracellular space for the required time, important criteria of

the drug-releasing implants to be applied for localized drug
delivery are to provide sufficient volume for drug loading, and
enable their controllable release.”® Moreover complex bone
conditions demand various therapeutic dosages and release
profiles to achieve maximum therapeutic eflect. In this work a
simple strategy to control drug loading capacity by altering the
dimensions of TNTs structures by varying anodisation
conditions is explored. Previous studies have shown that
dimensions of TNTs can be controlled by several anodisation
parameters including voltage. current. temperature ete.”” In Fig.
S1 (Supplementary  information) we demonstrate that by
controlling the time of anodisation we can tailor the dimensions
of the TNTs (both diameter and length) on the curved surface
of Ti wire. The dimensions of the nanotubes can control the
drug loading and release Kinetics, as discussed previously and
optimization results will be presented in following section.?
For the various investigations presented here. we used 3
different TNTs/Ti wire implants to demonstrate their suitability
for various bone implant applications (summarized in Table S1,
Supplementary Information). The motivation behind choosing

various TNT/Ti wire implants (with different dimensions of

TNTs) is to demonstrate the ability of the nano-engineered
implant to be tailored casily. which in turn can cater o various
therapeutic requirements and complex conditions.

3.2 Therapeutic cffeet of local release of parathyroid
hormone (PTH) on human osteoblasts

To demonstrate the possible application of the nano-engineered
implant for leocalized delivery of PTH to specilic bone sites.
human osteoblasts were suspended in a 3D collagen gel, into
which PTH loaded TNT/Ti wires were inserted |Fig. 1(b})]. The
idea here is to enhance bone healing rates for compromised
bone conditions such as OP fractures, bypassing the
inconvenience and the potential safety concern associated with
systemic exposure of bone forming proteins‘hormones such as
PTH. For this study. Ti wires were anodised at 75 V for 100 min
and 20 min (= TNT-10 and TNT-20 respectively) to yield
nanotubes with diameters: 58 £3.2 nm and 65 +4.1 nm: and
lengths: 8 £0.4 and 12 £0.5 pm, respectively for TNT-10 and
TNT-20, giving the loading volumes for 50 nM PTH selution:
10,52 £0.16 pl for TNT-10 and 1549 £ 0.27 ul for TNT-20.
This will ranslate into loading of 2.17 and 3.19 ng of PTH in
TNT-10 and TNT-20 respectively. Smaller implant size and
TNT dimensions were used to load very low but effective
amount of PTH to quantify its elfect on the bone cells.
Moreover in-vitro release study of PTH in collagen gel is not
performed for two reasons, firstly: the inability of established
drug release monitoring techniques to accurately measure very
low amount of drugs (in the range of nanograms). and

secondly: the design of the experiment where the release of

PTH inside the collagen gel matrix can be assumed to be
impeded and slow, compared with in-vitro release (where PBS
medium allow lor rapid release). Also the focus of the study is
to examine the effect of therapeutic release and hence its uptake
on the surrounding bones cells.
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Ti Wire

8 THTS In Col-Gel

Fig, 3 Gene expression results for the implantation of TNT/Ti wire pre-
loaded with parathyroid hormone (PTH) inside the collagen-gel 3D
matrix with osteoblast-like cells: (a) SOST and (b) RANKL mRNA
expression. (¢} Photograph of a TNT/Wire implant, {d} top and (e}
cross-sectional views of the implant inserted in the collagen gel.
Abbreviations wscd: TNTs: titania nanotubes on Ti wires, PTH:
parathyroid hormone, Col-Gel: human osteoblasts embedded in 3D
collagen gel, TNT-10: Anodised for 10 min, TNT-20: Anodised for 20
min, TNT (PTH): PTH Loaded TNTs, TNT (Empty) & PTH: Empty
TNTs and PTI in Media, a= significantly different to TNT-10 Empty
and, b= significantly different to TNT-20 Empty (P<0.05).

Studies have shown that at the cellular level, PTH actively
binds to cells of the osteoblast lineage and regulates their
differentiation and function® Morcover it has been shown to
cnhance RANKL expression.  which  promotes  osteoclast
formation®*** To quantify the effect of local PTH release
directly inside the collagen gel matrix. we harvested RNA from
the cells and analysed the expression of PTH sensitive genes,
SOST and RANKL® As shown in Fig. 3(a). PTH loaded TNTs
significantly reduced SOST mRNA expression in the human
osteoblasts, consistent with previous reports. 27 An increase in
RANKL mRNA cxpression [Fig. 3(b)] was also consistent with
the action of PTH on ostcoblasts.® These results demonstrate
that sufficient PTH was released from the nanotubes to
elTectively influence osteoblast gene expression.

Furthermore. these results may translate inte enhancement
of the bone formation during fracture repair, stimulated by local
PTH release from TNTs.® Studies have shown that osteocyte-
derived RANKL is crucial for bone remoedelling. which can be
related in our study towards enhancing the remodelling of the
fractured bone via the localized PTH therapy from the TNT
surface.®?” We propose that such novel implants can boost
fracture healing mechanisms in complex situations like that of
OP. More investigations in ex-vivo and m-vive settings will
further establish this effect, which will be a part of future
studies.

3.3 Osteoblast migration from collagen gel onto TNTs

Another objective ol the study was also to shine light on the
possible mode of cellular migration and attachment of the bone
cells on the TNT/Ti wire implants, whereby there exists a
unique combination of nano-topographical anodic film (TNTs)
with micro-scale cracks. SEM imaging was performed to
investigate the interaction of osteoblasts with the TNTs. The
collagen gel matrix was sceded with human ostcoblasts and
later picreed with TNT/Ti wire implants and incubated for 24 h.
The empty implants samples (no PTH inside TNTs or in media)
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were carefully removed from the gel and visualized under SEM
to image cells adherent to the implant surfaces. It is also
noteworthy to mention here that only empty TNTs™ images are
shown. as the 24 h time point was insufficient to appropriately
study the effect of PTH release on cellular morphology and
onset of mineralization.

Results presented in Fig. 4 shows the cellular spread
morphology on the underlying cracks on the TNTs layer, which
is characteristic of movement and migration. Moreover in the
collagen-gel experiment. the bone cells were suspended in the
3D matrix. and their migration onto the TNT implant suggests
that these implants can support cell viability and arc an
attractive surface for cell attachment. Such cellular features
with elongated tails confirm that the cells are attracted onto the
TNT surfaces and hence migrate from collagen gel matrix. Also
the presence of cracks on the anodic film of the Ti wire did not
appear to interfere with the cell attachment or migration, as
seen in Fig. 5: cells were able to migrate around the cracks.
These images also prove that the cracks do not compromise the
mechanical stability of the implant and causes no resistance to
bone cell migration and attachment.

Fig. 4 SEM images showing the cellular morphology of human
osteoblasts (consistent with cell movement/migration from collagen
gel) on the TNT/Ti wire implants. The TNTSs represent empty samples
(containing only PBS): (a-b) TNT-10 and (c-d) TNT-20

The recruitment of bone cells also translates towards achicving
quicker implant bonding which is very crucial for implant
acceptance and survival, and also promotes bone healing
rates.” Furthermore. studies have shown that when an implant
is placed in the tissue inside the patient’s body, quicker bone
cell attachment ensures to a great extent prevention of any
possible bacterial invasion.*! In fact the cracks on the TNTs did
not interfere with cellular movement and attachment. and can
act like micro-scale pits for bone ingrowth and exchange of
nutrients.****  Moreover. there were no signs of TNT
delamination or breakage. showing that the TNTs did not
detach into toxic nano-debris. These results showcase the cell-
recruiting and adhering nature of the nano-engineered implant,
which could further enhance osseo-integration of the implant.
This clearly shows the well-optimized anodisation conditions
utilized to fabricate high-quality and well-adherent anodic films
on curved surfaces of Ti wire.
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3.4 Osteoblast interaction with surface morphology of TNTs

Fig. 5(a-b) shows osteoblasts spreading onto the implant
surfaces with clearly visible underlying TNT structures. The
cell shape and degree of contact can casily be seen. which
confirms firm attachment and anchoring.®® Cell extensions and
filopodial attachments are also seen. which establish that the
cells adhere well onto the surface and thereby form firm and
close contact with the TNTs. These observations translate into
healthy environment of the bioactive TNT/Ti wire for cells to
adhere and attach. In an attempt to further shine light on the
cellular anchoring on the nanotube modified Ti wire implant.
various areas of the implant were scanned. Fig. 5(c-d) shows
the high-magnification SEM image of a single bone cell deeply
anchored on the TNTs, and its attachment onto the TNTs side-
wall via the crack on the anodic film. These stress fibers (SFs)
which are the cellular response (in the form of cytoskeleton
changes) in response to mechanical simulation. denotes strong
adherence. Reports have also suggested that such cellular
extensions also contribute towards cell movement/migration. by
attachment and release of such bonds with the implant
surface. 3 These cell features also mean healthy cell
environment for cell differentiation and also mineralization.®

It is known that the flexible cell membrane of the
osteoblasts changes their shape in accordance with the local
cnvironment. and often binds via sub-micron range focal
contactsfadhesion.®  Furthermore. micro-scale cracks in a

nanoscale rough anodic film (nanotubes) can significantly
increase bone or implant contact area. and can serve towards

Fig. 5 Top-view SEM images showing osteoblast attachment onto the
(a) TNT-10 and, (b) TNT-20 samples alter removal from the collagen
gel. The nanotubes represent empty samples, containing only PBS. (c-
d) High-magnification SEM image of bone cell anchoring onto a crack
in the anodic film of the TNT-20 implant.

physical interlocking of the cellular fibers on these surfaces.
Such micro-scale cracks on anodic film can also promote
ossco-integration by bone growth in micro/nano-cavities.”
Other studies have also shown that micro-scale structures or
pits. provide the most appropriatc compression/stretching for
the osteoblasts” mechanoreceptors. and can also aid in cell
migration and nutrient transport.* The images presented in Fig.
5 and Fig. 6 also relates with previous reports. which claim that

J. Name., 2013, 00, 1-3 | 5



CHAPTER 5: K. Gulati, M. Kogawa, M. Prideaux, G. J. Atkins, D. M. Findlay, D. Losic. “Titania Nanotube (TNT)
Implants Loaded with Parathyroid Hormone (PTH) for Potential Localized Therapy of Osteoporotic Fractures” Journal of

Material Chemistry B, 2015 (Submitted)

ARTICLE

micro-scale roughness can also augment osteoblast functions
like: migration. adhesion. differentiation and matrix seeretion.®
2.5 Enhancing drug loading/releasing abilities of TNT
implants

To demonstrate the ability of the TNT wire implants to cater to
a wide range of therapeutic requirements relevant to bone
conditions such as OP, we performed study with another model
drug (indomethacin) exploring strategies for improve drug
loading and sustained drug release. Indomethacin which was
used as a model hydrophobic drug. belongs to the category of
NSAIDs (non-steroidal anti-inflammatory  drugs). that help
reduce swelling and manage pain, during the inflammatory
phase of bene healing and post-implantation surgery.*® It is also
routinely prescribed for the treatment of inflammatory bone
diseases, such as osteoarthritis and rheumatoid arthritis.*® For
some applications, to achieve an effective therapeutic effect and
also to avoid the potent gastrointestinal side-cfleets, local
release of indomethacin would be desirable® It is also
noteworthy  to mention  here  that  for bone  forming
proteins/growth-factors  (like PTH), a wvery low dosage is
required locally to enable desired efTect: however for managing
inflammation or infection, a relatively higher drug amounts for
prolonged periods is required to achiceve suitable therapeutic
cffect. The motivation here was to demonstrate the ability of
implant to enable loading of substantial drug amounts. so as to
effectively target conditions like: infection, inflammation and
even cancer. whereby a continuous and prolonged local therapy
is required, and failure of achieve this can easily re-trigger
bacterial invasion and cancer metastasis.

In order to explore drug amounts, wider/longer TNTs were
chosen as presented TNTs were fabricated on Ti wires at 75 V
for 120 min (TNT-120). and were 90 £6.5 nm in diameter (with
wide inter-nanotube gaps) and 32 £2.8 um in length [Fig. 7(a-
b)]. TGA (thermo-gravimetric analysis) investigation confirmed
a loading of 320.54 £10.6 ng of indomethacin in the TNTs. A
very high loading amount can be atwributed to longer/wider
TNTs and was also due to the presence of large cracks on the
anodic film and the inter-nanotube distance. The amount of
drug loaded can be readily tuned by various anodisation
parameters such as voltage/Aime of anodisation. water content
of clectrolyte cte.. by which the TNT dimensions can be
manipulated, as  shown in Table 82 ({Supplementary
Information). We have previously reported that TNT
dimensions/structure, drug encapsulation inside polymeric
micelles, and biopolymer modification can be applied to
cnhance  drug loading amounts and delay the release
kinetics.2*2* Such modifications can further allow advanced
drug releasing  features, such as loading multiple drugs.
triggered and sequential release. ™

The release of loaded drugs from TNTs is observed to be
biphasic, with drug loaded near the open ends of the TNTs
released initially (initial burst release or IBR), followed by the
drug loaded deep inside TNTs (total release). For unmodified
TNTs loaded with indomethacin, in the IBR phase around 74%
(237.44 pg) of the payloads was released [Fig. 6(d)]. Very
quick release of large amounts of drugs can cause local tissue
toxicity, and can also impair osseo-integrating abilities of the
implant. Also it means wastage of large amounts of drugs,
which for instance in an antibiotic release model could mean re-
triggering the bacterial invasion. Beyond IBR, the total release
of indomethacin from TNTs lasted for ~ 10 days |Fig. 7(c)].

In an atiempt to control very high release amounts duc to
diffusion gradient. which can cause local tissue toxicity. a thin

6| J. Name., 2012, 00, 1-3

118

Journal Name

layer of biopolymer was coated onto the drug loaded TNTs. We
have previously demonstrated the role of biopolymer coating in
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Fig. 6 SEM images showing surface features of the TNT/Ti wires
(TNT-120) wsed for indemethacin (indo) release in-viro. (a) Open
pores of TNTs showing gaps between individual nanotubes, and (b)
cross-scction conlirming a length of ~32 pm, which allows lor very
high loading amounts (=320 pgfimplant). Drug rclease plots Tor indo-
loaded TNTs: (c) total release and (d) initial burst release (1% 6 h).
Chitosan coated TNTs: (e) thin coat of chitosan on indo-loaded TNTs
(before release experiment), and (d) clear signs of chitosan degradation
and wvisible open pores of TNTs {after completion of the drug release
experiment).

delaying release from TNTs fabricated on Flat Ti foil: however
in the current study we extended the same technology to
TNT/Ti wire implants as they present a more suitable gecometry
specially towards achieving in-bone therapeutic effect in a
uniform 30 fashion.?! Dip coating of chitosan was performed
once and resulted in a very thin coat of chitosan of around 250
£10.23 nm. The SEM image in Fig. 6{e) shows the top-view of
the chitosan-coated drug-loaded TNTs, with a clear evidence of
the underlying TNT structures. As seen from the release plots
[Fig. 7{c-d)]. chitosan coating of the TNTs reduced the initial
burst release (from =74 % to < 34 %) and also delaved the
overall release from ~10 davs to =17 days. While the release of
drug from bare TNTs is primarily dilTusion based. for TNTs
that are coated with polymers such as chitosan, drug release
also depends on the degradation/dissolution kinetics of the
polvmer film2' As the polvmer degrades the pores are exposed
to the swrrounding buffer, and the pavloads were released as a
result of diffusion gradient. Fig. 6(0) shows the top-view of the
degraded polymer coating on the implant (after termination of
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drug release), with the underlying TNTs clearly visible. Release
Kinetics can further be tailored by controlling the thickness of
the biopolymer film. which has been reported carlicr for the
TNTs fabricated on flat Ti foil?' Table $3 (Supplementary
Information)  summarizes the  various drug  release
characteristics compared between the two TNT systems: bare
TNTs and chitosan-coated TNTs. It is also noteworthy to
mention that, the use of chitosan can add further functionalities
to TNT implants, due to its inherent anti-bacterial and bone-
forming propertics.

2.0 Ex-vive bonce implantation of TNT/Ti wire implants

For any fracture healing situation, the modified implant surface
should not only encourage bone formation and hence the osseo-
integration, but also should be able to withstand insertion into
the bone. Failure or fatigue in such conditions will not only
cause the fixation to fail but also the release of debris from the
implant surface can cause local tissue toxicity as reported
elsewhere." Briefly the marrow-free trabecular bone cores
were pierced with stainless steel medical grade pins (Kirschner
wire), followed by insertion of the TNT wire implants, and later
were perfused with culture media using Zetos bone reactor
system for 5 days.'” After termination of the experiment the
implants were removed. which was followed by SEM imaging
of the implant surface to check any surface deformitics or
delamination in the anodic TNT lavers. As shown in Fig. 7. the
nanotube structures were able to survive bone implantation,
without delamination of the TNT layer. This study established
the mechanical stability and robustness ol the TNT/Ti wire
implants suitable for placement inside the traumatized bone via
minimal invasive surgery. Such novel implants can sustain the
forces experienced during mechanical handling and surgical
placement: however ongoing study with in-vive implantation
will fully establish the implant suitability and safety.

Fig. 7 SEM images of the TNTs after performing the insertion inside the
bovine trabecular bone core ex-vivo. (a-b) The anodic film is seen stable
even for presence of eracks and anodisation performed at 75 V for 120 min
(TNT-120), (¢) high-magnification image showing TNTs covered with media
depositions and possible extracellular secretions from cells (arrows points
towards the undedying eracks of the anodie film), and (d) close-up of the
THNTs showing stable structure,
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To summarize, the investigations presented in this study
demonstrated the applicability of the TNTs fabricated on Ti wires as
customizable in-bone therapeutic implants. Table 84 (Supplementary
information) briefly sums up the various studies carried out using
nano-engineered Ti wires, and the inference [rom the results that
suggest its suitability for drug releasing bone implants. To conclude,
high-quality, mechanically stable and easy-to-tailor TNTs fabricated
on Ti wires, can be applied towards achieving an enhanced
therapeutic effect to potentiate localized bone healing, for example
in conditions such as fragility fracturc in OP paticnts.

