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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 (TiO2) 

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 TNTs, 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 TNTs. 

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, 
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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 TNTs 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 (TiO2) nanotubes: Conventional titania (TiO2) 

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 
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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. 
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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 

 

Karan Gulati 

 

School of Chemical Engineering, The University of Adelaide, 

South Australia 5005, Australia 

 

This chapter is based on the following published book chapter and review articles:  

1. K. Gulati, M. Kogawa, S. Maher, G. Atkins, D. Findlay, D. Losic “Titania Nanotubes for 

Local Drug Delivery from Implant Surfaces” in book Electrochemically Engineered 

Nanoporous Materials: Methods, Properties and Applications 2015, ed. by D. Losic and 

A. Santos (Springer International Publishing AG - Germany). Springer Series in Materials 

Science 220, DOI: 10.1007/978-3-319-20346-1_10 

2. D. Losic, M. S. Aw, A. Santos, K. Gulati, M. Bariana “Titania Nanotube Arrays for 

Local Drug Delivery: Recent Advances and Perspectives” Expert Opinion on Drug 

Delivery, 2015, 12, 103-127. 

3. K. Gulati, M. S. Aw, D. Findlay, D. Losic “Local Drug Delivery in Bone by Drug 

Releasing Implants: Perspectives of Nano-Engineered Titania Nanotubes” Therapeutic 

Delivery, 2012, 3, 857-873. 



CHAPTER 1:  Introduction    

2 
 

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 
1
. 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 
2-3

. 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.) 
1,4

.  

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 
5
. Reports have 

suggested that each year several million dollars are spent in correcting/replacing failed 

implants/joint replacements, with considerable morbidity and mortality 
6
. 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 
7
.   
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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 
8-9

. 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 

approaches. 

 

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 
10-11

. 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% 
12

. These infections are mostly caused by flora that commonly reside on the skin 

and in the mouth, mainly Staphylococcus aureus and Staphylococcus epidermidis 
13-14

. 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 
15-16

. 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 
17

. 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 
18-19

. As a result, alternative LDD strategies were devised, 

mainly using bioresorbable alternatives such as calcium sulphate cements 
20

. Although these 

are relatively non-toxic and biodegradable, they do not always enable bone formation, leaving 

a fibrous gap instead 
21-22

. Hence there is an urgent need to develop alternative LDD strategies 
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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 
23

. 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 
24

. Reports have claimed that one in three women and one in five men with age 

> 50 years will suffer OP fracture 
25

. 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 
26

.  

To reduce OP fracture healing times, several therapeutics have been suggested, 

although only parathyroid hormone (PTH) and bone morphogenetic proteins (BMPs) are 

currently approved 
27-29

. Systemic administration of such potent therapeutics is, in the case of 

BMP not possible. As a result, LDD of such therapeutics have been investigated 
30-33

. 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 
30-33

. 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 
34-35

. 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 
36

. 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 
37

. The first steps of cell-to-material interaction include 

cell attachment, adhesion and spreading, which must be modulated by the implant surface to 
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encourage implant acceptance and tissue healing. For bone implants, appropriate surface 

roughness can enhance osseointegration (OI), 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 
38

. 

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 
39

. 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 µm deep and ~ 4 µm wide), provides the 

most suitable bioactivity 
40-41

. 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 
42-45

. A similar effect can also be achieved by chemical etching of Ti with 

strong acids such as: HNO3, HCl, H2SO4 and HF 
46

. 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 
47

. Plasma-assisted spraying of Ti, Zr or Al2O3 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/Al2O3, compromised osseointegration of the implant 

has been reported 
48

. 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 
49

. 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 
49-50

. 

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) 
51

. Furthermore, upon immersion in 

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

significantly improved implant bioactivity 
52

.  

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 
53-54

. 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 

55
. Furthermore several biopolymers and ceramics have also been applied to promote 

bioactivity of the implant by modulating protein interactions and promoting cell functions 
56

. 

