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ABSTRACT 

Titanium (Ti) and its alloys have been used for decades as bone implants owing to their 

desirable biomechanical properties and corrosion resistance. However, they present many 

postoperative challenges in the body including inadequate osseointegration (e.g., poor 

attachment and differentiation, or overgrowth of bone cells), inflammation and infection. More 

than 5% of bone implants are rejected requiring repeated surgeries associated with increased 

patient suffering and high socioeconomic expense. Moreover, the requirements and surface 

properties of the implant are significantly determined according to the type of application and 

duration of use.  Permanent or long-term implants are required for ongoing fixation (e.g., dental 

implants, hip and bone replacements), thus they should support bone cell attachment and 

differentiation on their surface (osseointegration) to improve mechanical stability. On the other 

hand, short-term implants used for temporal fracture fixing, especially in paediatrics, which are 

eventually removed from the body after serving their purpose, should not support 

osseointegration in order to facilitate their surgical removal.  

Studies have indicated that the implant surface, micro- and nano-scale topography, 

could play a vital role in directing implant bio-integration. At the same time, the surface 

topography could significantly affect bacterial attachment and biofilm formation on the implant 

surface. This thesis aims to engineer new and advanced Ti implants featuring multiple functions 

including controlled cell-implant interaction (i.e., enhancement or reduction), localized drug 

release and bactericidal activity to address the key challenges associated with implants. As a 

result, four specific aims are included; (i) nano-surface fabrication of nano-tubular arrays 

(TNTs) or nanopillars onto the surface of 3D-printed Ti implants to achieve desired 

combination of micro- and nano-rough surface properties, (ii) studying the drug loading 

capabilities of the fabricated implants using different therapeutic agents (e.g., anticancer and 

antibacterial agents), (iii) controlling the cell adhesion and growth on the surface of the implants 



xv 
 

to optimize bone cell attachment for either permanent or removable implants and (iv) enhancing 

the antibacterial properties of the fabricated implants. 

In order to address these aims, 3D-printed titanium implants were fabricated using 

additive manufacturing selective laser melting (SLM) technology (i.e., 3D-printing) followed 

by low cost, scalable surface nanoengineering manufacturing technologies of electrochemical 

anodization and hydrothermal process. As a result, unique implants surfaces featuring 

hierarchical micro-nano structures were generated covered with either TNTs or nanopillars. The 

fabrication and physicochemical characterization of the fabricated implants were assessed using 

multiple techniques such as scanning electron microscope, energy-dispersive X-ray 

spectroscopy (EDX), X-ray diffraction spectroscopy (XRD) and water contact angle (WCA). 

Moreover, bone cell responses, drug delivery properties and antibacterial activity of fabricated 

implants were assessed in-vitro. 

Results described herein confirmed the successful fabrication of surface nanostructures 

(i.e., TNTs and nanopillars). The drug loading and release of anticancer (doxorubicin and 

Apo2L/TRAIL) and antibacterial (gallium ions) agents were successfully demonstrated. At the 

same time, the antibacterial activity of TNTs and nanopillars was verified against two bacterial 

strains that commonly cause bone infections; Staphylococcus aureus and Pseudomonas 

aeruginosa. Finally, the control of bone cell growth over the implant surface was successfully 

demonstrated by adjusting the surface nano topography of the implants. 

The research studies completed in this thesis combine fundamental understanding and 

application of knowledge of the surface, structural and chemical characteristics of Ti implant 

surfaces. These findings will facilitate the engineering of the next generations of advanced bone 

implants that will open the door to replace conventional implant manufacturing technology.  
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1.1 Background: 

Titanium (Ti) and its alloys have been extensively utilized as implant materials in dental 

and orthopaedic applications (e.g., fracture fixation, joint replacement) due to their desirable 

properties including outstanding mechanical characteristics and biocompatibility with human 

tissues, while also being corrosion resistant [1-4]. Despite the great progress in the design of 

Ti-based implants, many challenges remain related to their intended use, design and interaction 

with the bone tissues. In this chapter, those limitations will be discussed followed by the aims 

of the thesis, however, before going through the limitations associated with the use of Ti 

implants, it is important to understand the structure of bone. 

The human skeleton is formed of numerous bone types of various shapes, including long 

short, flat, sesamoid and irregular bones. In addition to biomechanical functions, including 

mechanical support and muscle attachment allowing mobility, and acting as protective armour 

for vital organs, bone is increasingly recognised as performing numerous biochemical and 

biological functions, including calcium and phosphate homeostasis, as well as being the centre 

of haematogenesises [5, 6], however the extensive underlying biology of the bone is beyond 

the scope of this chapter. 