4 Conclusions

Present work demonstrated the potential Ti wires with nano-
engineered TNTs layer as customizable fracture-fixation wire
implants that enable effective therapeutic action and promote
bone cell activities. The optimization of anodisation conditions
permitted  fabrication  of  high-quality and casy-to-tailor
nanctube structures on curved surface of Ti wires. which can
enable integration of this technology into current orthopacdic
implants. In an attempt to achieve local therapeutic action for
complex bone conditions such as osteoporotic fractures, the
effect of TNTs loaded with a parathyroid hormone (PTH) on
human osteoblastic cells cultured in a 3D collagen-gel matrix
was demonstrated. The finding indicated that bone cells
respond to the drug released from the TNTs, in this case PTH,
which promoted a gene expression profile consistent with
previous observations for osteoblast lineage cells. The cellular
morphology on the implants confimmed the migration and firm
attachment of the cells on the underlving nanotube surface.
Furthermore substantial amounts of therapeutics (=25 ug/mm?)
can be loaded inside the TNTs which can be controlled by
anodisation conditions using simple parameters like anodisation
time.  In-vitre  investigations  established  that  release
performances of TNTs/Ti wire implants can be significantly
improved in terms of achieving sustained release (~ 3 weeks)
using a thin coat of biopolymer such as chitosan. Also TNT
implants inserted inside trabecular bone ex vive retained their
structural integrity, indicating their suitability for fracture-
fixation in vive application. These results suggest that cost-
effective and easy-to-customize TNT/Ti wire implants are
suited for various localized bone-therapy applications, such as
targeting inflammation/infection and potential fracture-fixation
application for treatment of complex bone conditions such as
osteoporotic fractures.
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Table S1
Summary of the various implants fabricated and the planned OP-fracture relevant

investigations carried out. Using varied anodisation conditions different dimensions of the

TNTs were fabricated to show the wide range of bone implant applications.

o TNT/Ti Anodisation TNTs' Length/
Object Implant Stud
jective mplant Study Wire Voltage/Time Diameter
Gene expression of cells
Effect of local release of i )
fixed in 3D collagen gel, 75V 8 0.4 um /
PTH on human bone ) ) )
I implanted with PTH-loaded 10 min 58 £3.2 nm
cells TNTS TNT-10
and
Imaging cellular TNT-20
i ti ttach t .
Cell behaviour on TNTs migration/attachmen 75V 12 £0.5 pm /
(from collagen gel) onto 20 min 65 +4.1 nm
TNTs
Enhancing d
" Iancmg n,Jg Chitosan coating on Indo-
loading/releasing
performances of TNTs loaded TNTS
+
TNT-120 75 V. 32 2.8 um/
120 min 90 +6.5 nm
Stability of TNTs Ex-vivo Frabecular_ bone
core implantation
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Table S2

Variation of drug loading amounts for model drug Indomethacin based on different TNT
dimensions of the nano-engineered implant. 5 mm Ti wire (0.8 mm diameter) was anodised at

75 V for various times.

Time of Ar?odisation TNT Length (um) TNT Diameter Amount of Drug Drt.!g Loading ,
(min) (nm) Loaded (pg/implant) Capacity (pg/mm°)

10 8 +0.4 58 +3.2 38.32+3.4 293

20 12 +0.5 65 +4.1 8145452 6.24

60 21 +1.7 82 +2.2 188.25 +8.8 14.41

120 32 +2.8 90 +6.5 320.54 +£10.6 24.49

Table S3
Comparison of drug release characteristics between bare TNTs and chitosan-coated TNTs. 5
mm of Ti wire was anodised at 75 V for 120 min (TNT-120) to demonstrate the ability of the

implants to load substantial amounts of therapeutics.

Indomethacin Loaded TNTs TNTs Only TNTs + Ch Coating
Amount of Drug Loaded 320.54 +10.6 pg per implant
Drug Loading Capacity 24.49 ug/mmz
74.20 ¥4 % 33.56+5 %
Initial Burst Release 53744 107,39
st . .
(1 6hrs) He He
39.57 pg/hr 17.90 pg/hr
Time for 100% Release 10 days 17 days
Release Rate Total 8.26 ug/day 12.51 pg/day
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Summary of the various investigations carried out to prove suitability of the TNT/Ti wire

implants to be applied for complex therapeutic requirements like that of a severe osteoporotic

fracture.

Study

Parameters
Investigated

Inference

Proposed Bone Implant
Application

Fabrication of TNTs
on Ti wires

Various time of
anodisation

Successful fabrication of
stable/easy-to-tailor
TNTs on curved surface
of Ti wire

Easy integration of TNTs
into fixation pins, screws,
plates etc.

3D Collagen gel
experiment

Influence of local
release of PTH from
TNTs on bone cells

Gene expression
indicates improved
therapeutic effect

Enhanced fracture fixation
for compromised bone
conditions like QP

Bone cells’
morphology on TNTs

Cellular attachment and
anchoring on TNTs

Cells migrate, spread
and anchor on the TNT
modified implants

Cell viability and non-toxic
TNTs

Enhancing drug
loading/releasing
abilities of TNTs

Biopolymer
modification and in-
vitro drug release

Reduced initial burst
release and delayed
total drug release

Ability to cater wide range
of therapeutic
requirements

Ex-vivo bone
implantation of
TNTs/Ti wire

Mechanical stability

TNTs structure is not
damaged

Ability to withstand forces
experienced during implant
handling and bone
placement
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Figure S1 F Controlling dimensions of nanotubes on Ti wire by time of anodisation: (a-b)
increase of diameter and length of TNTs with time, and (c-h) variation in lengths from ~8 pm

to >50 um for various times. Anodisation was performed at 75 V on 0.80 mm electropolished

Ti wire.
a 10 b e
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The conversion of titania (Ti0,) nanotubes into titanium (Ti) while
preserving their nanotubular structure is demonstrated. Their
application as wire implants for combined local drug delivery and
electrical stimulation therapy is proposed.

Electrical stimulation therapy (EST) to treat bone fracture
(nonunions and delayed unions) is approved for clinical use, and
various in-vitro and in-vivo studies have established its role in
accelerating bone hrealing.1 Several EST strategies have been used
to administer low level of current (DC), directly to the trauma site
using surgical placement of electrodes (cathode at fracture site, and
anode at adjacent tis.s.ue).Z It has been reported that this process
can induce cellular functions including stimulations of fibroblast
activities, Ca influx and increased number of growth factor receptor
sites. 7 In addition, studies have shown that EST reduce presence
of bacteria in wounds, edema formation and improve tissue
perfusion causing significant increase in the transcutaneous oxygen
pressurre.l'2 Although EST has shown enormous success in clinical
applications, there is still a scope for improvement, for instance
combination with localized drug delivery (LDD) to provide maximum
therapeutic effect. This can be achieved using conductive drug-
releasing implants with ability to release desired therapeutics
(antibiotics/proteins) inside the traumatized bone, while
simultanecusly providing electrical stimulation.

Drug-releasing implants based on electrochemically engineered
titania (TiO;) nanotubes (NTs), which can easily be fabricated on Ti
implants of varied geometries, have been extensively explored for
addressing various bone therapeutic challenges.3 Owing to its cost-
effective synthesis, improved bioactivity, promoted bone cell
functions, ability to load therapeutics, and proven technologies to
achieve delayed/triggered release, TiO; NTs fabrication have
emerged as a very promising bone implant modification strateg\;.“
More recently, TiO; NTs technology has been extended to Ti wires,
pins and needles, and has been proposed as minimally-invasive, 3-
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dimensionally therapeutic releasing bone implants.s"6 These
implantable devices hawve also opened opportunities towards
catering multiple challenges simultaneously, for example: fracture
fixation and therapeutic release to combat infection/inflammation
and compromised bone healing. However, the layer composed of
TiO; NTs on Ti implants is not conductive, which limits another very
attractive option, to combine their drug releasing function with
electrical stimulation therapy.

To address these limitations and enable EST while
simultaneously delivering active therapeutics locally, inside the
micro-environment of the traumatized bone, we present a simple
fabrication approach to convert layer of TiO, NTs into conducting Ti
NTs using Ti wire as a model implant. Our approach is presented in
Scheme 1.

TiO: Nanotubes Ti Nanotubes

Til
Tioy,

Air [

Scheme 1 Representation of conversion of TiO; nanotubes fabricated on Ti
wires, into Ti nanotubes using magnesiothermic reduction process.

The process involves electrochemical anodisation of Ti wires
(diameter 0.80 mm, length 5.0 mm) to fabricate oxide layer with
array of TiO; NTs on the surface. These TiO; nanotubes were
reduced into Ti wusing modified magnesiothermic reduction
process.” The idea is to reduce TiO, into Ti while preserving the
nanotubular architecture, in order to make conductive Ti wire
implants with Ti nanotube arrays on the surface. Structural
characterization and elemental analysis was performed to confirm
conversion of TiO, into Ti, with preserved structures. Conductivity
measurements were also performed to prove successful oxide to
metal conversion. Finally in-vitro drug release studies were carried
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out to establish the suitability of the modified implant for proposed
fracture healing applications in combination with EST.

Electrochemical anodisation, which represents a cost-effective and
scalable technology, was used to fabricate TiO; NTs on the surface
of electro-polished Ti wire.” Using ethylene glycol electrolyte (with
1% v/v water, and 0.3% w/v NH;F) in a specially designed
electrochemical cell, successful fabrication of high-quality TiO,
nanotubes on the curved surface of the Ti wire was achieved. This is
confirmed by SEM (scanning electron microscopy) characterization
showing images with typical structures of nanotube arrays (Fig. 1a).
Anodisation condition using 75 V and 20 min, yielded nanotubes
with ~ 12 pm length and ~ 65 nm diameter, but their dimensions
(diameters, length) could easily be tailored using various
anodisation parameters as previously reported N

Ti Nanotubes

TiO, Nanotubes

k T
z >
3 &
£ i
2 k]
£ £
z 5
E 2 4
T Ti
F Mg
:‘. 4 & 0 2 4 &
Energy (keV) Energy (keV)
Fig. 1 Conversion of TiO, into Ti nanotubes by

magnesiothermic reduction process: (a) SEM image showing
the top-view of TiO; NTs structures [inset (b) TiO; NTs wire
implant at low magnification], (c) top-view of Ti NTs structures
after conversion process. D) Cross-sectional SEM image
showing that Ti nanotubes retain the nanostructural features
of TiO, nanotubes. E-F) comparative EDXS analysis for TiO; NTs
and Ti NTs confirms transformation of oxide into metallic
nanotubular layer.

To achieve reduction of TiO; layer with nanotube structures into Tj,
a modified magnesiothermic reduction process was employed, as
described |:nre\.ricnusl»,(.7 SEM image of the converted Ti NTs
presented in Fig. 1c-d, confirms successful transformation of oxide
into metallic layer while preserving the nanotube structures.
Furthermore, SEM imaging of Ti NTs samples was performed
without using any conductive coating and shows no charging effect
which proves that sample is cond uctive.

Comparative EDXS (energy dispersive X-ray spectroscopy) plots of
the TiO; nanotubular layer, before and after conversion, taken from
the cross-section are presented in Fig. 1e-f. Plots for TiO; NTs show
significant peaks for Ti and O, confirming oxide layer with presence

2| J. Neme., 2012, 00, 1-3

Journal Name

of F and Pt. It is noteworthy to mention here that F ions, which are
present in the anodisation electrolyte, often get incorporated into
the nanotube structures. Studies have shown that presence of F
ions on implants can significantly improve bone cell functions,
which are crucial for bone-implant bonding and bone hf.-aling.8 On
the other hand; Pt was used to coat the samples prior to SEM
imaging, to make the surface conducting. EDXS graph from Ti NTs
(Fig. 1f) shows significant Ti and minor O/Mg peaks. These
observations establish successful reduction of TiO, into Ti. The
presence of small oxygen peak can be explained by re-oxidation of
Ti in air after sample preparation. The incorporation of Mg from
reduction process is also observed but with minor quantity showing
almost successful removal after reduction process. This observation
can also be attributed to cracks on the anodic film that occur when
anodising curved surface of titanium substrates, which can easily
allow for incorporation of Mg/F SDECiES.s For the unavoidable
presence of Mg species into the Ti NTs, the suitability for bone
implant applications is not affected, as studies have shown the role
of Mg ions in upregulation of bone cell functions.”

The comparative X-ray diffraction (XRD) graphs taken from the TiO,
and Ti NTs presented in Fig. 2a-b, shows clear evidence of
successful conversion of TiO; into Ti, with stronger presence of Mg
in the nanotube structures. Weak signals for Ti are seen for TiO;
nanotubes, and on the contrary, clear evidence for Ti is seen for
converted nanotubes (Ti NTs). Prominent peaks can be seen for Ti
and MgO0 complexes as a result of magnesiothermic process.

A Tid, Manotubes n B o TiNanotubes
W TiO, Anatase
oTn
* * + Mg/Mg0
* o * ki
° - * o
* *
* el
. . . . bl . - - .
30 40 50 &0 70 B8O |30 40 50 60 70 80

Fig. 2 XRD plots comparing the structural composition between (a)
TiO, NTs and (b) Ti NTs. Analysis performed based on PDF card
numbers 9008517/9002991 and published work.™ X-axis and y-axis
represents 20 (degrees) and relative intensity respectively.

To confirm if the converted Ti NTs represents a conducting surface
suitable for the proposed EST for promoting fracture healing rates,
4-probe conductivity meter was used to measure sheet resistance
of Ti and TiO; NTs, compared with bare Ti and Cu. The results
presented in Fig. 3 reveal very low values of sheet resistance for Ti
NTs, which closely matches to conducting control samples: Ti and
Cu. However, the resistance of TiD, NTs is several orders higher.
Since the sheet resistance is inversely related to conductance, it can
be confirmed that the non-conducting oxide layer with TiO; NTs
was successfully converted to conducting Ti NTs. The presented
results show that Ti NTs/Ti wire implants can be used as electrodes
for EST to stimulate bone cells to upregulate healing mechanisms.
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More investigations in this regard will be reported in future, using
ex-vivo and in-vivo models.

Sheet Resistance (KR)

Copper Ti Ti NTs TiO, NTs

Fig. 3 Sheet resistance of TiO, NTs before and after conversion into
Ti NTs (Cu and Tl were used as controls). Sheet resistance (Ohm /Sq)
values inversely relate to conductance of the material, confirming
transformation of non-conducting TiO; NTs to conducting Ti NTs.

Finally drug loading and releasing abilities of the Ti NTs/Ti wire
implant was demonstrated using hydrophilic dye Rhodamine B (Rh
B) as a drug model. Dye is used as simple drug model, however, the
‘vacant’ nanotubes could be loaded with any drug, protein or
growth factor, catering towards specific bone condition, as we have
demonstrated with TiO, NTs in our previous studies." Thermo-
gravimetric analysis (TGA) confirmed a loading amount of ~80 pg,
which is comparable with loading in TiO; NTs, showing no changes
in drug loading performance after the conversion process. It is
worth noting that drug loading could further be controlled by
varying immersion times, drug concentration or nanotube
dimensions.”

The drug release graph from Ti NTs/Ti wire implant is presented in
Fig. 4. The graph shows the release of around ~65 pg of model drug
(~80% of the total amount loaded) in 1% 6 hrs, which is comparable
with TiO, NTs. This release profile shows considerable burst release
caused due to drug present on and near the top of the nanotubes,
and inside the cracks of the anodic film. The  purpose of this
experiment was to show that prepared Ti NTs are functional for
drug-releasing applications. However, with further optimizations,
advanced features including maximised drug loading, controlled
release, and triggered release, which have been demonstrated
previously for TiO; NTs can also be integrated into Ti NTs
systems.™?
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Fig. 4 In-vitro release profile of model drug (Rhodamine B) from Ti
NTs/Ti wire implants.

Furthermore, to prove that EST process can be achieved from the
prepared conducting Ti NTs implants, without affecting the drug
releasing abilities, a special in-vitro release experiment was
performed by applying small DC voltage during release process.
Voltage of 10 V for 1 min in cycles with a gap of 10 min at 120 and
300 min time intervals was selected, to monitor any changes in the
release behaviour. It is noteworthy to mention here that, any
sudden change in release kinetics can adversely affect bone healing,
for instance: very high concentration can cause local tissue toxicity,
and below optimum dosages could retrigger conditions such as
bacterial invasion. The results for electrically-stimulated drug-
release showed no difference in the release kinetics of the loaded
dye, as compared with the release without any stimulation. This
certifies that the drug-releasing and electrically conducting
functions can be combined into a single nano-engineered Ti wire
implant, and can be applied for EST with localized drug delivery.
This solution can address the complex therapeutic needs for
instance combating infection while also simultaneously enabling
quicker bone healing via electrical stimulation.

In conclusion, this study presents new advances to the TiO;
nanotubes implant technology, by successfully converting TiO; into
Ti, while retaining the nanotubular morphology and providing
electrical conducting property. The advantage of these new Ti
NTs/Ti wire implants is their minimally invasive implantation
towards fracture fixation, and use as electrode in electrical
stimulation therapy with simultaneous local release of therapeutics.
Furthermore, the conducting therapeutic wire implants also
qualifies as drug releasing neural prostheses, which can be used to
electrically stimulate specific deep lying brain regions to address
complications such as: Parkinson' di.ﬁf.-:.uw.-.13
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Notes and references

Experimental: High purity titanium wires (diameter 0.80 mm) were
purchased from Nilaco (Japan). Rhodamine B, ethylene glycol, NH,4F,
perchloric acid, butanol, ethanol, and acetone were obtained from
Sigma-Aldrich (Sydney, Australia). Ti wires were annealed at 500°C
for 2 h, followed by sonication in acetone and drying in N,.
Electropolishing was performed in perchloric acid electrolyte (with
butanol and ethanol, P:B:E = 1:6:9) at 40 V/1 min maintained at 4°C.
The wires were cleaned with deionized (DI) water and sonicated in
acetone/ethanol. Electrochemical anodisation of the Ti wires was
carried out by exposing specific length (5 mm) of the Ti wire (via
masking) to the ethylene glycol electrolyte [with 1 % (v/v) water
and 0.3 % (w/v) NH,F] at 75 V/ 20 min maintained at 25°C.°

For magnesiothermic conversion of TiO, nanotubes into Ti, Mg and
TiO; NTs/Ti wire implants were mixed (in the weight ratio of 0.5:1)
and placed into tube furnace, which was heated to 650°C at the
rate of 10°C/min for 7 h, under argon gas (99.995 %) flow.” After
cooling down, the contents (Mg and implant) were mixed
thoroughly, and the heating procedure was repeated. Afterwards
the implants were washed in HCI/HF solutions to remove impurities
(MgO and TiO,). The cleaned implants (now Ti NTs) were stored in
glove box with argon gas (99.997 %).

Surface characterization of the TiO; and Ti NTs implants was
performed wusing a field emission scanning electron
microscope/SEM (FEI Quanta 450). Furthermore, EDXS of the
nanotube samples, at top and cross-sections (after fracturing
nanotube membrane) was also performed. XRD spectra of the
samples were recorded on a Rigaku Miniflex 600 instrument. Sheet
resistance of the nanotubes (TiO; and Ti), along with controls of
bare Tiand Cu was acquired using 4-point probe conductivity meter
(Jandel RM3000).