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 
57

. 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 
54,58

. 

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 
59-60

. Furthermore, leaching of metal ions in particular can adversely affect bone 

healing rates 
61

. 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) 
62-63

. Such investigations have 

demonstrated improved implant performances including prevention of bacterial infection and 

promotion of bone cell functions 
64-66

. However, these therapeutic coatings often fail, mainly 

due to poor mechanical stability, quick consumption and fast release kinetics, and re-triggered 

bacterial invasion 
65-66

.  
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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. 
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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 
67

. After the advent of techniques such 
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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 
50,68

. Among these, fabrication of 

nano-tubular titania (TiO2) 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 
49

. TNTs represent hollow, cylindrical, 

hexagonally ordered and vertically-oriented arrays of TiO2, 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 µm 
50

. 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 
49

.  

1.4. Fabrication of TNTs 

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 
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fabrication, various templates have been used, including molecular rod like assemblies of 

micelles, to more organised structures like nanoporous alumina 
69-70

. 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, TiO2 particles 

are autoclaved in NaOH, however, the yield is in the form of TNT agglomerates with wide 

size distribution 
71-72

. 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 
73-74

. 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. 
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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 + 2H2O  TiO2 + 4H
+
 + 4e

-  
(1) 

Ti
4+

 + solv  Ti
4+

solv     (2) 

4H
+
 + 4e

-
  2H2      (3) 

Upon formation of TiO2, 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 
75-76

.  

TiO2 + 6F
- 
+ 4H

+
  [TiF6]

2-
 + 2H2O   (4) 
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Ti
4+

 + 6F
-
  [TiF6]

2-
     (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 
49

. 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 
49

. 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 TNTs. 

(a) 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 
77-78

. The initial studies only yielded TNTs with lengths of 0.5 µm, due to 

extensive dissolution in the chromic acid electrolytes containing HF 
77

. However, this study 

established the role of fluoride ions in self-ordering of the TNTs structures, but the resultant 

TNT yield lacked ordering and uniformity. This was followed by the 2
nd

 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 µm 
79-81

.  

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. 
79-81

. This advancement lead to the 3
rd

 

generation, where further increased growth rates (TNT lengths up to 1000 µm) were obtained 

by using non-aqueous polar organic solvents, such as dimethyl sulfoxide, formamide, 

ethylene glycol etc., in combination with fluoride ions 
82-83

. 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 
84

.  
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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 yield, there still remains 

scope for improvement 
49

. 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 

TNTs 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 TiO2 nanostructures have also been 

fabricated as a result of various voltage or current oscillations during the EA process 
49,76

. 

These include branched nanotubes, nanolace, inner-tubes, bamboo-type nanotubes, and 

multilayer nanotubes (Figure 1.5) 
85

. 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 
86

. In a similar study, ultrasound forces were used 

during the fabrication procedure to promote TNT growth rates 
87

.  
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Novel TNT structures as described above can offer interesting properties to otherwise 

straight cylindrical TNTs, 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-TNTs, can 

offer interesting possibilities for drug encapsulation and targeted drug delivery. 

 

Figure 1.5. SEM images depicting the novel tubular TiO2 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 TNTs 

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 
88-90

.  

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 
88

. 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 
89

. In another 

study, Sun et al. showed the influence of electrode orientation on TNTs fabricated by the 

anodization of hollow titanium cylinders 
90

. 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 
91

.  

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 
92

. 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 
93

. Other researchers 

have reported similar results with Ti-28Zr-8Nb and Ti-35Zr 
94-95

. Furthermore, rapid 

breakdown anodization (RBA) was utilised to synthesize oxide nanotubes on TiNb, TiZr and 

TiTa 
96

. On the other hand, TiO2 nanotubes or TNTs have also been fabricated on Ti alloys 
97-

98
. Nanotubes fabricated on biomedical alloys have also been proposed for drug delivery 

applications 
97

. 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 
97

. 