For loading Rhodamine B (RhB), clean nanotube samples were
immersed in RhB solution (50 mg/ml in water) for 2 h, followed by
wiping of the excess dye using soft tissue and drying. To quantify
the amount of dye loaded inside the nanotubes, the loaded samples
were heated to 500°C (at the rate of 10°C/min) in TGA instrume nt
(TA Instruments Q500), followed by analysis of the weight change.
Later the Ti NTs samples loaded with RhB were immersed in 5 ml|
PBS (pH 7.4, 25°C), and at predetermined time intervals 3 ml
aliquots were drawn (and replaced with fresh PBS) and the
absorbance was measured at 555 nm using Cary 60
spectrophotometer. The drug concentration/weight for the
corresponding absorbance wvalues was calculated based on the
calibration curve and plotted against time. For electrical stimulation
at specific time intervals during in-vitro release, Ti NTs (as cathode)
and bare Ti wire (immersed in PBS, as anode) were connected to
power supply and 10 V was applied for 1 min (3 cycles, separated by
10 min).
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Abstract

The success of material implantation into bone is governed by effective osseointegration,
requiring biocompatibility of the material and the attachment and differentiation of osteoblastic
cells. To enhance cellular function in response to the implant surface, micro- and nano-scale
topography have been suggested as essential. In this study, we present a new bone implants
based on 3D-printed titanium alloy (Ti6Al4V), with a unique topography composed of micron
sized spherical particles and nano sized cavities with vertically aligned titania nanotubes (ITNTs).
These new type of implants were prepared by combination of 3-d printing and anodisation
processes, which are scalable, simple and low-cost. The osseointegration properties of fabricated
implants, examined using human osteoblasts, showed enhanced adhesion of osteoblasts
compared to titanium materials commonly used as orthopaedic implants. Gene expression studies
at early (day 7) and late (day 21) stages of culture were consistent with the Ti substrates inducing
an osteoblast phenotype conducive with effective osseointegration. These implants with the
unique combination of micro- and nano-scale topography are proposed as a new generation of
multi-functional bone implants, suitable for addressing many orthopaedic challenges including

implant rejection, poor osseointegration, inflammation, drug delivery and bone healing.

Keywords

3D printing, titanium, titania nanotubes, bone implants, osteoblast phenotype
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1. Introduction

Titanium (Ti) and its alloys have been used for many decades as bone implants, mainly
due to their corrosion resistance and appropriate biomechanical properties [1]. Besides providing
mechanical support and function, a bone implant must also serve as a substrate for various
protein and cellular interactions, that determine the extent of bone to implant bonding
(osseointegration) and the rate of peri-implant bone healing. As a result, the implant surface,
being the first site of contact with the surrounding tissue, plays an important role in determining
the fate of the implant. The porosity and pore size of a biomaterial intended for bone implant
applications, are important determinants ot its osteogenic properties in vitro and in vivo [2]. The
surface chemistry or energy of the implant material also influences the nature of the interaction
with bone cells, in particular by the extent to which the material binds extracellular matrix
proteins, such as vitronectin and fibronectin, either present in the serum or synthesized by the
bone cells themselves [3]. In addition, the surface topography of implant materials influences
osteoblast attachment and influences subsequent osteogenesis, thought due in part to bone being
a material with natural micro- and nanoscale topographical features. As a result, various surface
modification strategies have been utilised to enhance the surface roughness of implant materials,
including sand-blasting, acid-etching, plasma reaction and electrochemical anodisation [4].
These approaches render the implant surface micro- to nano-rough, with electrochemical
anodisation offering good control over the structural characteristics. In fact in vitro and in vivo
investigations, together with mathematical modelling, have established that micrometer
roughness, particularly hemispherical pits (1.5 pum deep and 4 pm wide), provides the optimal

surface features to enhance integration with the surrounding tissue [5]. Other studies conclude
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that implants having roughened surfaces with irregular morphologies promote high levels of

cellular attachment at the bone-implant contact region [6].

A number of reports have shown that nano-scale roughness and topography further
improves bone cell interaction compared to micro-scale roughness [7]. Moreover these surface
characteristics, which relate to the bioactivity of the implant could also be enhanced by coating
with hydroxyapatite (HAP) and biomolecules, such as growth factors [1.4]. A further
advancement on Ti implants based on the electrochemical anodisation and the fabrication of self-
ordered and bioactive nano-tubular (TNTs) or nano-porous titania structures (TNTs) was
achieved [4.8]. Nano-cavity topography with TNTs offer significantly improved characteristics
compared to the micro- and nano-rough implant surfaces, including biocompatibility, cell
adhesion, and drug loading/release capabilities [1.4.8]. Furthermore, the anodization process
permitted close control over the dimensions of the nanotubes by various means, such as time,
current, voltage, pH and electrolyte composition, which in turn can modulate the cellular
response and the drug loading and release properties [9-11]. Another feature of TNTSs fabricated
by this process was the presence of fluoride ions, which was shown to enhance bone cell
functionality [12]. Cell adhesion also influences cell morphology, the rate of cell proliferation
and the extent of differentiation. When bone cells come into contact with the implant surface
they firstly attach, adhere and spread, which is influenced by the orientation of the molecules

adsorbed onto the implant [3].

Recent advancements in medical implant technology include rapid prototyped or 3D
printed implants composed of various polymers, ceramics and metals, which closely mimic the
biomechanics of the surrounding tissue [13-17]. Metal counterparts are more suited for load

bearing conditions, such as fracture fixation and joint replacement. Using 3D printing to
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fabricate Ti implants allows close control over the resulting structural parameters in terms of
pore shape, size and number, and the inter-connectedness of the structure as a whole, and this has

proved beneficial for osseointegration [18-19].

Based on previous studies showing enhanced bone cell functions on the implants with
micro-rough surface and nanotube structures we proposed that their combination could provide
further enhancement and create new bone implants with advanced properties. Hence, the aim of
this work was to demonstrate a new approach to fabricate these implant with dual micro and
nanotopography and explore their interaction with human osteoblasts and osteocyte-like cells
compared with conventional implant surfaces. These new Ti implants based on micro-spherical
particles and nanotube arrays were fabricated by a combination of 3D printing of Ti and
electrochemical anodisation process. The fabrication process and corresponding implant with
dual micro (particle) and nano (nanotubes) topography is schematically presented in Fig. 1. The
3D printing technology (Fig.la) was used to fabricate Ti implants (alloy Ti6A14V) with the
desired shape and micro-scale rough surface composed of randomly dispersed spherical
microparticles (Fig. 1b). These 3D printed implants decorated with micro particles were then
electrochemically anodised to generate anodic layer with nano topography composed with
vertically aligned titania nanotube (INTs) or nanopore structures (Fig. 1d). The short- and long-
term response of human osteoblasts to these prepared implants was compared with other titanium
materials commonly used as orthopaedic implants. The cell adhesion in relation to surface
topography, morphology and gene expression was evaluated in order to compare the phenotype
of osteoblast-like cells on the different Ti substrates and show significant impact of combined

micro and nano topography.
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2. Materials and Methods
2.1 3D printing of Ti implants with micro-particle topography

Titanium alloy (Ti6Al4V Grade 5, termed in the text as Ti) in the form of strips (4x4
mm?) was printed with a selective laser melting machine: 3D System ProX 200 (Phenix Systems
PXM), equipped with 300W Laser (1070 nm at 50% power), in the presence of an Argon
atmosphere: (=500 ppm O3). The alloy powder material used in the selective laser melting printer
has the following particle size distribution characteristics, as measured by a Malvern
Mastersizer: D[4,3] =22.27 um, D[3.,2] = 17.31 um, D[v,0.9] = 31.32 um, D[v.0.5] = 24.07 um,
D[v.,0.1] = 10.69 um; where D[4.3] indicates the equivalent spherical volume diameter mean, or
the De Broncker mean diameter, D[3.2] is the equivalent surface area mean diameter or the
Sauter mean diameter, D|v,0.9] indicates the 90 % of the volume distribution below the value,
D[v,0.5]indicates the volume 50% value of the distribution, and D[v,0.1], indicates the 10% of

the volume distribution below the value.

A manufacturing layer thickness of 30 pm was achieved by forming a film of powder
material, which was then selectively melted using laser, into the required form. This process was
repeated to produce the desired number of melted layers, thereby enabling the formation of the
three-dimensional object. The printing technology involving selective laser melting resulted in a
unique morphology, whereby micro-scale spherical particles of the Ti alloys (of varied
dimensions) were randomly arranged onto a flat Ti alloy surface (Fig. 1), via adhesion of
partially melted or trapped particles onto the Ti surface from the non-melted build material
volume. The Ti strips were removed from the build plate, and then thoroughly cleaned by wiping
and ultra-sonication in ethanol, to remove any non-adhered spherical particles from the outer

surface. The resulting implants are referred to as “Ti 3D throughout the study.
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2.2 Fabrication of titania nanotube topography on Ti 3D printed implants

Ti 3D samples were cleaned using ultra-sonication in acetone and ethanol to remove
surface debris, followed by drying in Na (Ti 3D samples). TNTs were fabricated using a special
electrochemical anodisation setup that permits the generation of an oxide layer with TNTs
structures on both sides. The setup involved a counter electrode of Ti flat foil and Ti 3D implant
immersed in ethylene glycol electrolyte, containing 1 % water (v/v) and 0.3 % NH4F (w/v),
maintained at 25 °C, on a magnetic stirrer. A constant voltage of 60 V was applied for 20 min,
and current/voltage signals were recorded using a computer-controlled power supply (Agilent)
and Labview software (National Instruments, USA) [9]. Post-anodisation, the prepared TNT 3D

samples were washed with deionized water and dried in N2 (TNT 3D Samples).
2.3 Preparation of control substrates

Four comparative model substrates were prepared and investigated as controls in order to
evaluate influence of dual topography on cell adhesion and gene expression properties. These
substrates include: rough and polished Ti foil (model of clinically used Ti implants), 3D printed
Ti alloy (model of micro-particle topography) and TNTs fabricated on Ti foil (model of nanotube
topography). Titanium foil (99.6 % purity, thickness 0.25 mm) supplied by Sigma-Aldrich
(Sydney, Australia) was used for the preparation of various surface roughness samples and as
substrates for TNTs fabrication. Ti foil was cut into a size similar to the Ti 3D samples, and
cleaned with acetone and ethanol (Rough Ti Samples). Later, the samples were smoothened
using mechanical polishing followed by cleaning with acetone/ethanol (Polished Ti Samples).
The electrochemical anodisation was performed using the conditions described above (TNT Ti

Samples).

2.4 Structural characterization of prepared implants
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Surface morphology characterisation of the prepared samples was performed using a field
emission scanning electron microscope (SEM, FEI Quanta 450). The samples were mounted on
a SEM holder with double-sided conductive tape and coated with 5 nm thick layer of platinum.
Images with a range of scan sizes at normal incidence and at a 30 degree angle were acquired

from the top and bottom surfaces and cross-sections.
2.5 Cell culture and adhesion

Human osteoblast-like cells (NHBC) were obtained from a single patient and processed
as described previously [20]. Cells were cultured in a-MEM (Gibco® by Life Technologies™)
with 10 % FBS, 0.2 M L-Glutamine and 100 pM ascorbate 2-phosphate at 37 °C/5% CO,in a
humidified incubator [20]. All experiments were performed on 2" passage cells, which were

enzymatically removed from culture dishes using collagenase-1 and dispase, and plated onto

tissue culture plastic.

Prior to the cell attachment study, all the samples were sterilized using UV irradiation for
30 min on both sides. Each of the samples (in triplicate) was placed in a single well of the 48-
well plate followed by the addition of 500 pl of the cell suspension containing 5 x 10" cells. After
Ih, unattached cells were removed by vigorous pipetting with PBS and the remaining cells were
stained with crystal violet [21]. The quantification was performed by measuring the optical
density (OD) of the cell lysates at 570 nm, which directly corresponds to the number of cells

attached onto the sample surface [21].
2.6 Characterization of cell morphology on implants by confocal microscopy

Cell morphology was assessed essentially as previously described, with some

modifications [22]. After 24 h of incubation of cells on various surfaces, cells were fixed (4%
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w/v paraformaldehyde/PBS, 20 min) and the samples were then blocked with goat serum (2.5%
in PBS) for Th. This was followed by permeabilisation with Triton X-100 (0.5 % in PBS) on ice
for Smin and staining with Phalloidin-TRITC (10pg/ml in PBS; Sigma Chemical Co., St. Louis,
MO, USA) at room temperature in the dark for 1h. After washing (3x PBS) the cells were
incubated with DAPI (4',6-diamidine-2'-phenylindoledihydrochloride) (Ipg/ml in methanol;
Roche Diagnostics, Castle Hill, NSW, Australia) for 10 min. After washing with PBS (3x) the
samples were mounted in glycerol (50 % in PBS) and examined by confocal microscopy (Leica
). Images were taken using a water immersion 40x objective (numerical aperture = 1.5).
Phalloidin was excited with Green HeNe 543 nm laser line and the emission was viewed through
a long pass barrier filter (ES70P). The images were analysed using Confocal Assistant software

(Todd Clarke Brelje,USA).
2.7 8a0S2 cell culture and gene expression studies

Human osteoblast-like SaOS2 cells (obtained from the American Type Culture
Collection) were cultured as previously described [23]. Implants were placed into 12 well plates
and Sa0S2 cells were seeded at a density of 2 x 10%/em” on the surface of the implant. After 24
h, culture medium was removed and replaced with differentiation medium (a-MEM with 10%
FCS, 10 mM HEPES, 0.2 M L-Glutamine, penicillin/streptomycin, 50 pg/ml ascorbate-2-
phosphate and 1.8 mM potassium dihydrogen phosphate) [23]. The cells were cultured in
differentiation media for up to 21 days, with the media replaced every 3 days. After 7 and 21
days of differentiation, RNA was harvested from the samples using Trizol reagent (Life

Technologies, NY, USA), as described elsewhere [23].

The quantity and quality of the RNA was measured by using a NanoDrop

spectrophotometer (Thermo Scientific, Waltham, MA, USA). 1 pg of RNA was reverse
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transcribed into ¢cDNA using the iScript RT kit (BioRad, CA, USA). RT-PCR was performed
using SYBR Green Fluor gPCR Mastermix (Qiagen, Limburg, The Netherlands), in a CFX
Connect thermocycler (BioRad). Oligonucleotide primers for the amplification of human DMPI,
SOST, OCN, TNAP, RANKL and OPG mRNA were designed in-house and synthesised by
Geneworks (Thebarton, SA, Australia), as described elsewhere [22,23]. Relative gene expression

was calculated using 2-AACt method and normalized to the expression of /8STRNA [23].
2.8 Characterization of cell morphology on implants using scanning electron microscopy (SEM)

Cells were fixed after culturing for the times indicated on various implant surfaces for the
purpose of imaging using SEM. Briefly, the implants with cells attached were immersed in
glutaraldehyde/paraformaldehyde solution to fix the cells. The cells were then washed with PBS
buffer (5 min) and then sequentially dehydrated in ethanol (70 %, 90 % EtOH for 15 min each
followed by two 15 min washes in 100 % EtOH). Samples were then immersed in hexamethyl
disilazane (HMDS):100%EtOH (1:1) solution for 10 min and then twice in 100% HMDS for 10
min. The samples were then air-dried, and mounted on SEM holders as described earlier.
Electron dispersive spectroscopy (EDS) analysis of the implants was also performed using SEM

to characterise the mineral deposited on the various implant surfaces [24].
2.9 Statistical analysis

Data analysis was performed using Graphpad Prism (Graphpad, CA, USA). For the
purpose of comparing various experimental samples, a one way analysis of variance (ANOVA)

was used with a Bonferroni post-hoc test.

3. Results
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3.1 Surface morphology of prepared 3-D Ti implants with dual topography

The typical morphology of Ti implants with micro-particles topography prepared by 3D
printing and characterised by SEM is presented in Fig. 2. SEM images show that Ti surface is
completely covered by spherical Ti micro-particles of various sizes randomly distributed on the
surface (Fig. 2a-b). Their arrangement is irregular, with a wide range of sizes for the particles, as
depicted in the size distribution plot in Fig. 2d. The ‘peak-and-valley” surface topography,
ranging from approximately 5 pm to 20 um for micro-particles with the inter-particle distance
ranging from 1 pm to more than 100 pm. The average diameter of Ti micro particles was
estimated to be ~12 um. Most micro-particles, which appeared strongly attached to the
underlying Ti surface, were interconnected although some isolated micro-particles were also

observed (Fig. 2b-c¢).

The SEM images showing introduction of nanotube topography on 3D printed Ti after
anodisation process are summarised in Fig. 3. Firstly, these images confirm that micro-particles
survived the anodisation process and that the entire surface including micro-particles and the
underlying Ti surface were composed of TNTs structures. Characteristic cracks are apparent on
the surface of the Ti micro-particles as well as the underlying Ti surface (Fig. 3a-d). These
cracks arise as a result of radial outgrowth of nanotubes on the curved surfaces of the Ti particles
and the irregular/unpolished flat Ti surface. This is consistent with our previous observations on
anodising curved surfaces of Ti [25-27]. It is worth noting that these cracks or pits do not
compromise the stability of the anodised layer and can be controlled using various anodisation
parameters: water content, voltage/time of anodisation, and age of electrolyte. Thus, the printed
surface consisted of two distinct features: micro-particles and flat surface, which are both upon

by anodization process modified with titania oxide layer composed of TNTs (Fig. 3¢-h). The
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anodisation was performed at 60 V for 20 min, which yielded TNTs with an average diameter of
32 £ 4 nm (on Ti micro-particles) and 40 = 4 nm (on underlying flat Ti). Open pores TNTs on an
irregular micro-scale printed surface is evident from the SEM images (Fig. 3). The dimensions of
the TNTs can be further tailored using various anodisation parameters, and we have
demonstrated the effect of different anodisation times (Supporting Information, Fig.S1). Besides
Ti 3D (Fig. 2) and TNT 3D (Fig. 3), alternate Ti surfaces including Ti Rough, Ti Polish
(mechanically polished) and TNTs on Flat Ti foil (TNT Ti) were also compared (Supporting

Information Fig. S2).
3.2 Comparative study of osteoblast adhesion on control surfaces

Osteoblast (NHBC) adhesion assays demonstrated that TNTs fabricated on Ti 3D (TNT
3D) significantly outperformed other Ti surfaces tested (Fig. 4a). The closest performance in
terms of cell adhesion was TNT Ti, consistent with the significant influence of nanotube
topography on cell adhesion. Cell adhesion was found to be: TNT 3D=TNT Ti=Ti 3D >Rough
Ti> Polish Ti. Representative SEM images are presented in Fig. 4b-¢ and show osteoblasts
spread and focally attached to the various structural features of the TNT 3D implant. Confocal
imaging of NHBC after a 24 h incubation on the various substrates also showed cells attaching
and spreading on the surfaces. As shown in Fig. 5 (and in Fig. S3 and S4. Supporting
Information) the cell morphology differed greatly on the various surfaces. The cellular spread
morphology appeared to correlate with the surface roughness of the samples, with more rapid
attachment and spread overall evident for the TNT Ti 3D sample. The comparative images
showing morphology of the attached cells on the TNT-moditied substrates, TNT 3D and TNT Ti
are represented in the high magnification confocal images in Fig. §. On the TNT Ti the cells

appear attached in a largely 2D orientation with evidence of dendritic extensions. On the TNT
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3D surfaces, stress fibres and focal adhesions are evident, and together with the SEM analysis
(Fig. 4a-b), this suggests a strong cell anchoring on 3D printed structures interdigitating with the
micro-scale Ti particles and with cracks on the anodic film, which is likely to translate into

effective osseointegration.
3.3 Gene expression in SaOS2 cells cultured on Ti surfaces

To turther investigate the biocompatibility of the TNT modified 3D implants with respect
to osteoblast function, we utilised the Sa0S2 osteosarcoma cell line, which we have validated as
a model for studying human osteoblast differentiation and transition to a mature osteocyte-like
stage [23]. Gene expression analysis at early (7 day) and late (21 day) differentiation stages was
performed for genes that characterise osteoblast maturity and functionality. Afier 7 days, the
relative expression of the mature osteocyte markers DMPI and SOST was elevated in cells
cultured on TNT 3D compared with the other substrates (Fig. 6), suggesting earlier cell
differentiation on this substrate. The relative expression of other markers of osteoblast
differentiation, OCN and TNAP, did not differ between substrates. However, the expression of
most genes on most substrates tested changed markedly with long-term culture. From day 7 to
21, the expression of OCN, DMP1I and SOST mRNA all increased to a similar extent on most
substrates, with the exception of Ti TNT, which exhibited altered expression for each of these
genes (Fig. 6). The expression of the osteoclastogenic inhibitory factor osteoprotegerin (OPG)
was decreased on TNT 3D, and as a result, the ratio of RANKL:OPG mRNA was increased
relative to all other substrates tested (Fig. 7). Interestingly, the expression of both RANKL and
OPG did not change with time in cells cultured on TNT 3D, whereas the RANKL:OPG mRNA

ratio increased markedly on all other surfaces (Fig. 7), suggesting that TN'T 3D may promote a
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more stable degree of bone remodelling, which in turn is likely to be more conducive to

osseointegration.

3.4 Morphological features of SaOS2 cells on implants on day 7 and day 21

The morphology of SaOS2 cells attached after 7 and 21 days of culture on the TNT-3D
implants is shown in Fig. 8 and 9, respectively. At 7 days, osteoblastic extensions can be seen
between individual micro-particles (Fig. 8a-b), and also penetrating into the micro-scale cracks
(that occur on the surface of anodised Ti micro-particles) (Fig. 8c-f). These observations suggest
that the surface topography of the TNT 3D implants, with micro-scale ‘peaks and valleys’, in
combination with nanoporous modification (TNTs), creates a surface that promotes firm
anchoring of the osteoblasts. Control samples showed an increase in cell number and the

appearance of cellular extensions (Fig. S5, Supporting Information).

After 21 days of culture, the images presented for the TNT-3D implant in Fig. 9 indicate
an increased number of cells adherent on the implant (as compared to day 7), along with
presence of complex filopodial extensions. EDS analysis of chemical composition (Fig. 9d)
indicates mineralisation of the extracellular matrix on the surface of the implant, with clear peaks
observed for Ca and P. The cellular morphology and functions again signify the synergistic
action of dual-topography of TNT 3D implants in achieving strong attachment of the osteoblasts,

confirming the possible effect of mechanical stimulation.

4. Discussion

Appropriate surface roughness of implants, promotes bone cell functions, including

adhesion, proliferation and differentiation, which are considered to be the primary requirements
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in order to achieve successful bone implants integration and timely bone healing [1,10,11].
Previous reports have suggested that Ti implants with micro-scale, nano-scale and their
combination enhance osteoblastic cell functions [7, 28-39]. The ability to control the dimensions
of these structures allows the potential to generate implants with specialised features, such as
reduced bacterial attachment and biofilm formation, modulating localised immune responses, as
well as bone cell functionality. Some of these parameters are associated with the implant
acceptance and survival [4,8]. More rapid bone cell attachment onto the implant surface can
reduce bacterial colonisation and reduce risks for the rejection of the implant caused by infection
or inflamation [30]. However, the fabrication of these implants with reproducible, micro and
nanostructured features to control their physicochemical properties of the structures is

challenging.

In order to address the abovementioned challenges we have developed new Ti implants
with unique dual micro- and nano-topography composed of micro-particles and titania
nanotubes. The implants were prepared using simple, low cost and scalable technologies based
on 3D printing and electrochemical allows tailoring the implants with desired shapes (plates,
wires, screws etc) at macro scale and specific features on surface with micro to nano-scale (Fig.
1-3). Our results showed that 3 D printing technology is successfully used to fabricate Ti alloy
with unique topography composed of randomly arranged micro-particles on surface. These
micro-particles of various sizes (between 5 - 20 um) create a ‘peak and valley’ like surface
topography and the vacant spaces in-between them range from approximately 1 pm up to 100
pm. Importantly, the micro-particles were well bonded to the underlying surface. To create a
nano-scale surface with nano cavities (ITNTs) in combination with the micro-scale with spherical

topography, electrochemical anodisation technique was successfully used to generate nanotubes
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on these 3D printed Ti substrates. This represents a very cost effective and scalable methodology
that could be readily be integrated into the current implant market [4]. The anodisation of micro-
particles present on the Ti 3D implant resulted in fabrication of TNTs with cracks in the anodic
film, which occurs due to a volume expansion phenomenon of the metal-oxide on the metal
surface [4]. Previous studies have indicated that cells tend to elongate or stretch on nanotube
surfaces, due mainly to open pores in the TNTs and the inter-nanotube distances [11]. Also, the
presence of fluoride ions (from the anodisation electrolyte) in the TNTs may enhance bone cell
activity [12]. Tt is also noteworthy that TNTs have previously demonstrated efficacy for drug
loading and release, and that the presence of micro-scale cracks on the TNTs does not
compromise the mechanical stability of the implant [25-27]. These cracks can, however, be
managed by controlling the anodisation parameters [31]. In the current study, TNT 3D implants
showed cracks in the anodic film in the range of 0.5 to 3 wm, which varied even on the same
implant surface due to the presence of various sized micro-particles. The unique fabrication
technique imparts an extremely irregular implant topography and roughness in the scale between
50 nm and 100 pm, which is 3-dimensional due to the peak and valley-like architecture created

by presence of micro-particles.

It is well established that the first contact between cells and the biomaterial is decided by
its surface features (including topography, chemistry, surface energy etc.), which significantly
influences osteoblastic functions, such as attachment, adhesion and spreading [3]. This in turn
influences the ability of cells to proliferate and differentiate in contact with the implant. A lack
of osseointegration may lead to impaired bonding and implant loosening, which is one of the
most common causes of implant failure [4]. This issue is potentially more challenging in

conditions such as osteoporotic fractures, diabetic patients and other bone ailments [1-2]. Also, it
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has been reported that nano-scale roughness, particularly nano-tubular/porous morphologies,
promotes osseointegration in comparison to bare or micro-rough surfaces [7]. Our findings of
superior osteoblast adhesion to TNT Ti 3D and TNT Ti surfaces compared to the underivatised
Ti are consistent with previous studies indicating improved osseointegration imparted by TNTs
surfaces |32-34]. With this desirable surface topography enhanced bioactivity, and ability to load
drugs (proteins, antibiotics, anti-inflammatory drugs) by inside the TNTs, make these new
implant applicable to implant scenarios where, for example, faster bone healing or preventing

inflammation or bone infection is needed [4].

When bone cells come in contact with the implant surface they firstly attach and spread,
depending upon the orientation of the adsorbed molecules on the implant [3]. Other factors that
influence osteoblast activity include mechanical stimulation [3]. Morphological analysis of
attached cells on all Ti surfaces indicated an elongated fibroblastic appearance, similar to
osteoblastic cells cultured on tissue culture plastic (Fig. S3 and S4, Supporting Information) [20].
However, differences were observed between TNT 3D and TNT Ti samples, with respect to cell
shape, the degree of contact with the surface and contact guidance. Cells on TNT Ti 3D surfaces
showed many complex filopodia-like extensions and formed close contact with the various
surface features. For TNTs 3D, stress fibres, which are cytoskeletal responses to mechanical
stimulation, could also be seen, signifying the force-generating nature of the unique micro and
nano topography of Ti particles |[35]. Reports indicate that such stress fibres denote strong
adherence, which can contribute towards cell migration by creating the force required to release

the cell tail and move the rear forward [36-37].

The extracellular matrix (ECM), which consists of a variety of interacting molecular

assemblies, creates a local micro-environment nurturing for proper cellular functioning and
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anchorage [38]. Furthermore, attachment of osteoblasts to the ECM induces mechanical forces
and the cells respond to it by developing isometric tensions (resulting in stressed cell matrices),
which have been demonstrated to enhance cell proliferation in comparison to unstressed cells
[39]. This effect in turn influences cellular architecture and modulates gene expression [40].
Analysis of TNT 3D surfaces after long-term SaOS2 culture revealed extensive osteoblast
interactions via cytoplasmic protrusions and filopodial attachments to ECM (Fig. 8 and Fig 9).
This observation is in accord with studies showing that complex topographies in micro-scale
enable induction and regulation of specific integrin sub-units present on the osteoblast cell
surface [41]. On the other hand, cell-to-biomaterial interactions occur at the nano-scale, and the
nano-topography of the implant can modulate osteoblast morphology and differentiation state

[42].

Gene expression analysis revealed an early increase in the RANKL:OPG mRNA ratio in
Sa0S2 cells cultured on TNT 3D, driven by suppressed OPG expression, relative to the other
materials tested. This, however, did not increase further with long-term culture, whereas a
marked increase in the expression of this ratio occurred in the other samples. The ratio of
RANKL to OPG expression by the osteoblast/osteocyte determines its capacity to support bone
resorption [43]. It is now well accepted that bone resorbing osteoclasts also provide critical
signals that stimulate osteoblastic bone formation [44]. For this reason, it is likely that some
osteoclastic activity is desirable for osseointegration to occur. Monjo and colleagues
demonstrated a positive correlation between the osteoclastic reportion markers TRAP, calcitonin
receptor and H'-ATPase and pull-out strength in a rabbit osseointegration model [45].
Interestingly, many studies have shown that well-known osteoclast inhibitors, the

bisphosphonates, improve osseointegration [46]. However, some of this effect is likely due to an
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independent osteogenic effect of these agents and may not be due simply to inhibition of
osteoclast formation [47]. Indeed, in many instances inhibition of osteoclastogenesis may be
incomplete [48]. While the significance of changes in the RANKL:OPG mRNA ratio observed in
this study are not yet fully understood, it is plausible that a sustained and steady bone
remodelling response as seen in TNT 3D cultures is compatible with osseointegration in the face

of superior osteoblast adhesion and differentiation.

Of the numerous studies to date that have considered responses of osteoblasts to implant
materials, few have considered those of osteocytes, despite these cells being the predominant
bone cell type and being critical for controlling bone metabolism [49-50]. A recent study by Du
and colleagues demonstrated the close contact between Ti and osteocyte processes in a dental
implant model [S1]. The SaOS2 model used in this study is useful in this regard as it provides a
human-relevant osteoblast-osteocyte transition model |23]. The expression of the genes OCN,
SOST and DMP] are associated with osteocyte differentiation. In this study, early increases in
the levels of SOST and DMPI mRNA were observed on TNT 3D implants, suggestive of
enhanced osteocyte differentiation. The expression of SOST increased during the 21 day culture
period to a similar extent on all substrates, although to a significantly lesser extent on TNT Ti.
Likewise, DMP1 and OCN expression increased similarly on most substrates. Overall, these data
indicate the biocompatibility of Ti-based implants in being permissive of osteoblast
differentiation through to the mature osteocyte stage. It will be of interest in future studies to
examine the responsiveness of established osteocytes to drugs and other osteotropic compounds

deliverable by virtue of TNTs [4].

5. Conclusion
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The current study shows that a unique combination of micro-scale and nano-topography
achieved by electrochemical anodisation of 3D printed Ti implants provides an outstanding cell
adhesion substrate for human osteoblastic cells and promotes an osteogenic gene expression
profile. The 3D printed Ti alloy produced irregular micro-scale topography due to the presence
of micro-particles randomly arranged on a flat substrate. The titania nanotubes (TNTs) were
generated by anodisation process on 3-D printed Ti surface including micro-particle which
enabled additional ‘nano-topography’, while preserving the micro-particle arrangement. The
resultant implant surface with dual topography: micro-scale with 3D printed irregular micro-
spherical particles and nanoscale with titania nanotubes (stable, easy-to-tailor), was compared
with control Ti substrates (smooth, micro-rough, micro-particles and TNTs) for osteoblastic
functions. Enhanced bone cell function based on cellular adhesion and biocompatibility of the
TNTs 3D implant surfaces were observed. Furthermore, this approach allows printing of specific
implant geometries to meet custom surgical needs, coupled with the ability to load and locally-
release active therapeutics. We propose that such custom-printed TNTs 3D implants combined
with their drug-releasing capabilities and localized drug delivery can address multiple challenges

of bone implants.
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Figures and Figure Legends

(@ Micro scale

Nano scale

Fig. 1. Scheme showing fabrication of new TNT 3D printed Ti implants with unique micro-
(spherical micro-particles) and nano-topography (titania nanotubes) fabricated by a combined 3D

printing and anodisation process.
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Fig. 2. Surface characterisation of 3D printed Ti. (a-c) SEM images showing the top surface of
the Ti 3D with Ti micro spherical particles of varied diameters randomly covering the entire Ti

surface, and (d) size distribution chart of the Ti particles calculated from SEM images.
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Fig. 3. SEM images of anodised 3D printed Ti confirming the introduction of nano-scale
topography of oxide layer composed of titania nanotubes (TNTs) covering the surface of the Ti
particles and the underlying Ti surface. (a) top-view showing the preserved 3D printed micro-
particles on Ti surface covered with TNTs layer formed by anodization process, (b-d)
characteristic cracks inside nanotube layer on micro particles and (b,d) and underlying Ti surface
(b,c). These cracks are formed due radial growth on the curved surface, (e -h) well-ordered

TNTs structure formed on the both Ti underlying surface and Ti particles.
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Fig. 4. Osteoblast adhesion on TNT 3D printed Ti implants. (a) Crystal violet staining at 1 h,
representing osteoblast adhesion on various Ti surfaces. Data shown are means of triplicate
assays + standard deviation (SD). Significant differences to the level of adhesion on TNT 3D are
indicated by asterisks (p < 0.001). (b-c) Osteoblasts (coloured red) adherent (24 h) on nanotubes

fabricated on micro-rough 3D printed Ti (TNTs 3D). Scale bars represent 10 pm.
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Fig. 5. High magnification confocal microscopy images showing the spread and adhering
morphology of osteoblasts [Phalloidin (red, cytoskeleton) and DAPI (blue, nuclei) stained], on:

(a-b) TNTs fabricated on Ti 3D (TNT 3D), and (c-d) TNTs on flat Ti Foil (TNT Ti).
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Fig. 6. Gene expression of osteogenic and differentiation markers in SaOS2 cells cultured on
various Ti implant surfaces for 7 and 21 days. Real-time RT-PCR analysis was performed for a)
TNAP, b) OCN, ¢) DMPI and d) SOST mRNA relative to the expression of /8S rRNA in each
sample. Data shown are means of experimental triplicates + standard deviation (SD). Significant
differences to the level of gene expression on TNT 3D on day 7 are indicated by a (p < 0.05).
Significant differences to the level of gene expression on TNT 3D on day 21 are indicated by b

(p <0.05).
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Fig. 7. Expression of bone resorption related genes in SaOS2 cells cultured on various Ti implant
surfaces for 7 and 21 days. Real-time RT-PCR analysis was performed for a) RANKL and b)
OPG relative to the expression of /85 rRNA in each sample, and the ratio of RANKL:OPG
mRNA was then calculated (c¢). Data shown are means of experimental triplicates = standard
deviation (SD). Significant differences to the level of gene expression on TNT 3D on day 7 are
indicated by a (p < 0.05). Significant differences to the level of gene expression on TNT 3D on

day 21 are indicated by b (p < 0.05).
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Fig. 8. SEM analysis showing SaOS2 cell attachment (red) on TNT 3D implants after 7 day
incubation. Cells can be seen firmly attached on the TNT 3D implant surfaces and inside the

cracks, which arise during anodisation of the curved surfaces.
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Fig. 9. SaOS2 cells cultured on TNT 3D implants for 21 days confirm mineralisation and ECM
matrix deposition. (a-c) SEM images showing cell attachment and mineralized matrix deposition,

and (d) EDS analysis revealing the presence of Ca and P on the TNT 3D surface.
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Fig. S1. Controlling the surface features of the anodised TNT 3D printed Ti implants by
varying the time of anodisation. (a-d) SEM images showing the fabricated TNTs on 3D Ti at
different times: 10, 20, 40 and 60 min, each resulting in increased TNT diameter wider cracks
on the Ti spheres. (e) Plot showing the various diameters corresponding with the time of

anodisation. All scales represent 10 pum.
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Fig. S2. SEM images showing the top-view of various Ti implants used to study bone cell
adhesion, attachment and gene-expression. (a-b) TNT 3D, (c) Ti 3D, (d) Ti Rough, (e) Ti
Polish, and (f) TNT Ti.
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Ti Rough Ti Polish

Fig. S3. Confocal microscopy images showing spread of osteoblasts after 24 hrs of culturing
on various Ti surfaces: (a) TNT 3D, (b) TNT 3D image enhanced to show underlying Ti
spheres, (c¢) Ti 3D, (d) Ti Rough, (e) Ti Polish, and (f) TNT Ti. Phalloidin (red, cytoskeleton)
and DAPI (blue, nuclei) stains show the clear spreading and morphological features of the
adhered cells. Interconnections between cells and presence of stress fibers are also evident.

All scale bars represent 50 pm.
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Fig. S4. NHBCs adhesion on the various implants surfaces after culturing for 24 hrs. (a) Ti
3D, (b) Rough Ti, (c¢) Polish Ti and (d) TNT Ti.
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Fig. S5. SaOS2 adhesion and ECM formation on the various implants surfaces after culturing
for 7 day and 21 day. (a-b) Ti 3D, (c-d) Rough Ti, (e-f) Polish Ti and (g-h) TNT Ti.
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9.1 Conclusions

The work described in this thesis sought to advance titania nanotube technology towards
enabling novel titanium bone implant solutions catering to complex bone therapeutic needs.
Initially, in-depth knowledge of the electrochemical anodization (EA) technique to fabricate
titania nanotubes (TNTSs), and the need of localised drug delivery and modulation of cellular
responses in traumatized bone conditions, permitted design of novel implant designs that can
improve current implant technology and cater to a wide range of bone conditions. By
optimizing EA conditions, the TNT bone implant technology was advanced by: generating
periodically tailored nanotube structures, stable TNTs on complex Ti substrates such as Ti
wires and unique architecture with TNTs on micro-rough 3D printed Ti alloys with dual
micro-/nano-topography. These stable and easy-to-tailor TNTs/Ti implants were tested to
achieve improved drug loading and controlled therapeutic release, optimized local therapeutic
action, enhanced bone cell function: adhesion/attachment and gene expression, and ultimately
release inside the bone microenvironment ex-vivo. Furthermore, additional functionalities
were imparted to TNTs/Ti implants by virtue of conversion of titania (TiO,) into Ti
(preserving nanotube structures) and investigating chitosan degradation on TNTs into micro-
tubular structures in phosphate buffer. These led to novel implant concepts: electrically
conducting drug releasing implants and in-situ generation of chitosan micro-tubes on TNTs
structures, which open new possibilities for future research. Moreover, the fabrication and
modification strategies employed in the abovementioned investigations represent easy, cost-
effective and tailorable technologies, which can be integrated into the current implant market
and also can address a wide range of bone traumas including: bone cancers, infections,
osteoporotic fractures etc. The following summarizes the specific conclusions from the major

investigations carried out as a part of this PhD thesis.
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9.1.1. Periodically Tailored Titania Nanotubes for Enhanced Drug

Loading and Releasing Performances

To advance the drug loading and releasing abilities of the titania nanotube implants, periodic-
tailoring of the nanotube structures was performed. The following points summarize the
conclusions drawn from this study:

1. Periodic oscillation of the voltage signal during the anodization process resulted in
formation of periodic segments (P-TNTSs) in the otherwise straight nanotubes. Alteration
in voltage during the anodization process corresponded to the pore-size during the growth
of the TNTs, which can be further tailored to design various TNT structures. A linear
increase of voltage from 60 to 100 V and a sudden drop from 100 to 60 V reduced the
outer diameter of the nanotubes from ~ 175 nm to ~ 130 nm for each oscillation.