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 
50

. 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 
68

. 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 
99-100

. More suited for bone implants, TNT-modified Ti surfaces have been shown 

to promote bone cell function, including adhesion and differentiation (Figure 1.6) 
101-102

. 

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 
102-105

. Therefore, fabrication of TNTs on Ti implants represents 

a promising strategy to address complex implant challenges 
50,68

. Moreover, as described 

earlier, implant failure can result from inadequate osseointegration and bacterial invasion 
106

. 

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 
68

.  

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 
36,107

. 

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

interactions, thereby avoiding FBRs such as fibrous tissue encapsulation of implants 
108

. 

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

advantageous for the implant acceptance and osseointegration 
109-110

. 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 
107

.  

 

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 
110

. 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 
110

. 

Furthermore, in-vitro short and long term immune responses were compared between TNTs 

and medical grade Ti, using human blood lysates (with leukocytes, thrombocytes and 

erythrocytes) 
111

. Immune cells (macrophages, monocytes and neutrophils) showed 

significantly reduced cell functions (viability, adhesion, proliferation) for both short and long 

term on TNTs 
111

. Also, very recently, an in-vitro study of TNTs and Ti with macrophages 

[RAW264.7] confirmed reduced inflammation in response to TNTs, suggesting the ability of 
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TNTs at modulating the macrophage responses 
104

. 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
.  

 

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 

functions 
67

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

inflammatory drug) for pain and inflammation 
112

. Our group has also extensively studied the 

enhanced loading and controlled release of indomethacin from TNT/Ti implants 
100,113,114

. 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 
113-114

. Furthermore, alternative anti-inflammatory 

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

strategies and their favourable release kinetics observed 
115-116

.  

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 
117

. Both bone cells and 

bacteria prefer rough surfaces, which provide ‘anchoring-points’, and thereby lead to 

successful attachment and adhesion 
1
. 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 
118

. 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 
119

. 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 
120

. The most common pathogens causing implant-related infections 

include: S. aureus, S. epidermidis and Pseudomonas aeruginosa 
121-122

.  

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 
1
. Therefore, prolonged local release is desired 

so as to assure long-term anti-bacterial effects.  

1.5.2.3. TNTs and Bacterial Attachment 

TNTs 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) 
123

. 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 
123

. 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 
124

. The study suggested that 

large TNT diameters (60-80 nm) and heat-treatment (500⁰C 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 
125

. 

 

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 
50,68,102

. 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 
102

. 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 
102

. Similar claims have also been made by 

implantation of vancomycin-loaded TNTs in rats for 30 days 
126

.  

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) 
127

. 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 OI. This demands 

local release of alternate antibiotics that can effectively eradicate resistant-bacteria without 

adversely affecting OI. To address this, AMPs have been loaded inside TNTs to achieve 

maximum therapeutic effect against such resistant bacteria 
127-128

. Almost 99.9% antibacterial 

activity of AMPs HHC-36 loaded TNTs was confirmed against S. aureus 
128

.  

1.5.2.5. TNTs with Metal Nanoparticles/Ions 

Metal species, especially silver ions and nanoparticles, which are potent antibacterial agents, 

have also been incorporated inside TNTs. Zhao et al. soaked TNTs in AgNO3 solution, 

followed by UV-irradiation to incorporate Ag NPs 
129

. Local release of Ag NPs from TNTs 

ensured short- and long-term (> 30 days) anti-bacterial activity 
129

. 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 
130

.  