2. Hydrophobic anti-inflammatory drug, indomethacin, routinely prescribed for
pain/inflammation associated with bone implants and osteoporotic fractures, was loaded
in P-TNTs and TNTs (with similar lengths/open-pore diameters) and its release kinetics
into PBS in-vitro was monitored. For P-TNTs, a higher drug loading capacity (1 9 %),
reduced initial burst release (| 35%), and delayed overall release (T >300%) was
confirmed, with the possibility to tune loading/release to match specific therapeutic needs.

3. Further modifying the anodization profile by introducing rectangular voltage signals with
high voltage differences (cycles of constant 100 V for 5 m and sudden drop to 20 V for 1
m), permitted huge differences in the growth rates of nanotubes and thereby generation of
‘weak’ spots in the nanotube arrays. Upon sonication for small intervals, the P-TNTs
could be broken at these structural defects or weak points, into smaller nanotube
fragments and single nanotubes. These loose TNTs fragments or bundles could be used as

therapeutic vehicles for targeted or localized therapies.
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9.1.2. Optimizing Anodization Conditions for the Growth of

Titania Nanotubes on Curved Surfaces

To enable easy integration of the TNTs technology into the current implant market, which

involves implants in different shapes/geometries such as: pins, screws, plates, meshes, etc.,

optimization of the anodization parameters was performed to achieve fabrication of well-
ordered and stable TNTs on complex substrate geometry of Ti wire. The following points
summarize the conclusions drawn from this study:

1. Anodization electrolyte was aged by anodizing dummy titanium foil in a moisture-
controlled electrochemical cell, and various ages of the electrolyte (1% v/v water, 0.3 %
w/v NH4F in ethylene glycol), including fresh (no ageing performed) to > 30 h aged, were
systematically studied. To identify key changes that occur in the electrolyte when ageing
of anodization electrolyte is performed, reduction in conductivity and increase in Ti ion
concentration of the electrolyte with ageing was linked with the stability of the anodic
film on Ti wires. Briefly, appropriately aged electrolyte (~ 10 hr aged) resulted in stable
anodic films on Ti wires, as compared to fresh/unused electrolyte, which yielded anodic
films with severe cracks that cause delamination.

2. Alternate anodization parameters, including water content of the electrolyte, anodization
voltage and time, and substrate dimensions, were also studied towards obtaining
optimized anodization conditions (~ 1% v/v water, 75 V, 10-40 m, for reduced cracks:
0.80 mm Ti wire), that yield stable/well-adherent anodic films with high-quality TNTSs.

3. Finally, this chapter enables fabrication of highly ordered TNTs that are well-adherent
onto the underlying curved surface of the Ti substrate, which can improve integration of

TNT technology into various medical implants.
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9.1.3. Titania Nanotube (TNT) Implants Loaded with Parathyroid
Hormone (PTH) for Potential Localized Therapy of Osteoporotic

Fractures

To enable maximized therapeutic effect locally inside the bone micro-environment, this

chapter shows the potential of TNTs/Ti wire for addressing challenges associated with

conventional treatments for complex bone ailments such as osteoporotic (OP) fractures. The
following points summarize the conclusions drawn from this study:

1. Based on optimized anodization procedures, stable TNTs were fabricated on Ti wires and
were used as a platform to demonstrate the therapeutic effect of the OP drug, parathyroid
hormone (PTH), and indomethacin, used for skeletal inflammatory conditions.

2. By tuning the electrochemical anodization parameters (for instance time of anodization),
the dimensions of TNTs could easily be tailored, which in turn allowed loading of various
amounts of active therapeutics inside them. Substantial drug loading and delayed release
Kinetics, upon coating of chitosan onto drug loaded TNTs/Ti wires, was demonstrated.

3. TNTs/Ti wires pre-loaded with PTH were inserted inside 3D collagen gel containing
human osteoblast-like SaOS2 cells. Gene expression studies revealed suppression of
SOST and upregulation of RANKL, which confirmed the effect of localised 3D elution of
potent OP therapeutic on the cells.

4. Bone cell spread morphology on the TNTs/Ti wires removed from the collagen gel,
demonstrated cellular migration and firm attachment, and the presence of cracks in the
anodic film did not interfere with the cellular functions.

5. TNT/Ti wire implants were inserted into bovine trabecular bone cores ex-vivo, and the
surface morphology examination upon retrieval established the mechanical stability of
TNTs on Ti wires, which is crucial for load-bearing conditions such as implantation
procedures and fracture-fixation.

221



CHAPTER 9: Conclusions and Recommendations for Future Works

9.1.4. In-Situ Transformation of Chitosan Films into Microtubular

Structures: A New Bio-Interface for Bone Implants

This chapter focused on determining the fate of chitosan coatings on TNT/Ti implants, which
is usually employed to advance drug releasing/bone-forming/anti-bacterial properties, in the
presence of phosphate buffer saline (PBS). It also reports and explains the self-degradation of
such modifications into micro-tubular architecture on TNTs in-situ in PBS maintained at pH

7.4. The following points summarize the conclusions drawn from this study:

1. TNTs fabricated on Ti wires by electrochemical anodization, were modified by dip-
coating chitosan, and the SEM results confirmed even coating of the open pores of TNTs
with chitosan. This was followed by immersion in PBS (maintained at 25 °C and pH 7.4)
to determine the degradation of the chitosan film.

2. Phosphate buffered saline-induced gelation/precipitation of chitosan film on TNTs and
their reformation into micro-tubular structures (chitosan micro-tubes/CMTSs) was reported,
thereby generating a micro-rough surface onto nano-tubular TNTSs.

3. Various contributing parameters, including the role of substrate surface topography,
immersion solution and pH, chitosan coating thickness and the time of immersion, were
investigated to determine the possible mechanism for the self-formation of CMTs on
TNTs.

4. The results indicated that CMTs form on TNTs/Ti wires when the chitosan dip-coated
implants were immersed in PBS (pH 7.4) for a minimum of 3 weeks.

5. This study showing formation of micro-tubular architecture composed of chitosan on
titania nanotubes, generating dual micro-/nano-features, has considerable potential for the

fabrication of advanced bone-therapeutic implants.
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9.1.5. Chemical Reduction of Titania (TiO,) into Conductive
Titanium (Ti) Nanotubes Arrays for Combined Drug-Delivery

and Electrical Stimulation Therapy

This chapter highlighted the magnesiothermic conversion of TiO, NTs (or TNTSs) into
titanium while preserving the nanotubular morphology, in an attempt to impart unique
properties such as electrically-conducting and drug releasing implants. The following points
summarize the conclusions drawn from this study:

1. TNTs fabricated on Ti wires were reduced at high temperatures (650 °C) in the
presence of magnesium, to enable conversion of TiO, into Ti. SEM imaging and
EDXS analysis of the implants before and after magnesiothermic conversion revealed
successful conversion of TiO, into Ti, while maintaining the nanotube morphology.

2. XRD (x-ray diffraction) and EDXS of the resultant Ti nanotubes (Ti NTs) also
confirmed strong signals for presence of Ti (and reduced TiO;) and also incorporation
of magnesium oxides. Conductivity measurements of TNTs and Ti NTs established
the electrically conducting nature of the modified implant (Ti NTs), which was
proposed for electrical stimulation therapy (EST) to enable quicker fracture healing
rates.

3. Furthermore, Ti NTs were loaded with Rhodamine B dye to showcase substantial drug
loading and local-releasing features of the modified implant. In-vitro release was
performed in PBS, and at pre-determined time intervals voltage was applied to the
implant (as a cathode, 10 V for 1min x 3 cycles) to investigate the effect of electric
field on the drug releasing behavior. The results confirmed that the release kinetics
was not affected when voltage was applied. Ti NTs/Ti wires were proposed as

simultaneous EST and drug releasing implants.
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9.1.6. 3D Printed Titanium Implants with Combined Micro
Particles and Nanotube Topography Promote Interaction with

Human Osteoblasts and Osteocyte-Like Cells

This chapter reported the fabrication of unique Ti alloy bone implants by combining 3D
printing technology with electrochemical anodization, to create novel micro/nano-rough
implants that promote bone cell function. The following points summarize the conclusions
drawn from this study:

1. Using 3D printing, Ti alloy (Ti6Al4V) implants were fabricated with micro-topography
(Ti 3D), whereby spherical Ti alloy micro-particles (diameter 5-20 um) were randomly
arranged on the underlying flat substrate. The inter-particle distance ranged from 1-100
pm, with the surface of the implant creating micro-scale ‘peak and valley’ architecture.

2. Anodization was performed on Ti 3D implants to fabricate nanotubes (TNTs 3D), while
preserving the micro-scale features. Bone cell functions were compared between TNT 3D
(nanotubes on 3D micro-rough), Ti 3D (3D micro-rough), Ti Rough (micro-rough, flat
Ti), Ti Polish (mechanically polished, smooth flat Ti), and TNTs Ti (TNTs on flat
polished Ti).

3. Cell adhesion studies with human osteoblast-like cells (NHBC) revealed maximum cell
attachment in 1h to TNT 3D implants, as compared to other implant surfaces. SEM and
Confocal imaging of the cell spreading on TNT 3D surfaces confirmed firm attachment
with clear evidence of stress-fibres, possibly due to mechanical stimulation by 3D
micro/nano-rough topography.

4. Gene expression studies of human osteoblast-like SaOS2 cells cultured on these implant
surfaces, for short- (7 day) and long-term (21 day), revealed a profile consistent with

effective osseointegration and promotion of cellular function.
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9.2. Recommendations for Future work

The investigations and the results presented in this thesis advance the knowledge of TNT
technology for bone implant therapeutic applications. Future studies aimed at confirming the
findings of these investigations in animal models in vivo can significantly contribute towards
integrating TNTSs into the current bone implant market. The following points outline possible
future directions in the field of TNTs as bone therapeutic implants:

1. Although numerous claims have been made for the mechanical robustness of nano-
engineering strategies for modifying titanium bone implants, mechanical testing,
especially for long-term in vivo placement (> 6 months) is required to prove the
applicability of such approaches. This will also ascertain if there are any nanoparticulates
or toxic ions leaching from the implant surface, which might compromise bone cell
functions and impair bone healing.

2. While ex vivo bone systems such as Zetos'™ permit studying the spread of therapeutic
payloads from the surface of modified implants directly inside the bone micro-
environment, future studies aimed at investigating the optimum therapeutic requirements
directly inside the traumatized tissue are required. Moreover, studying the role of
stress/strain on bone implants using Zetos™, mimicking the forces experienced by
movement or body weight, will provide real insight towards designing the next generation
of bone implants, ensuring their success in load-bearing conditions.

3. Long-term anti-bacterial efficacy of antibiotic incorporated implants is also important,
especially in the in vivo setting, catering to re-triggered bacterial infection, development
of antibiotic resistance and biofilm formation. While current TNT technology aims at
delaying release to 6-8 weeks, more advancement is desired to maintain anti-bacterial
effect for the life time of the implant or until successful osseointegration has been
established. Moreover anti-bacterial modification of implants should not in any way

impair the normal bone cell functions.
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4.

It will be important to apply biopolymers with dual functionalities, for example chitosan
with bone forming and anti-bacterial functions to TNTs/Ti implant technology, with a
thorough understanding of biopolymer consumption and cellular functions, at the implant-
bone interface in animal models in-vivo. Inclusion of poly-electrolyte complexes with
added therapeutics can further delay the release kinetics so that a long-term therapeutic
effect can be achieved.

Designing novel ex vivo models to study diffusion of therapeutics directly inside the bone
from nano-engineered implants. While currently available systems include tumor
spheroids, 3D matrigel/collagen matrices, etc., they do not match the complexity of a
traumatized bone micro-environment. The Zetos'™ bone reactor system is well established
and animal studies is another alternative, however these strategies represent costly and
cumbersome procedures. An alternative 3D ex vivo model, in which real bone is
mimicked in porous architecture, bone marrow and cells, could advance the initial in-

depth testing of new therapeutic implants prior to proceeding into animal studies in vivo.
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Abstract

Local drug delivery from the surface of bone implants has been recognized as a promising
solution that bypasses the need of systemic drug administration. However with complex
conditions such as deep bone infections, osteoporotic fractures and osteosarcoma, there is
need of extensive therapeutic action directly inside the bone microenvironment. In this study
we present nano-engineered Ti wire implants with titania (TiO,) nanotubes (TNTSs), as
minimally invasive therapeutic implants with ability to release potent drugs directly inside the
traumatized bone tissue. Electrochemical anodisation was performed on tiny Ti wires
(diameter 0.80 mm and length 10 mm) to uniformly fabricate TNTs all over the surface area
of the wire, followed by loading of fluorescent dye, and placement inside bovine trabecular
bone core ex-vivo using Zetos™ perfusion system. To advance the study and closely relate
with real traumatized tissue, three bone cores were considered: marrow removed, with
marrow, and with marrow and anticoagulant. Release of dye inside the bone cores was
monitored using fluorescence imaging, and revealed different patterns/release rates based on
type of bone core studied. Furthermore scanning electron microscopy (SEM) of the implants
after retrieval from bone cores confirmed integration of the implant with the bone tissue, and
survival of the nanotubular topography. Additional histology investigations showed the
presence of viable osteocyte along the implantation area. This study advances the TNTs
technology towards in-bone therapeutics and aids in design of customized implants with

predictable release kinetics inside the bone micro-environment.
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1. INTRODUCTION

Treating bone diseases, such as osteomyelitis, inflammation or cancer, using systemic therapy remains
the common approach." However, the success of such therapies appears to be limited, mainly due to
limited drug distribution in bone, the lack of selectivity, and the inability to maintain an optimum drug
concentration at the target site for prolonged duration. To overcome these limitations local delivery
has been recognized as an alternative approach, offering sustained drug release, a continuous high
local drug concentration and reduced systemic drug levels, minimizing potential ‘off-target’ effects.?™
Numerous bone implants and bone substitutes such as acrylic polymer, poly(lactic-co-glycolic acid),
collagen, hyaluronan, chitosan, fibrin, silk, hydroxyapatite, ceramics and calcium phosphate cements,
in different forms such as membranes, granules, hydrogels, matrices and sponges, have been explored
as local drug delivery carriers.>® However, many of these materials, even accepted for clinical
use, have several disadvantages which limits their broader applications. These include a lack
of mechanical support, rigidity and a large variation of porosity, causing undesirable initial burst drug
release and uncontrollable and un-reproducible release kinetics. To address these limitations new
nano-engineered materials as bone implants, with controllable pore size, porosity, and tunable surface
functionality have been explored in recent years.*'° The expectations of these new materials are that
they exhibit improved bioactivity, favor tissue regeneration and bone integration, provide sustained
and controlled drug delivery ability and surgically less-invasive implantation. Titania nanotubes
(TNTs) generated on titanium (Ti) surfaces have emerged as a promising drug-releasing material to
have these requirements, with many valuable features, including high surface area, controllable pore
dimensions, mechanical rigidity, biocompatibility and excellent integration particularly with bone
tissue."* ™ In this regard, extensive research has been performed in recent years to demonstrate
their biocompatibility with bone cells, ability to act as drug releasing therapeutic implants and delivery
of variety of drugs for bone therapy including antibiotics, anti-inflammatory, anticancer and growth
factors.' Several approaches to control drug release from TNTs including sustained drug release over
several months, sequential, multi-drug and externally triggered drug release were developed by our

group showing TNT drug releasing implants as attractive devices for clinical applications.'®™
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However, most of the existing studies on TNTs were performed on planar Ti substrates which appear
to be inconvenient for insertion into bone and require a large surgical intervention. Therefore,
development of an effective delivery device, with a minimally invasive strategy, is important to ensure
effective local treatment for bone disease. In the search for a suitable alternative, our group has
developed small, Ti based nanoengineered wire implants with TNTs on the curved surfaces, which can
be conveniently inserted into bone.®** Importantly, the payload from these implants is expected
to be released in a three-dimensional (3-D) fashion, ensuring maximal exposure of the
surrounding bone and bone marrow.

In our previous study, it was revealed that TNT-Ti wire implants could release the drug
payload in a marrow-less bone model and their release could be monitored using an in situ
fluorescence imaging technique.? This study indicated that the multi-directional distribution
of drug within the porous architecture of bone is possible. However the marrow-less bone
model does not present the real bone environment to confirm drug delivery distribution inside
the bone relevant to in vivo conditions. Drug delivery and its distribution into bone depends
on the presence of bone marrow, which has a high fat content and occupies the large pore spaces of
the complex porous architecture of cancellous bone.*?** Presence of marrow will have obvious
impact on the drug distribution in bone and will determine whether adequate drug
concentration can be achieved at the sites of disease. The drug distribution, release behavior
and stability of wire implants within the bone marrow environment has not been explored
previously and it is essential to perform this study before considering in vivo and clinical

studies of these implants.
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Figure 1. Scheme showing the fabrication of TNT-Ti wire implants and the ex-vivo bone perfusion studies. a)
TNT-Ti wire implant fabrication, b) cross section with formed nanotubes and drug loading, c-d) needle puncture
approach for insertion of the drug-loaded TNT-Ti wire implants into bone marrow explants, e) insertion in Zetos

chamber, and f-g) monitoring of ex vivo drug release inside the bone.

Therefore, the aim of this study was to examine the ex vivo performance of drug-loaded TNT-Ti
implants in trabecular bone containing bone marrow, with respect to drug release behavior, and

implant stability and interaction. An overall scheme of proposed study is outlined in Figure 1. We

2824 \with bone

proposed to established the ex vivo experiments using the Zetos bone bioreactor
inserted with TNT-Ti wire implants loaded with model drug. This work was specifically focused to
explore impact of bone marrow on drug release compared with marrow-less bone. The addition of
anticoagulant heparin used to inhibit blood coagulation was also explored to investigate the influence
in drug distribution in bone marrow. The implants taken out of bone after study were examined to

determine stability and integrity of TNTs structures, bone materials adhesion on their surface and

histology of bone being in contact with implants.
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2. EXPERIMENTAL SECTION

2.1. Materials

Ti (99.99 %) wires (diameter 0.8 mm) were supplied by Nilaco (Japan). Ethylene glycol, lactic acid,
acetone, ammonium fluoride, rhodamine B (C,H.C/N.O, 97 %), and heparin were obtained from
Sigma-Aldrich Pty Ltd (St Louis, MO, USA) and used without further purification. High-purity ultra-
grade Milli-Q-water (18.2 MQcm resistivity) (EMD Millipore Corporation, Billerica, MA) with

additional filtration (0.22 um) was used for the preparation of all reagents.