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-

bacterial property and osseointegrating abilities 
131

. As a result, various orthopaedic 

applications involving chitosan hydrogels, fibers, NPs, etc. have been suggested 
132-133

. In 
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fact, chitosan modified titanium implants have shown superior anti-bacterial properties with 

improved bone cell adhesion 
134

. This strategy has been extended to TNT/Ti implants to 

control drug release, while enhancing antibacterial and osteoblastic functions 
100,135

. Another 

study demonstrated the ability of chitosan-coated selenium electrodeposited TNTs against E. 

coli activity 
135

. 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 
136

. 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 
137

. 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) 

137
. 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 OI prevents 

implant loosening/micromotion and ultimately leads to enhanced bone healing rates 
138-139

. 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 OI 
101,140

. 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 OI 

Several in-vitro and in-vivo studies have established the osseointegrating abilities of TNTs 

50,68
. Popat et al. demonstrated short- and long-term OI abilities of TNTs/Ti surfaces 

101
. 

Enhanced functions of bone marrow stromal cells were confirmed, along with improved 

bioactivity of TNTs upon implantation in Lewis rats in-vivo 
101

. Furthermore, no chronic 

inflammation or fibrosis was observed 
101

. 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 OI 
141

. These and many other in-vivo investigations indicate that 

TNTs offer improved OI as compared to cp Ti and micro-/nano-rough surfaces 
105,141, 142

.  

 

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 Ions and Biopolymers 

To upgrade OI 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 
143

. 

Other studies have reported increased bone-forming features obtained from TNTs 

incorporated with zinc and strontium 
130,144

. 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 
100

. 

Furthermore, Chen et al. electrodeposited selenium inside TNTs, followed by Chitosan 

modification, and the results revealed OI and anti-cancer features 
135

. Although these 

strategies enable improved bone-forming abilities, the polymeric degradation kinetics 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 OI. Kunze et al. suggested 

that anatase TNTs, in comparison with amorphous TNTs and TiO2, perform better for the 

growth of stable carbonated HA upon exposure to SBF (simulated body fluid) 
145

. 

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 
146

. Another strategy employed the alternate immersion of TNTs in 

solutions containing calcium hydroxide and diammonium hydrogen phosphate 
147

. 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 
147,148

. 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 OI requirements of 

implants 
67

.  

1.5.3.5. Loading Proteins/Growth Factors inside TNTs 

There are different types of growth factors, catering to various aspects of OI and bone healing, 

which can be loaded inside TNTs to achieve maximum therapeutic effect 
149

. Promoting OI 

and also bone-forming ability, especially in complicated situations like osteoporotic (OP) 

fractures, directly at the site of trauma can significantly improve bone-healing 
150

. 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 

mineralization 
151

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

polymers gelatin and chitosan were formed on BMP-2 loaded TNTs to delay the release of 

proteins 
152

. 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 
153-154

. 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 
154

. 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 OI 
150,155,156

.  

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 



CHAPTER 1:  Introduction    

32 
 

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 OI and prevention of bacterial infection are desired, and as a result various surface 

modification strategies have been suggested for dental implants 
157-158

. 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 
159

. 

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 
160

. 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 
135

. 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 
162

. 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 
163

.  

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 
113-114

. 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 OI 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
st
 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. 

 

 



CHAPTER 1:  Introduction    

35 
 

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 
114

. 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 
114

. 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 
164,165

. 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 

TNTs 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 

TNTs represent tubular capillary-like architecture with diameters and lengths in the range of 

30-100 nm and 1-100 µm 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 TNTs 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 
166

. Similar enhancements 
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were observed when the anti-cancer drug doxorubicin was loaded inside TNTs using vacuum 

suction 
167

. 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 
167

. In another strategy, active 

antibiotics were loaded into silica xerogel prior to incorporation inside TNTs, to achieve 

maximum drug occupancy 
168

.  

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 
113-114

. 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-α-tocopheryl 

polyethylene glycol 1000 succinate, and others], and its in-vitro release was measured over 4-

8 weeks 
114

. 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 
169-171

. 