2.2. Nanofabrication of TNT-Ti wire implants

Ti wires were mechanically polished using commercially available sand paper, cleaned by sonication
for 30 min each in water and acetone and then air-dried. Electrochemical polishing of mechanically
cleaned wires was performed by a mixture of perchloric acid, butanol and ethanol (v/v, 1:9:6) at a
constant voltage of 20 V for 3 min in a custom-built cell consisting of stainless steel wire as a counter
electrode to obtain wires with a smooth surface. The wires were then rinsed with water, air-dried and
partially protected with a pipette tip to expose only 9 mm length for electrochemical anodization,
using methods described elsewhere with modification.® In brief, a single step anodization was
performed using a mixture of 1.5 M lactic acid, 0.1 M ammonium fluoride, ethylene glycol and 2.5 %
water maintained at 60 °C and a constant voltage of 60 V with a microprocessor-controlled power
supply (Agilent) using a specially designed cell containing a Ti cathode. After 20 minutes of
anodization, Ti wire with a TNT surface layer was removed from the cell, cut into 1 ¢cm lengths,

cleaned with water and air-dried for future use.

2.3. Structural Characterization

Prepared TNT-Ti samples were examined by light microscopy. Structural characterization of the TNT-
Ti wires before drug loading and post-experimentally was carried out using a field emission scanning
electron microscope (SEM) (Quanta 450, Eindhoven, The Netherlands), equipped with energy

dispersive X-ray spectroscopy (EDS) employed for surface composition analysis. To the sample
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surfaces were mounted on a SEM sample holder using double-sided conductive tape, and coated with
a 3-5 nm thick layer of platinum. Images, with a range of scan sizes at normal incidence and at a 30°
angle, were acquired from the top and bottom surfaces, and cross-sections and EDS spectra were

collected from different areas of interest.

2.4 Drug loading and in vitro drug release

Rhodamine B (RB) as a model drug was dissolved in water (50 mg/mL) and loaded into the anodized
TNT-Ti implants using a technique described elsewhere.'® In brief, implants were fully immersed in
the RB solution in a glass vial, sonicated for 5 min and then allowed to soak for 2 h with gentle
shaking every 30 min to promote drug loading. The implants were then dried in air and kept under
vacuum for 2 h, followed by gently removing any excess drug from the wire surfaces using a soft
tissue wetted with phosphate buffered saline (PBS; pH 7.4). The implants were sterilized using low-
temperature hydrogen peroxide gas plasma (Sterrade 100NX™ System, Advanced Sterilization
Products, Irvine, CA, USA). For in vitro drug-release study the RB-loaded TNT-Ti wires were
immersed in 5 mL of PBS (pH 7.4) at room temperature using a procedure described previously.”
Briefly, aliquots of buffer solution were analyzed every 30 min up to the first 6 h and then every 24 h
until drug is completely released from implants (13 days). The aliquots were measured for absorbance

at 551, using a UV spectrophotometer following previously described procedure.?

2.5. Ex vivo study in a bone bioreactor

Preparation of bovine trabecular bone cores: Three types of bone samples, bone core with marrow
(type 1), heparin (30 unit/mL, 1 mg equivalent to 180 USP units) treated bone core with marrow (type
2) and bone core without marrow (type 3), were prepared from the sternum of a freshly slaughtered
13-month-old steer. Prior to processing, collected sternums were harvested and kept in cold sterile
saline (0.85 %) to prepare type 1 and 3 and in a heparin mixed cold sterile saline (0.85 %) to prepare
type 2 bone cores. Bone processing was conducted using sterile apparatus and equipment. In general,

soft tissues and cartilage were removed from the sternum, which was then manually cut into sagittal
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sections using a surgical saw and prepared sections were transferred into prewash medium, consisting
of high-glucose Dulbecco’s Modified Eagle Medium (Life Technologies Corporation, Carlsbad, CA,
USA), with 20 mM of 4-(2-hydroxyethyl)-piperazineethanesulfonic acid, 2.4 mg/mL benzylpenicillin,
3.2 mg/mL gentamicin sulfate, and 4 pg/mL amphotericin B. Bone cylinders of 10 mm diameter from
the prewashed bone sections were prepared using an industrial drilling machine (Model G0517
Mill/Drill, Grizzly Industrial Inc, Muncy, PA, USA) and a custom-made diamond drill bit immersed in
cold sterile saline (0.85%) or heparin mixed sterile saline (0.85%) in a custom polyoxymethylene
drilling jig to prevent desiccation and/or thermal necrosis. Finally, the bone cylinders were mounted
onto another custom-made platform and milled to 5 mm thickness using a 10 mm diameter tungsten
carbide bit, again keeping the bone pieces immersed in cold sterile saline solution. The resulting types
1 and 2 bone cores consisted of uniform trabecular bone filled with marrow and without any visible
cartilage. However, type 3 bone cores were prepared by removing marrow under pressure from type 1
bone cores using a dental water jet (WP-450A; Water Pik, Inc, Fort Collins, CO, USA). All bone cores
were stored in separate prewash medium at 4°C prior to use for ex vivo study.

Ex vivo drug release in trabecular bone: Three bone cores of each type (1, 2 and 3) were used in this
study. A hole was drilled through the middle of each bone core using a sterilized surgical grade
stainless steel sharp 1.1 mm diameter pin Kirschner wire, and then RB loaded TNT-Ti implants were
carefully inserted into the hole prior to placing the bone into secured custom-made bone culture
chambers, aligning the implant with the perfusion inlet. Bone culture chambers were then connected to
a multi-channel perfusion pump at 37°C and the appropriate culture medium was perfused through the
bone samples at a constant rate of 7 ml/h (Figure 4). The perfused media were replaced every three
days throughout the experiment. To measure the concentration of RB released from the TNT-Ti wires
as fluorescence intensity, which directly corresponds to the concentration, an image of each entire
bone core was captured at 1, 2, 4, 6 h and then every 24 h up to 264 h (11 days) using an in vivo
imaging system (Xenogen IVIS 100, Caliper Life Sciences, Hopkinton, MA, USA). The fluorescence
imaging mode was set at 5 sec exposure time, medium-size binning, open emission filter and 25 cm

view field, with 2x2 (width by height) pixel count and a subject area of 0.76 cm?. The captured images
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were finally processed using a Living Image® (version 2.50.1) software to derive fluorescence

intensity data representing the concentration of released RB.

2.6. Evaluation of stability and integration of TNT-Ti implants into bone

At the end of the ex vivo study, bone cores with inserted TNT-Ti implants were carefully removed
from the perfusion chamber and immersed into 20 mL of fixation solution (1.4% wl/v
paraformaldehyde) at room temperature for 24 h to preserve morphological details. Samples were then
placed in a slow decalcifying solution (10 % EDTA, 5%paraformaldehyde and 50% PBS, (v/v), pH 8)
for 3 days before transferring into fast decalcifying media (5 % EDTA, 9.5 %HNO; (v/v)) for 24 h.
The samples were placed on photographic film (AGFA Structurix D4 film) and exposed to 35 kV for
2% min in a Faxitron 804 (Faxitron Company, lllinois, USA) to confirm decalcification. The soft bone
core samples were then carefully cross-sectioned for two samples, 1) one with visible implant inserted
into bone and 2) with clear groove caused by circular implant surface. Sample 1 was treated using
ethanol to prepare for SEM (discussed in section 2.2) to observe any morphological damage on the
implant surface due to insertion, any organic deposition and bone implant contact, while sample 2 was
used to prepare for histological study. For histological analysis, the decalcified samples were
embedded into paraffin wax, cut into sections of 5 pM thickness using a microtome (Leica
microsystems, Germany) and collected on silane-coated slides. The sections were dewaxed using
histolene, hydrated using ethanol and water, and stained using haematoxylin for nuclear staining
before washing in tap water, blueing using 5% ammonia water and differentiating using 1% HCI. The
slides were again washed, counterstained using eosin, dehydrated using ethanol and cleared using
histolene, before finally mounting in permanent mounting media. The prepared slides were then
observed for osteocytes or other cells adjacent to the implant position or along the edge of the drill

hole used for the TNT-Ti wire insertion using a Leica microscope (Olympus).
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2.7. Statistical analysis
Student t-test (two-tailed) and two-way analysis of variance, followed by Tukey’s multiple
comparison test, were used to analyze ex vivo drug release data. A value for p< 0.05 and =~ p< 0.001

were considered significant in each case.

3. RESULTS AND DISCUSSION

3.1 Characterization of TNT-Ti wire implants

To fabricate TNT-Ti wire implants, an anodization process using lactic acid at 60 °C was adopted and
compared with previous work where different electrolyte and two-step process was used.”®?? Unlike
previously published methods a single step technique enabled use of low voltage current (60 V) and a
short period of time (20 min) to prepare about 15-20 um thick layer of nanotubes around a 0.8 mm
thick Ti wire. Our results showed that the anodization of wire requires different optimization
conditions as compared to planar Ti surfaces. A series of SEM images of prepared TNT structures are
presented in Figure 2. Digital photos of the prepared wire implants showed a characteristic golden
brown colour with smooth surface texture and a stable oxide layer, deemed suitable for handling
(Figure 2a, inset). A low-resolution SEM image confirmed the growth of a TNT layer around the
curved surface of 0.9 cm length at the 1 cm long Ti wire. TNT layers exhibit small vertical cracks
(0.5-1 um wide) across the entire wire (Figure 2a). These cracks were also observed in our previous
work™ 2 and they are usually caused by the radial growth of TNTSs across the wire length. However,
these cracks were shown do not compromise the adherence and stability of the TNTs and provide
additional microstructure which is known to be beneficial for bone cell adhesion. TNT layers prepared
by this method compared with TNTs prepared by anodization using only ethylene glycol electrolyte
appear to be smoother and have smaller cracks."*® High-resolution SEM images of the top, cross-
section, and bottom surface of the showed a densely packed 17+2 pum thick layer of uniform and

vertically aligned nanotubes of 70£5 nm diameters (Figure 2c).
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Figure 2. Structural morphology of TNT-Ti wire implants. SEM images of a) prepared TNT-Ti wire implants,

"
|-

with an inset digital image of the whole implant, b) a cross-sectional view showing TNT length or thickness, c)
the top surface showing the nanotube opening and d) bottom surface showing closed end of the nanotubes taken

by removing TNT layer from wire.

It is interesting that TNTs have more porous than tubular morphology usually obtained using other
electrolytes (Figure 2c). The growth rate of 850 nm/min confirmed reasonable fast production time of
only 20 minutes to make implants of 17-19 um thickness, which can be extended if fabrication TNTs
with longer thickness is required. The SEM image of bottom surface shows a uniformly closed bottom
of TNTs across the entire structure (Figure 2d). These results demonstrate that the applied method
with lactic acid as electrolyte is an excellent method for fast and reproducible preparation of TNT-Ti
wire implants with robust TNT layers. Therefore the method potentially can be translated for scalable
production of implants based on conventional Ti implants in the form of screws, plates and prostheses,

currently used in clinical practice.

3.2 Drug loading and in vitro drug release from TNT-Ti implants
Drug loading and in vitro drug release of the drug loaded implant is presented in Table 1 and Figure 3.

The results show that TNT-Ti wire implants with 70 + 5 nm diameter and 17 £2 pm layer thickness
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were able to load 25.6 £1.5 pg of drug after 2 h of immersion into the RB solution. However it should
be noted that drug loading if required can be increased by increasing the pore diameters, thickness of
TNTSs, time of loading and surface chemistry.***> We have already shown in our previous study that
drug loading can be significantly increased to >300 pug on TNT-Ti wire implants with increasing
diameters (140 nm) and thickness and 50 pm.? Thus, these TNT-Ti implants could be customized to
meet specific requirements for implantable drug delivery in bone, depending on the required dosage,
properties of drugs, and proposed bone therapy.

Table 1. Summary of drug loading and in vitro release from TNT-Ti wire implants

Nanotube Nanotube Drug loading Drug Cumulative ~ Cumulative

length diameter (1g) loading burst release release in

(um) (nm) capacity in 6 h (%) 13-14 days
(ug/mm?) (%)

1742 70+5 25.6+1.5 2.9+0.8 37.314.3 100 +0.7

A biphasic drug-release pattern was observed with in vitro release study, the first phase showing an
initial burst release in the first 24 h, followed by the second phase of slow release of the remaining
drug (Figure 3). The initial burst denoted by the straight portion of the curve, showed a release of
about 37.5 % in first 6 h and 65 % by 24 h in buffer solution, could be regarded as a first-order release.
This indicates that initial burst release could be reduced by using a small (70 nm) tube diameter when
considering that our previous study showed an initial 65 % release of the same drug in 6 h with 140
nm diameter tubes, although with different dimensions and drug loading.? This initial fast release
could be attributed to the fast diffusion of the drug molecules physisorbed on the top and upper parts

of the TNTSs.
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Figure 3. In vitro drug release of RB from TNT-Ti wire implants into PBS (pH 7.4). Graph indicating
cumulative percentage (%) and amount released over 13 days, with an inset graph showing the first 6 h release

(burst release). Data represent mean + SD, n=3.

Within the second phase of cumulative release, the implants showed two phases, first a slow
increasing phase starting at 24 h up until 6 days and releasing about 30 % of the rest of the drug before
reaching almost a steady phase until 11 days. This slow and steady release could be due to diffusion of
molecules from the deep areas of the tube structures and is considered to be zero-order release, based
on the Fickian diffusion law, when release rate, due to a reduction in concentration gradient, decreases
as a function of time.?® A zero-ordered pattern observed with any pharmaceutical dosage is considered
an ideal profile of drug release because of constant drug elution rate.”” These results acquired using
TNT-Ti wire implants prepared with the new method are in agreement with our previous reports and
showed suitable drug-releasing characteristics of the implant for local drug delivery applications.*® %

Furthermore, the release kinetics can easily be tailored as demonstrated previously, by employing

biopolymer modification of TNTs or drug encapsulation in polymeric micelles."’
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3.3 Ex vivo drug delivery in bone studied using a bone reactor Zetos

In the next part of our study, we used individual bone cores inserted with drug loaded TNT-Ti
implants inside bone chambers with peristaltic pump-driven media perfusion to investigate
delivery of drug into trabecular bone cores, and the effect of marrow on the drug release and
on bone integration of the implant (Figure 4a). Considering possible blood coagulation inside the
marrow-containing bones, the use of anticoagulant treated bone marrow was also evaluated for ex vivo
drug release. This bioreactor system can be utilized for studying different aspects of local drug
delivery into bone, including release of drug, surface interaction and integration of biomaterials,
implant stability and with the Zetos loading component, mimicking load bearing situations of
bone.”?* The prepared TNTs-Ti implants were easy to insert and remove from the bone and their
handling was associated with unchanged surface morphology, mechanical stability and excellent
adherence of the TNT layer. An example of colour change due to release of the drug into the bone
structure is shown in Figure 4b(i—iii). This change in colour clearly indicates release of drug from
TNT structure and the subsequent diffusion and spread across the bone. In situ measurement of drug

release drug were monitored by fluorescence Xenogen

Figure 4. Ex vivo study set-up with bone bioreactor and image analysis for drug release from TNT-Ti wires. a)

Bone bioreactor Zetos system includes i) peristaltic pump to flow media ii) chamber with bone core, inset
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showing side and closer views iii) tubing for media inlet and outlet and iv) holder with fitted test tube to contain
culture media. b) Typical representation of i-iii) visual observation of RB release from implants (white line
indicating direction and position) into bone chambers using digital images acquired at i) time 0, ii) time 30 min
and iii) time 1 h, indicating gradual increase of colour intensity representing model drug (RB) release.

imaging at predetermined time intervals until 11 days of the experiment and summarized in Figure 5.
This figure shows the change in fluorescence intensity corresponding to the drug diffusion inside the
trabecular bone core with and without of bone marrow. The fluorescence intensity change in the
images confirmed the gradual release of drug from TNT-Ti wires into the bone. This non-destructive
approach to monitor and measure drug release could be an important tool to guide the optimization of
drug dose required to treat a disease, by allowing quantification and persistence of local drug

concentrations, and also to optimize and the design of the drug-delivery implants in bone.

DAY 0

Image
Min = -4.0762e-06
Max = 0.00017508'
efficiency

NO BONE

MARROW 160

- 140

Color Bar
Min = 1.5103e-05
Max = 0.00016455

Figure 5. Change in fluorescence intensity corresponding to the drug diffusion inside the ex-vivo trabecular
bone cores. Each figure represents the fluorescence signal from the drug, however for quantification, only the
bone cores (inner circle) were analyzed and the background signal was subtracted. The image clearly indicates
the spread of dye from the TNT/Ti Wire implant (inserted inside the bone matrix) for different bone samples

considered. (Only day 0, 2, 5, 8 and 11limages are shown here)

Fluorescence intensities, which correspond to the concentrations of drug released into each of the three
types of bone samples, measured from the images are presented in Figure 6(a—b). The data showed a
similar trend with changes in fluorescence intensity for all three types of implanted bone, including the

initial high levels evident at 30 min. The subsequent inconsistent pattern of the release may be
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attributed to the variable nature of the internal bone microarchitecture of each bone core and the
variable media flow as a result of this. The graph also indicates that drug release inside bone has a
similar trend to in vitro initial burst release (Figure 3b), with ex vivo release showing initial very

strong fluorescence intensity of about 2.0 au, decreasing to less than 0.25 au after 6 h.
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Figure 6. Ex vivo release profile of RB from TNT-Ti wire implants into marrow-less bone, and marrow- and
heparin-treated marrow containing bone. Graph a) showing changes of fluorescence intensities (corresponds to
concentration) of released RB measured over 11 days using an live in vivo imaging system and b) showing
release pattern observed in first 6 h, with an inset showing graph expansion. Student t-test (two-tailed) and two-
way analysis of variance, followed by Tukey’s multiple comparison test, were used to analyze the data with
values for ‘p< 0.05 and ~ p< 0.001 and described into text. Data represents mean + SD, n=3.

After this time, fluorescence intensities remained mostly steady with little fluctuation over the 11 days

experimental period. This indicated consistent and gradual release of drug, which could be considered
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to display zero order kinetics similar in vitro observations. Compared to marrow-containing bone
(including heparin treated), the first 6 h of release showed relatively higher fluorescence intensity,
with a highest observed data of 2.2 au just after 30 min, in marrow-less bone. However, this initial
high intensity reduced to less than 0.2 au after 60 min and remained similar up until 6 h (Figure 6b).
This finding clearly indicates that a significantly ("~ p<0.001) higher portion of drug was released in
first 6 h in marrow-less bone compared to other groups. After one day the intensity further reduced to
less than 0.1 (0.05-0.1) au and remained within the range over the 11 days of observation. This very
low level of intensity indicates that a small fraction of drug was released constantly in marrow-less
bone. The release of a reduced drug amount in marrow-less bone is due to uninterrupted perfusion, of
the drug into the porous architecture of the bone, caused mainly by absence of marrow content. As a
result of this, drug molecules were able to freely move and spread into pore spaces and be cleared
from the bone with the perfused media flow. The clearance of the released drug by the media
perfusion also led to a high concentration gradient near the implant and hence increased diffusive drug
transport from the implants. This would explain the initial high amount of drug release observed in the
first 6 h, with a sustained low release for an extended period observed later on.