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 kinetics. To achieve this, prior to loading a hydrophobic model drug, 

TNTs were modified by self-assembling monolayers (SAMs) of 2-carboxyethyl-phosphonic 

acid (hydrophilic) and 16-phosphono hexadecanoic acid (hydrophobic) 
114

. The release 
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studies revealed delayed release of drug for hydrophilic TNTs as compared to hydrophobic 

and untreated TNTs 
114

. 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 
100,114,172,173

.  To 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 
172-173

. The release 

experiments confirmed delayed release for modified TNT implants, which can further be 

tuned by varying plasma conditions 
172-173

. 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 TNTs, in an attempt to cover the open pores of TNTs, to reduce IBR and 
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delay overall release 
100

. 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 TNTs), with the ability to tune release 

kinetics, based on polymer thickness 
100

. 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 
100

. 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 
152

. 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 TNTs, 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. TNTs 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 
174

. In such an attempt, Cai et al. 

deposited a temperature-sensitive hydrogel composed of PNIPAAm (poly N-

siopropylacrylamide) and PAAm (polyacrylamide) on Vitamin B2 loaded TNTs, and used 

temperature stimulated drug release 
175

. In conditions like inflammation the local tissue 

temperature rises to 38.3-38.5⁰C, and the LCST (lower critical solution temperature) of 

polymer composite being 38⁰C, allowed for sudden release of the loaded therapeutics from 

TNT modified implants 
175

. 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 
176

. 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 
170

. 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 
177-178

. 

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) 
171,179

. 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) 
171,179

. 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 kinetics/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 
169

. 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) 
169

.  

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 MWCNTs (multi-walled carbon 

nanotubes) inside the TNTs to improve bone cell activity and also include sensing 

functionality 
180-181

. 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 
181

. 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 (TNTs), 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: 

 Fabricating periodically-structured TNTs (P-TNTs) via voltage oscillations during the 

electrochemical anodization 

 Comparing drug loading and in-vitro drug release characteristics between P-TNTs and 

conventional TNTs 
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 Preparing loose TNTs/agglomerates by fracturing the P-TNTs as drug carriers 

2. To develop advanced anodization conditions to fabricate stable and high-quality TNTs on 

curved surfaces by: 

 Understanding and optimizing the ageing conditions of the anodization electrolyte 

towards generating adherent and stable TNTs on complex substrate geometry of a Ti 

wire 

 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) 

 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 

 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: 

 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 

 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 TiO2 nanotubes (TNTs) 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 TNTs. It also describes the fabrication of TNTs, therapeutic 

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

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. 



CHAPTER 1:  Introduction    

46 
 

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 TNTs 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
TM

 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 TiO2 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 TNTs. 

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
TM

 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 
1
.  To fabricate 

TNTs, 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 
2-3

. 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
2
) 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 (25⁰C) 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 
4
.  



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

  

72 
 

 

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
st
 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
nd

 anodization step (75 V, various times), which results in 

improved ordering of the TNTs 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 TNTs structures is described in Chapter 3.  
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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 TNTs all over the exposed curved surface area of Ti wires. 

To anodize 3D printed Ti alloy, cleaned substrates (4 x 4 mm
2
) 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 unique 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.  

 

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 
5-6

. 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 > 500⁰C in a N2 environment at the rate of 10⁰C/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 TNTs alone was subtracted to obtain the correct loading amount. 

2.3. Release of Therapeutics from TNTs in-vitro 

Therapeutic loaded TNT/Ti samples were immersed in 5 ml phosphate buffered saline (PBS), 

maintained at pH 7.4 and 25⁰C. 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 TNTs. 

 

Figure 2.3.  Release of gentamicin from TNTs/Ti wire, showing biphasic release pattern with 

initial burst release (1
st
 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 
4
. 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 

TNTs 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
TM

 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. 

 

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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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 (TNTs), 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 (TiO2) 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-TNTs) 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 (↑ 9 %), 

reduced initial burst release (↓ 35%), and delayed overall release (↑ >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 TNTs. 