On the other hand, marrow-containing bone showed an initial fluorescence intensity of 1.8 au
after 30 min, which reduced to 0.1 au after 60 min and remained similar up until 6 h of observation
(Figure 6b). This indicates a relatively lower amount of drug release compared to marrow-less bone in
first 6 h. However, after one day the intensity was found to be increased to more than 0.1 (0.1-0.15) au
and remained within the range with little fluctuation over 11 days of drug release. Each time point of
measurement after one day showed significantly (" p<0.001) higher fluorescence intensity in marrow-
containing bone compared to marrow-less bone. This in turn showed the maintenance of a
significantly higher overall level (""p<0.001, compared to marrow-less bone) of intensity until 11
days of release. This result clearly shows that a significant drug-retention or high level of drug was
persistent in marrow-containing bone, presumably reflecting the in vivo scenario. The persistent
increased level of drug is believed mostly due to interrupted perfusion of drug through the porous

structure of the bone. Unlike marrow-less bone this interruption was primarily due to presence of
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marrow content, including fat and other tissue, acting as barrier and restraining diffusion of the drug
molecules across the bone.

In addition, coagulated blood inside the bone, particularly the portion of red-bone marrow, could
potentially also act as a diffusion barrier. The anticoagulant heparin was used to inhibit blood
coagulation and was anticipated to enhance perfusion of the drug. The heparin treated marrow-
containing bone samples showed an initial fluorescence intensity of 1.9 au after 30 min, which
reduced to 0.15 au after 60 min and remained steady until 6 h of drug release (Figure 6b). Compared
to non-treated marrow-containing bone, this heparin treated group showed relatively higher drug level
only at 4 and 6 h time points of measurement but showed significantly (" p<0.05, avg mean) higher
overall level of release for up until the entire 6 h period. However, there was no significant difference
observed in their overall level of release profiles up until 11 days of experiment. The very short term
retention of higher drug level or drug release in the presence of heparin indicates very mild effect of
the anticoagulant. Their overall non-significant differences also suggest that coagulation did not
impair diffusion in the marrow-containing bone models. Rather, the presence of marrow served
primarily to aid retention and therefore exposure of the local microenvironment to the test drug.

From these results, we can conclude that drug molecules released from TNTSs is quickly diffused
inside the empty porous bone core and cleared from it. However, drug diffusion is impeded in bone
cores with either heparin treated or non-treated marrow but high retention of released drug can be
achieved compared to marrow-less bone. An overall summary of these drug diffusion results is also

presented in Table S2.

3.4 Stability and integration of TNT-Ti implants into bone

For the application of local drug delivery via bone implants in orthopaedics, it is critical to evaluate
the interaction of the implant material with the bone and bone marrow. In order to demonstrate the
interaction, bone cores with inserted implants were treated to preserve their morphology at the end of
ex vivo release study and then decalcified for easy cross-sectioning. Digital and SEM images showing

the surface stability and morphology of the implants within bone are presented in Figure (7-9).
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Figure 7. Stability and interaction of TNT-Ti wire implants in marrow-less bone. Cross sectional a) digital and
b—d) series of SEM images showing porous bone structure with placement of the inserted implant, with
unchanged surface morphology and clear nanotubes. The bone core samples with inserted TNT-Ti wire were
collected at the end of ex vivo study, decalcified, cross sectioned, and specially coated with platinum for imaging

purpose.

These images from inserted implants at the end of experiment confirmed no change in their
characteristic colour even after 11 days of media perfusion (Figure 7a, 8a, 9a). Both low and high
magnification SEM images revealed their unchanged surface texture and nanotubular morphology,
also confirming that the implant insertion process did not affect their surface. TNT layers were also
strong enough to withstand insertion pressure and displayed no evident damage upon extraction from
the bone (data not shown). In the absence of marrow, the implants showed minimal contact and
interaction with the surrounding bone and all of their TNTs appeared to be open, although with a
possibility of some adhesion due to adsorption of bone material during insertion of the TNT-Ti wires

(Figure 7b—d).
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Figure 8. Stability and interaction of TNT-Ti wire implants in bone in presence of marrow. Cross sectional a)
digital and b—d)SEM images showing porous bone with placement of the inserted implant, with surface showing
organic deposit (white single and double headed arrows indicating adhesion and middle of the implant) and firm
attachment in the inset as well as nanotube mouths. The bone core samples, having inserted TNT-Ti wire, were

collected after the ex vivo study, decalcified, cross sectioned, and coated for imaging.

In the presence of marrow, the implants within bone appeared to have more secure placement and
contact and some apparently firm attachments with the surrounding bone and bone marrow were
observed (Figure 8b—d, 9b—d). Contrary to marrow-less bone, implants in bone marrow also showed
some visible deposits, which could be due to adhesion and deposition of different bone cells, blood

cells and marrow contents.?%
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Figure 9. Stability and interaction of TNT-Ti wire implants in bone in presence of heparin treated marrow. Cross
sectional a) digital image and b—d)series of SEM images showing porous bone structure with placement of the
inserted implant, with firm attachment in the inset, with surface showing integration (white single and double
headed arrows indicating integration and middle of the implant) and organic adhesion or deposit in the inset as
well as nanotube mouths. With inserted TNT-Ti wire the bone core samples were collected at the end of ex-vivo

study, decalcified, cross sectioned, and coated with platinum for imaging using SEM.

Moreover, although TNTs in some areas appeared to remain open even after 11 days of drug
release, some blocked TNTs were observed, including those which cannot be seen under the thick
adhesions or deposits. Interestingly, implants in the heparin treated bone marrow appeared to be fused
with the bone at some areas (Figure 9b—c). However, at this stage it is difficult to estimate the surface
area covered with the deposits, or the proportion of blocked TNTs, which could be explored in future
studies.

EDS analysis performed on these implants to confirm the chemical composition of aggregates on
their surface is presented in Figure S1. In comparison to bare implant surface showing presence of ‘Ti’
and similar to decalcified bone, all three types of implanted bone presented with common spectra.
However, implants in the presence of marrow indicated the presence of ‘Fe’, in addition to ‘C’ and ‘O’

elements. The presence of ‘Fe’, an important component of haemoglobin, indicates adhesion of red
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blood cells or their contents to the implant. This is consistent with several previous studies describing
attachment of different molecules such as extracellular matrix, growth hormones, proteins and cells
such as bone cells and blood cells upon contact with biomaterials of porous structures.**>* These EDS
analysis are used as an qualitative indication of changes of surface chemistry on TNTs and more more
appropriate techniques are required to confirm more details about expressed organic compounds from
bone cells on TNTSs surface. This attachment of various biological molecules including bone cells have
been regarded beneficial to induce bone growth on to the implant surface of nanotubular structure such
as TNT, leading to integration into body.**

To demonstrate that proposed needle puncture guided insertion of the implant into bone, contact
of the implant with the bone and media perfusion preserves the viability of bone cells adjacent to the
implant, histological analysis of decalcified bone using H&E staining was undertaken and is presented
in Figure 10(a—d). Microscopic observation of these samples revealed the presence of mostly viable
osteocytes along the edge of the drilled hole and contact of the implant in all types of bone cores tested
even after 11 days of the ex vivo study. However, it was difficult to observe the presence of other

bone cell types such as osteoblast and osteoclast using this staining technique. Overall, the results

indicate that our drilling and implant insertion technique is minimally invasive.

Figure 10. Histology of bone cores inserted with TNT-Ti wire implants. a) Digital image indicating a

representative hematoxylin-eosin stained histology sample, with a double headed black arrow to locate implant

249



APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

position. Light microscopic b—d)images showing presence of viable osteocytes (black dot in small white circle)
along the drilled areas in b) absence of marrow c) presence of marrow and d) presence of heparin treated
marrow. At the end of ex vivo study the bone core samples with inserted TNT-Ti wire were collected,

decalcified, cross sectioned, and coated with platinum for imaging using SEM.

4. CONCLUSION

In this work, we demonstrated that simple and scalable preparation of nano-engineered TNT-Ti
wire implants of small pore diameters and controllable pore lengths with drug loading ability can be
undertaken by adopting and optimizing an established lactic acid-based anodization process. A simple
needle puncture was shown to be an effective technique for implanting prepared drug releasing wire
implants into cancellous bone. The Zetos bone reactor was successfully used to monitor in situ release
of loaded drugs from the implants into the bone and bone marrow environment. This condition is very
close to real in vivo bone conditions and provides option to monitor drug release from the implants
for an extended period using a non-destructive live imaging technique. This study revealed that
distribution of drug from the implants in presence of bone marrow results in reduced drug perfusion or
distribution and increased retention compared to absence of bone marrow. Considering the
microenvironment and interfacial properties of bone marrow, we speculate that distribution of drug
will be influenced by the size and hydrophobicity/hydrophilicity of the molecules and this fact will be
explored in our future study. The physical or surface stability of the implants after implantation and
drug release study is confirmed. However, the surface of the implants appeared to have biological
deposits and it is likely that these could facilitate their integration into bone over the time. The
presented wire implantation approach is proposed to be minimally invasive with preserving the
viability of surrounding osteocytes, which is potentially important to avoid a bone remodeling
response adjacent to the inserted implants. Overall, this study indicates a great potential of this method
to directly apply TNT-Ti therapeutic implants for localized bone therapy for a number of bone disease

scenarios.

250



APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

ACKNOWLEDGMENTS

The authors acknowledge the financial support of the Australian Research Council (FT110100711
and DP 120101680) and the University of Adelaide for this work. Authors also acknowledge the
technical support from Dr Agatha Labrinidis at The Adelaide Microscopy, The University of

Adelaide.

ASSOCIATED CONTENT

Supporting Information

S1) SEM-EDS characterization of bone materials deposited on the TNT-Ti wire implants
surfaces and a table summarising and Table S2) Factors influencing drug diffusion inside the

bone microenvironment.

Notes

The authors declare no competing financial interest.

REFERENCES

1. Wu P, Grainger DW. Drug/device combinations for local drug therapies and infection prophylaxis.
Biomaterials 2006, 27(11), 2450-2467.

2. Buchholz HW, Elson RA, Engelbrecht E, Lodenkamper H, Rottger J, Siegel A. Management of
deep infection of total hip replacement. J. Bone Jt Surg. Br. 1981, 63, 342-353.

3. Porter JR, Ruckh TT, Popat KC. Bone tissue engineering: a review in bone biomimetics and drug
delivery strategies. Biotechnol. Prog. 2009, 25(6), 1539-1560.

4. Ginebra MP, Traykova T, Planell JA. Calcium phosphate cements: competitive drug carriers for the
musculoskeletal system? Biomaterials 2006, 27(10), 2171-2177.

5. Passuti N, Gouin F. Antibiotic-loaded bone cement in orthopaedic surgery. Jt Bone Spine 2003,
70(3), 169-174.

6. Zalavras CG, Patzakis MJ, Holtom P. Local antibiotic therapy in the treatment of open fractures and
osteomyelitis. ClinOrthopRelat Res. 2004, 427, 86-93.

7. Colilla M, Manzano M, Vallet-Regi M. Recent advances in ceramic implants as drug delivery
systems for biomedical applications. Int. J. Nanomed. 2008, 3(4), 403-414.

251



APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

8. Hoppe A, Guldal NS, Boccaccini AR. A review of the biological response to ionic dissolution

products from bioactive glasses and glass-ceramics. Biomaterials 2011, 32(11), 2757-2774.

9. Liu H, Webster TJ. Nanomedicine for implants: a review of studies and necessary experimental

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

tools. Biomaterials 2007, 28(2), 354-369.

Losic D, Velleman L, Kant K, Kumeria T, Gulati K, Shapter JG, Beattie DA, Simovic S, Self-
ordering electrochemistry: a simple approach for engineering nanopore and nanotube arrays for
emerging applications, Aust. J. Chem. 2011, 64,294-01.

Roy P, Berger S, Schmuki P. TiO2 nanotubes: synthesis and applications. Angew Chem. Int. Ed.
Engl. 2011, 50(13), 2904-2939.

Rani S, Roy SC, Paulose M, Varghese OK, Mor GK, Kim S, Yoriya S, Latempa TJ, Grimes CA.
Synthesis and applications of electrochemically self-assembled titania nanotube arrays. Phys
Chem Chem Phys 2010, 12(12), 2780-800.

Ghicov A, Schmuki P. Self-ordering electrochemistry: a review on growth and functionality of
TiO, nanotubes and other self-aligned MO(x) structures. Chem Comm (Camb) 2009, 2, 2791-
2808.

Losic D, Simovic S. Self-ordered nanopore and nanotube platforms for drug delivery applications.
Expert Opin. Drug Deliv. 2009, 6(12), 1363-1381.

Losic D, Aw MS, Santos A, Gulati K, Bariana M. Titania nanotube arrays for local drug delivery:
recent advances and perspectives Expert Opin. Drug Deliv. 2015, 12 (1), 103-127.

Santos A, Aw MS, Bariana M, Kumeria T, Wang Y, Losic D. Drug-releasing implants: Current
progress, challenges and perspectives. J. Mater. Chem. B 2014, 2 (37), 6157-6182.

Gulati K, Aw MS, Losic D. Controlling drug release from titania nanotube arrays using polymer
nanocarriers and biopolymer Coating. J. Biomater. Nanobiotechnol. 2011, 2, 477-484.

Aw MS, Addai-Mensah J, Losic D. Multi-drug delivery system with sequential release using
titania nanotube arrays. Chem Comm 2012, 48, 3348-3350.

Gulati K, Ramakrishnan S, Aw MS, Atkins GJ, Findlay DM, Losic D. Biocompatible polymer
coating of titania nanotube arrays for improved drug elution and osteoblast adhesion. Acta

Biomater. 2012, 8, 449-456.

Gulati K, Aw MS, Losic D. Nanoengineered drug-releasing Ti wires as an alternative for local
delivery of chemotherapeutics in the brain. Int. J. Nanomed. 2012, 7, 2069-2076.

Gulati K, Atkins GJ, Findlay DM, Losic D. Nano-engineered titanium for enhanced bone therapy.
Proc. SPIE Biosensing Nanomed. V1 2013, 8812, 88120C-1.

252


http://www.ncbi.nlm.nih.gov/pubmed?term=Varghese%20OK%5BAuthor%5D&cauthor=true&cauthor_uid=20449368
http://www.ncbi.nlm.nih.gov/pubmed?term=Mor%20GK%5BAuthor%5D&cauthor=true&cauthor_uid=20449368
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20449368
http://www.ncbi.nlm.nih.gov/pubmed?term=Yoriya%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20449368
http://www.ncbi.nlm.nih.gov/pubmed?term=Latempa%20TJ%5BAuthor%5D&cauthor=true&cauthor_uid=20449368
http://www.ncbi.nlm.nih.gov/pubmed?term=Grimes%20CA%5BAuthor%5D&cauthor=true&cauthor_uid=20449368

APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Aw MS, Khalid KA, Gulati K, Atkins GJ, Pivonka P, Findlay DM, Losic D. Characterization of
drug-release kinetics in trabecular bone from titania nanotube implants. Int. J. Nanomed. 2012, 7,
4883-4892.

Davies CM, Jones DB, Stoddart MJ, Koller K, Smith E, Archer CW, Richards RG. Mechanically
loaded ex vivo bone culture system ‘Zetos’: systems and culture preparation. Eur. Cell Mater.
2006, 11, 57-75.

Jones DB, Broeckmann E, Pohl T, Smith EL. Development of a mechanical testing and loading
system for trabecular bone studies for long term culture. Eur. Cell Mater. 2003, 5, 48-59.

So S, Lee K, Schmuki P. Ultrafast growth of highly ordered anodic TiO2 nanotubes in lactic acid
electrolytes. J. Am. Chem. Soc. 2012, 134, 11316-11318.

Gulati K, Aw MS, Findlay D, Losic D. Local drug delivery to the bone by drug releasing implants:
perspectives of nanoengineered titania nanotube arrays. Ther. Deliv. 2012, 3, 857-873.

Gulati K, Aw MS,Losic D. Drug-eluting Ti wires with titania nanotube arrays for bone fixation
and reduced bone infection. Nanoscale Res. Lett. 2011, 6, 571-576.

Bjursten LM, Rasmusson L, Oh S, Smith GC, Brammer KS, Jin S.Titanium dioxide nanotubes
enhance bone bonding in vivo. J. Biomed. Mater. Res. A 2010, 92,1218-1224.

Popat KC, Leoni L, Grimes CA, Desai TA. Influence of engineered titaniananotubular surfaces on
bone cells. Biomaterials 2007, 28, 3188-3197.

Tan AW, Pingguan-Murphy B, Ahmad R, Akbar SA. Review of titania nanotubes: Fabrication and
cellular response. Ceram. Int. 2012, 38(6), 4421-4435.

Anselme K, Ploux L, Ponche A. Cell/material interfaces: Influence of surface chemistry and
surface topography on cell adhesion. J. Adhes. Sci. Technol. 2010, 24(5), 831-852.

Oh S, Daraio C, Chen LH, Pisanic TR, Finones RR, Jin S. Significantly accelerated osteoblast cell
growth on aligned TiO, nanotubes. J. Biomed. Mater. Res. Part A 2006, 78A, 97-103.

Park J, Bauer S, Schlegel KA, Neukam FW, Vonder Mark K, Schmuki P. TiO, nanotube surfaces:
15 nm-an optimal length scale of surface topography for cell adhesion and differentiation. Small
2009, 5(6), 666-671.

David V, Guignandon A, Martin A, Malaval L, Lafage-Proust MH, Rattner A, Mann V, Noble B,
Jones DB, Vico L.Ex vivo bone formation in bovine trabecular bone cultured in a dynamic 3D
bioreactor is enhanced by compressive mechanical strain. Tissue Eng. Part A 2008, 14(1), 117—
126.

Arvidsson A, Franke-Stenport V, Andersson M, Kjellin P, Sul YT, Wennerberg A. Formation of
calcium phosphates on titanium implants with four different bioactive surface preparations, an in
vitro study. J. Mater. Sci.: Mater. Med. 2007, 18 (10),1945-1954.

253


http://www.ncbi.nlm.nih.gov/pubmed?term=Koller%20K%5BAuthor%5D&cauthor=true&cauthor_uid=16612792
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20E%5BAuthor%5D&cauthor=true&cauthor_uid=16612792
http://www.ncbi.nlm.nih.gov/pubmed?term=Archer%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=16612792
http://www.ncbi.nlm.nih.gov/pubmed?term=Richards%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=16612792
http://www.ncbi.nlm.nih.gov/pubmed?term=Bjursten%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=19343780
http://www.ncbi.nlm.nih.gov/pubmed?term=Rasmusson%20L%5BAuthor%5D&cauthor=true&cauthor_uid=19343780
http://www.ncbi.nlm.nih.gov/pubmed?term=Oh%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19343780
http://www.ncbi.nlm.nih.gov/pubmed?term=Smith%20GC%5BAuthor%5D&cauthor=true&cauthor_uid=19343780
http://www.ncbi.nlm.nih.gov/pubmed?term=Brammer%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=19343780
http://www.ncbi.nlm.nih.gov/pubmed?term=Jin%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19343780
http://www.ncbi.nlm.nih.gov/pubmed?term=Pisanic%20TR%5BAuthor%5D&cauthor=true&cauthor_uid=16602089
http://www.ncbi.nlm.nih.gov/pubmed?term=Fi%C3%B1ones%20RR%5BAuthor%5D&cauthor=true&cauthor_uid=16602089
http://www.ncbi.nlm.nih.gov/pubmed?term=Jin%20S%5BAuthor%5D&cauthor=true&cauthor_uid=16602089
http://www.ncbi.nlm.nih.gov/pubmed?term=Neukam%20FW%5BAuthor%5D&cauthor=true&cauthor_uid=19235196
http://www.ncbi.nlm.nih.gov/pubmed?term=von%20der%20Mark%20K%5BAuthor%5D&cauthor=true&cauthor_uid=19235196
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmuki%20P%5BAuthor%5D&cauthor=true&cauthor_uid=19235196
http://www.ncbi.nlm.nih.gov/pubmed?term=David%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Guignandon%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Martin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Malaval%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Lafage-Proust%20MH%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Rattner%20A%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Mann%20V%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Noble%20B%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Jones%20DB%5BAuthor%5D&cauthor=true&cauthor_uid=18333810
http://www.ncbi.nlm.nih.gov/pubmed?term=Vico%20L%5BAuthor%5D&cauthor=true&cauthor_uid=18333810

APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

36. Von WC, Bauer S, Lutz R, Meisel M, Neukam FW, Toyoshima T, Schmuki P, Nkenke E, Schlegel
KA. In vivo evaluation of anodic TiO, nanotubes: an experimental study in the pig. J. Biomed.
Mater. Res. B Appl. Biomater. 2009, 89B (1),165-171.

37. Xiao J, Zhou H, Zhao L, Sun Y, Guan S, Liu B, Kong L. The effect of hierarchical
micro/nanosurface titanium implant on osseointegration in ovariectomized sheep. Osteoporous
Int. 2011, 22(6),1907-1913.

38. Park JM, Koak JY, Jang JH, Han CH, Kim SK, Heo SJ. Osseointegration of anodized titanium

implants coated with fibroblast growth factor-fibronectin (FGF-FN) fusion protein. Int. J. Oral
Maxillofac. Implants 2006, 21(6), 859-866.

254


http://www.ncbi.nlm.nih.gov/pubmed?term=Meisel%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Neukam%20FW%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Toyoshima%20T%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Schmuki%20P%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Nkenke%20E%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Schlegel%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Schlegel%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=18780361
http://www.ncbi.nlm.nih.gov/pubmed?term=Sun%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=20878388
http://www.ncbi.nlm.nih.gov/pubmed?term=Guan%20S%5BAuthor%5D&cauthor=true&cauthor_uid=20878388
http://www.ncbi.nlm.nih.gov/pubmed?term=Liu%20B%5BAuthor%5D&cauthor=true&cauthor_uid=20878388
http://www.ncbi.nlm.nih.gov/pubmed?term=Kong%20L%5BAuthor%5D&cauthor=true&cauthor_uid=20878388
http://www.ncbi.nlm.nih.gov/pubmed?term=Han%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=17190295
http://www.ncbi.nlm.nih.gov/pubmed?term=Kim%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=17190295
http://www.ncbi.nlm.nih.gov/pubmed?term=Heo%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=17190295

APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

Supporting Information

Ex-Vivo Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and

Integration inside the Bone Microenvironment

Shafiur Rahman®", Karan Gulati'", Masakazu Kogawa®, Gerald J. Atkins?, Peter Pivonka’,

David M. Findlay?, Dusan Losic'**
'School of Chemical Engineering, University of Adelaide, SA, Australia
“Discipline of Orthopaedics & Trauma, University of Adelaide, SA, Australia

$Australian Institute for Musculoskeletal Science, University of Melbourne, VIC, Australia

*Equal first author status

“Corresponding Author: Prof. Dusan Losic,
School of Chemical Engineering,

The University of Adelaide,

Adelaide, SA5005 Australia,

Phone: +61 8 8013 4648,

Email: dusan.losic@adelaide.edu.au

255



APPENDIX A: S. Rahman*, K. Gulati*, M. Kogawa, G. J. Atkins, P. Pivonka, D. M. Findlay, D. Losic “Ex-Vivo
Implantation of Nano-Engineered Implants: Investigating Drug Diffusion and Integration inside the Bone Microenvironment”
Journal of Biomedical Materials Research Part A, 2015 (Final Stages of Submission)

TINT-Ti + TNT-Ti + Bone
No Bone Marrow
Marrow P

TNT-Ti +Bone TNT-Ti +Bone

Marrow + Heparin Marrow + Heparin
1.00 Kev Kev
H
C
(0]
s
. 500
Decalcitied bone
Ti
: : kil o .
1.00 Kev Kev 400 500

S1. SEM-EDS characterization of bone materials deposited on the TNT-Ti wire implants surfaces. a) The
implants in all three types of bone indicating presence of majorly ‘C’ and ‘O’ which were also found in ¢)
decalcified bone, with d) bare TNT-Ti wire surface indicating presence of “Ti’. b) Implants in both types of bone
marrow showed the presence of ‘Fe’, in addition to other elements of ¢) decalcified bone. The bone core samples
with inserted TNT-Ti wire were collected at the end of ex-vivo study, decalcified, cross sectioned, and specially

coated with platinum for imaging purpose.
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Table S2. Factors influencing diffusion of model drug (RB) inside the bone microenvironment.

Fact ;
ac.ors No Bone Marrow Bone Marrow Bone Marrow + Heparin
Influencing Drug (No BM) (BM) (BM + HEP)
Diffusion
Marrow coagulates and Marrow coagulation is
Blood coagulation N.A. impedes media perfusion

and drug diffusion

prevented via addition of
anti-coagulant (HEP)

Diffusion of drug

molecules from

TNTs inside the
bone core

Very fast, as empty
porous architecture of
bone (filled with media)
increases the diffusion
gradient

Presence of marrow and
its coagulation blocks the
open pores of TNTs and

reduces the diffusion
gradient

Presence of marrow
(which is uncoagulated)
partially impedes the
diffusion of dye

Perfusion of media
in the bone core

Very effective and results
in quick removal of drug
molecules from inside the
bone, thereby maintaining
the diffusion gradient

Very restricted and almost
negligible (in the later
phase of experiment) due
to coagulated marrow

Partially effective as the
marrow impedes the flow
of culture media, thereby
the clearing rate of dye is

reduced
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ABSTRACT

Current treatment of a number of orthopaedic conditions, for example fractures, bone infection, joint replacement and
bone cancers, could be improved if mechanical support could be combined with drug delivery. A very challenging
example is that of infection following joint replacement, which is very difficult to treat, can require multiple surgeries
and compromises both the implant and the patient’s wellbeing. An implant capable of providing appropriate bio-
mechanics and releasing drugs/proteins locally might ensure improved healing of the traumatized bone. We propose
fabrication of nanoengineered titanium bone implants using bioinert titanium wires in order to achieve this goal.
Titanium in the form of flat foils and wires were modified by fabrication of titania nanotubes (TNTs), which are hollow
self-ordered cylindrical tubes capable of accommodating substantial drug amounts and releasing them locally. To further
control the release of drug to over a period of months, a thin layer of biodegradable polymer PLGA poly(lactic-co-
glycolic acid) was coated onto the drug loaded TNTs. This delayed release of drug and additionally the polymer
enhanced bone cell adhesion and proliferation.

Keywords: Bone implants, titania nanotubes, local drug delivery, bone therapeutics, bone healing, bone infection

INTRODUCTION

Healing of bone fracture requires mechanical support such as that provided by titanium plates and screws. There are
some circumstances, such as infection of the bone, where pharmacological therapy is also required. However, currently
treatment of bone with drugs, such as antibiotics or anti-cancer drugs, is performed using systemic drug delivery, which
both limits the amount of drug available at the bone site and exposes all tissues to the drug [1].A potential solution to this
dilemma lies in producing implants that combine mechanical support with enhanced therapeutic action [2].

Because of their biological inertness, titanium metal and its alloys are good candidates for bone implants and hence have
been well researched and utilized extensively for both orthopedic and dental applications [3]. Titanium also has
established biocompatibility and osseointegration characteristics. Various therapeutic coatings have been tested on
titanium implants, including antibiotics, biopolymers, to combine bone fixation with therapeutics [4,5]. However, rapid
drug diffusion and unfavorable release patterns have compromised these approaches [6]. In order to achieve prolonged
drug release, drugs have been mixed with various polymers, such as PMMA or poly(methyl methacrylate), but these do
not offer sufficient mechanical support and release toxic degradation byproducts [7]. Nanostructuring on titanium has
been suggested to incorporate greater drug amounts and enhance bone cell functions [8]. We have suggested an
alternative approach to local delivery of drug to bone sites, that has the additional advantage of the ability to load
substantial amounts and delayed release kinetics of drug. This approach involves the fabrication of titania nanotubes
(TNTs) on titanium surfaces, such as orthopaedic implants. TNTs, which are nano-scale vacant cylinders composed of
titanium dioxide (TiO,), can be self-ordered onto titanium substrates by electrochemical anodisation [3]. TNTs can easily
be integrated into current titanium implant technology and offer improved bioactivity, mechanics and surface
modification, as compared to conventional implants. The biomedical applications of TNTs include delayed drug release,
enhanced bone cell adhesion/ proliferation, better integration into bone and improved bone healing [9.10,11].

In addition to conventional orthopaedic implants, nano-scale implant devices that can be surgically inserted into bone,
and which are capable of releasing antibiotics, hormones, chemotherapeutics and growth factors in an effective
concentration directly where they are required provides a potential solution to local drug delivery in bone. We hereby
describe the production of titanium wires (diameter 0.75 mm and length 25 mm) with titania nanotubes fabricated onto
the surface, which can be loaded with various drugs, each catering to a particular bone condition. TNTs have been loaded
with anti-inflammatory drugs, antibiotics, and anti-cancer drugs in order to develop this novel technology aiming at
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effective treatment of, for example, osteoporosis, osteomyelilis (bone infection) and primary (osteosarcoma) and
metastatic (e.g. breast or prostate) bone cancer.

(a)

Fabrication of
Mano-engineered

Bone Implant

o L ’
® s

Improved Bone Implants:

Mechanical support —_— —_—

+ Therapeutics
Broken [ Dissassd Bons Implant Fixation Local Therapsutics from implant

Figure 1. Scheme depicting (a) fabrication of titania nanotubes (TNTs) on Ti wires and drug loading into the nanotubes,
and (b) adaptation of the technology to produce a bone implant that combines biomechanical support with nanotube-
based drug release

MATERIAL AND METHODS
1.1 Materials

Titanium wire (99.7%) (diameter 0.75 mm) and flat foil (thickness 0.25 mm) was supplied by Alfa Aesar (MA, USA).
Ethylene glycol, ammonium fluoride (NH,4F), PLGA, indomethacin, gentamicin sulfate and doxorubicin hydrochloride
were purchased from Sigma-Aldrich (New South Wales, Australia). High purity Milli-Q water (Millipore Co., Billerica,
MA, USA), ultra-pure grade (18.2 MQ) and sieved through a 0.22- pum filter was used.

1.2 Fabrication of Titania Nanotubes

Titanium wires were mechanically polished using coarse/fine sand papers and porous alumina powder, followed by
extended sonication in ethanol and acetone. Anodisation of the cleaned Ti wires was performed using a specially
designed electrochemical cell and computer-controlled power supply (Agilent Technologies Inc.) as described previously
[12]. 25 mm of the Ti wire was exposed to the electrolyte (3% water, 0.3 % NHyF in ethylene glycol) and anodisation
was carried out at 100 V for 1 hr at 20°C. For anodisation of flat Ti foil, a similar method was adopted with only a
circular area (of diameter 12 mm) exposed for anodisation. The voltage and current signals were adjusted and
continuously recorded during the fabrication process by specialised software (Labview, National Instruments, Austin,
TX, USA). The structural characterisation of the prepared TNT samples was performed using a field emission scanning
electron microscope or SEM (Philips XL 30, SEMTech Solutions, Inc., North Billerica, MA, USA).

1.3 Drug loading and analysis

Drug solutions (1% w/v) of gentamicin (Genta) and doxorubicin (Doxo) were prepared in water and for indomethacin
(Indo) in pure ethanol. TNT/Ti wires were cleaned with deionised water and dried in N,. Loading for each of the model
drug was achieved by immersion of TNTs in a fixed volume of respective drug solution for 24 h. Following this, the
TNTs were dried and quickly flushed with a fixed volume of sterile phosphate buffer saline (PBS) in order to remove
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any surface adhered drug. To determine the amount of drug loaded. thermo-gravimetric analysis (TGA) was performed
with analysis of the characteristic drug decomposition peak for each model drug. TNT/Ti Flat preloaded with
indomethacin was dip-coated with a thin layer of PLGA solution (1% (w/v) in chloroform) in an attempt to delay the
release of the drug.

1.4 In-vitro drug release

Drug loaded TNTs were immersed in 5ml PBS in a vial and the absorbance of the solution was measured at
predetermined time intervals using UV-Vis spectroscopy. Each measurement involved removing a 3ml aliquot of PBS,
measuring absorbance at a particular wavelength (characteristic for each model drug) and later replenishing the vial with
fresh PBS (3 ml). The absorbance readings were converted into concentration using a calibration curve for the
corresponding drug. Ultimately. the release profiles of each experimental set were expressed as burst (initial 6 h) and
delayed release (every 24 h) in a plot with released weight percentage (wt. %) vs. time.

RESULTS
1.5 Structural Characterization of TNTs

The morphology of TNTs fabricated on Ti wires as characterised by SEM is depicted in figure 2. Figure 2a shows a top
view of the TNTs with clearly visible open pores. TNTs were observed to have an average pore diameter of 180 = 10 nm
and length of 70 £ 5§ um. The dimensions of these nanostructures could be further tailored as per the requirements; for
instance, accommodating more drug or controlling its release [13]. Figure 2b shows the closed bottom of the TNT's as
observed after scratching the TNT layer from the underlying substrate. The TNT layer also had few surface cracks.
which is the result of radial outgrowth and mechanical stress during the fabrication of TN'Ts on the circular surface of the
Ti wire. However, the overall structure of TNT on Ti wire was very stable, and the presence of few cracks aided in
loading increased drug amounts. SEM imaging of TNTs revealed well-aligned nanotubes using this method (Fig. 2¢).
PLGA polymer coating resulted in effective covering of open pores, as shown in the case of indomethacin loaded TNTs
fabricated on flat Ti (Fig. 2d).

Figure 2. Scanning electron microscopy (SEM) images showing (a) top view of TNTs with open pores, (b) bottom of
TNTs (closed pore) obtained by removal of TNT layer. (c) cross-section with well-aligned nanotubes and. (d) PLGA
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coated onto drug loaded TN Ts fabricated on a flat Ti substrate to delay drug release (scratched to show underlying
nanotubes). All scale bars represent 1 pm.

1.6 Drug loading

Three model drugs including Indo, Genta and Doxo were loaded into nanotubes, with each drug representing a varied
chemistry, water solubility and structural weight, catering to specific bone conditions. TGA studies confirmed the loaded
amounts of drugs in the TNTs on Ti wire as 0.16 mg, 0.2 mg and 1.2 mg for Indo, Genta and Doxo, respectively. TNTs
with large pore diameters and lengths ensured substantial drug loading amounts, which can be further tailored by
adjusting TNT dimensions, immersion times and drug solution concentrations. Variations in the amount of drug loaded
were as a result of the relative attributes of the drugs with respect to their different chemistries and molecular weights.
While more drug was retained inside of TNTs (post-washing the surfaces with PBS) in cases of the hydrophilic Genta
and Doxo, less of the hydrophobic Indo could be loaded due the hydrophilic TNT interior walls. Due to its hydrophobic
nature, more amount of Indo is expected to be loaded near the open pore of the TNTs as compared to deeper loading
expected for hydrophilic drugs.

Drug Loaded Amount Initial Burst Total Release
Loaded (mg) Release (Wt. %) Time (Days)
Indomethacin | 0.16 74 10
Gentamicin 0.20 36 11
Doxorubicin | 1.20 25 8

Table 1. Release characteristics of model drugs from nanotubes.

1.7 Drug release profile

A biphasic release pattern with high initial burst release (IBR for 1% 6 hrs) followed by slow sustained release was
observed for each of the model drugs, as represented in figure 3a. The drug loaded near the open pores would be eluted
initially at a faster rate due to the high concentration gradient at the start of the release experiment. The slow release in
the later phase is due to the diminishing concentration of drug remaining in the nanotubes. This kind of release pattern
would be beneficial to treat severe conditions, such as bacterial infection, by delivering a high initial dose to reduce
pathogen number, followed by a sustained release period to inhibit residual pathogen growth and thereby reduce the
recurrence of bacterial adhesion [14]. For the IBR, around 74, 36 and 25 Wt. % of the Indo, Genta and Doxo were
released from the TNTSs, respectively. As most of the Indo is expected to be loaded near the open ends of the tubes (due
to its hydrophobic nature). and hence in the initial phase of high concentration gradient, quick release is observed. The
amount released of the hydrophobic Indo is very high but could be further reduced by applying a thin layer of
biopolymer in order to cover the open pores, as described previously [13]. The total release of the drugs from the TNTs
(~ 100% wt.) oceurred over 10, 11 and 8 days for Indo, Genta and Doxo, respectively, from the surfaces of the TNT/Ti
wire implants. This phenomenon again correlates with the varied water solubility, and the molecular weights of the
model drugs which may have influenced not only the corresponding amounts that could be loaded but also the release
behaviour. Table 1 summarises the drug loading amounts and release behaviours of the three model drugs from the TNT
wire. For Indo loaded TNT/Ti flat foil, a thin layer of PLGA (2.5pm), as confirmed by elipsometry, reduced the IBR
(from 77% to approximately 12%) and the total release was also delayed from 4 to 31 days, as compared with the
uncoated samples (Fig. 3b). This delayed release technology could potentially be extended to TNT/Ti wires but this will
require extensive further optimisation.
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Figure 3. Plots showing release of loaded drug from TNTs into the surrounding PBS: (a) release of various drugs from
TNT/Ti wires and, (b) controlled release of indomethacin from TNTs fabricated on Ti flat foil and coated with PLGA.

CONCLUSION
Titania nanotubes (TNTs) were successfully fabricated on the entire cylindrical surface area of the Ti wire. The TNTs
were later loaded with a variety of model drugs, each catering to a particular bone condition, such as osteoporosis, bone
infection and bone cancer. The release from the TNTs was sustained for over 10 days, which could be further extended
using biopolymer coatings. These proposed wire bone implants of just 25 mm length and 0.75 mm diameter could easily

be inserted inside traumatised bone and hence local drug elution could be achieved directly at the required site,
potentially leading to enhanced therapeutic effects and faster bone healing.
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