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. 
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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 ºC 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/CMTs) was reported, 

thereby generating a micro-rough surface onto nano-tubular TNTs. 

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 (TiO2) into Conductive 

Titanium (Ti) Nanotubes Arrays for Combined Drug-Delivery 

and Electrical Stimulation Therapy 

This chapter highlighted the magnesiothermic conversion of TiO2 NTs (or TNTs) 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 ºC) in the 

presence of magnesium, to enable conversion of TiO2 into Ti. SEM imaging and 

EDXS analysis of the implants before and after magnesiothermic conversion revealed 

successful conversion of TiO2 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 TiO2) 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 µm) were randomly 

arranged on the underlying flat substrate. The inter-particle distance ranged from 1-100 

µm, 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 TNTs 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
TM

 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
TM

, 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. 

5. 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
TM

 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 (TiO2) nanotubes (TNTs), 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
TM

 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.
1
 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.
2–4

 

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.
5–9 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.
3,10 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.
11–14 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.
15

 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.
16–19
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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.
20,21

 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.
22

 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.3,23,24 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 

proposed to established the ex vivo experiments using the Zetos bone bioreactor
23,24

 with bone 

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 (C28H31ClN2O3, 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 MΩcm resistivity) (EMD Millipore Corporation, Billerica, MA) with 

additional filtration (0.22 μm) 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.
25

 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.
19

 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 (Sterrad® 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.
20 

 

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 551nm using a UV spectrophotometer following previously described procedure.
22

 

  

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 μg/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 2×2 (width by height) pixel count and a subject area of 0.76 cm
2
. 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% w/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 %HNO3, (v/v)) for 24 h. 

The samples were placed on photographic film (AGFA Structurix D4 film) and exposed to 35 kV for 

2½ min in a Faxitron 804 (Faxitron Company, Illinois, 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 µM 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% HCl. 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.
20–22

 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 µm 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 µm wide) across the entire wire (Figure 2a). These cracks were also observed in our previous 

work
18–22

 and they are usually caused by the radial growth of TNTs 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.
18–20

 High-resolution SEM images of the top, cross-

section, and bottom surface of the showed a densely packed 17±2 µm 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 µm 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 µm layer thickness 
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were able to load 25.6 ±1.5 µg 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 

TNTs, time of loading and surface chemistry.
14,15

 We have already shown in our previous study that 

drug loading can be significantly increased to >300 µg on TNT-Ti wire implants with increasing 

diameters (140 nm) and thickness and 50 µm.
22

 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 

length 

(µm)  

Nanotube 

diameter  

(nm) 

Drug loading 

(µg) 

Drug 

loading 

capacity 

(µg/mm
2
) 

Cumulative 

burst release 

in 6 h (%) 

Cumulative 

release in 

13-14 days 

(%) 

 

17±2  

 

70 ± 5  

 

25.6±1.5 

 

2.9±0.8 

 

37.3±4.3 

 

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.
22

 This initial fast release 

could be attributed to the fast diffusion of the drug molecules physisorbed on the top and upper parts 

of the TNTs.  
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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.
26

 A zero-ordered pattern observed with any pharmaceutical dosage is considered 

an ideal profile of drug release because of constant drug elution rate.
27

 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.
18–22

 

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

biopolymer modification of TNTs or drug encapsulation in polymeric micelles.
17
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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.
23,24

 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. 

 
 

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 11images 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.  

 

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 TNTs 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.
28,29  
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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.
30–34

 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 TNTs 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.
35–38

  

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 
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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. 
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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 c) 

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 c) 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. 

 

Factors 

Influencing Drug 

Diffusion 

No Bone Marrow 

(No BM) 

Bone Marrow 

(BM) 

Bone Marrow + Heparin 

(BM + HEP) 

Blood coagulation  N.A. 

 Marrow coagulates and 

impedes media perfusion 

and drug diffusion 

Marrow coagulation is 

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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