Bone is composed of a heterogenous complex of organic materials and minerals. The 

main mineral is a hydroxyapatite-like calcium phosphate, which represents more than 60% of 

bone’s mass and contributes mechanical hardness. The organic portion is mostly composed of 

collagen, primarily type I, which comprises 20-25 % mass, which contributes flexibility, while 

free or bound water forms the remaining ~10%. Microscopic examination of bone reveals a 

parallel array of triple-helical type I collagen fibrils, usually arranged parallel to the axis of 

mechanical loading, impregnated with bone mineral [6].  
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Bone can be also classified macroscopically as cortical or cancellous. Cortical bone, 

also known as compact bone, is the solid outer layer of the bone and is the major contributor to 

overall bone strength. In contrast, cancellous bone is found in the epiphyses and metaphyses of 

the long bones and between cortical layers of the flat bones. It hosts the bone marrow inside its 

cavity. The architecture of the cancellous bones consists of void spaces between 

bony trabeculae, which provide additional mechanical support without adding more weight. 

The compact structure of bone represents a significant challenge for drug delivery owing to 

poor diffusion of medications through the highly-calcified tissue. Bones are mainly supplied 

with blood through three main routes, nutrient artery, periosteal and epiphyseal vessels. For 

further details about the detailed anatomy of the bones and blood supply please refer to 

references [6]. 

Challenges facing Ti bone implants: 

1- Controlling the process of osseointegration  

The attachment of bone cells to the implant surface is a critical process that determines the 

degree of osseointegration and the ultimate fate of implants. Soon after surgical insertion, 

numerous processes can potentially occur at the bone-implant interface, including an 

inflammatory response and or host bone cell attachment. Thus, the physical and chemical 

properties of the implant surface can significantly influence the host response [7].  

Ti implants differ according to their application and intended life span inside the body. 

Based on the expected duration of application, implants can be divided into two categories; 

permanent, which are required for long-term fixation (e.g., dental implants, hip and bone 

replacements) and short-term, which are applied for temporal fracture fixation that ultimately 

need to be removed from the body (e.g., implants used in paediatrics due to rapid bone growth 

and in some cancer treatment applications [8]).  
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Permanent implants (e.g., joint replacement prostheses) are intended to be placed inside the 

body for prolonged period of times, thus they should support cell attachment and growth to 

allow maximum longevity in the body. In case of short-term implants, cellular on-growth is not 

required and may be troublesome when implant removal is due. Thus, these temporal implants 

should either slow or at least not support, significant bone cell growth on their surface.  

Most of the current research studies focus on improving the process of osseointegration on 

the implant surface that is desirable for long-term implants. Several approaches have been 

investigated to improve the process of osseointegration [9]. One simple approach involves the 

application of a thin film of hydroxyapatite onto the surface of the implant, which was found to 

enhance bone cell function and promote osseointegration [10]. Another promising approach 

involves modification of surface topography (i.e., roughness) where many studies asserted that 

surface topography of the implants significantly influence the process of osseointegration [11-

14]. Previous studies demonstrated the ability of the micro-texture to promote 

“osteoconduction” [15] (i.e., bone cell growth onto the implant surface) and “osteoinduction” 

[15] (i.e., encouraging cells to differentiate into osteoblasts on the implant surface) [12, 16].  

Beyond implant micro-texture, the advent of nanotechnology has made tools available 

to fabricate implants with nanometer dimensioned surface architecture (e.g., nanotubes and 

nanopores). Many studies have determined that nano-rough surface patterns, particularly nano-

tubular structures, significantly affect protein adsorption and osteoblast activity that leads to 

controlled osteoblast adhesion and long-term osseointegration, in comparison with smooth or 

micro-rough surfaces [17, 18]. In this context, titania or titanium dioxide nanotubes (TNTs) 

represent remarkable nanostructures with a wide range of potential applications. They are 

similar to hollow test tubes, vertically aligned and composed of titanium dioxide (TiO2) [19]. 

They have an opening at the top and are closed at the bottom where they protrude from the 

underlying mass of the implant and can be prepared with strict control over resulting 

dimensions, with achievable diameters of 10-300 nm and lengths of 0.5 to 300 µm [4].  Previous 
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studies have established that TNTs, fabricated by electrochemical anodization, are cost-

effective and simple modifications for conventional bone implants, with properties that can 

either enhance or retard bone cell on-growth and osseointegration [4, 19, 20].  

It is worth mentioning that the optimal template for an implant surface design is still 

inconclusive [17, 21-23]. Moreover, additional research effort is urgently required towards the 

design and the study of short-term implants. This thesis is sought to investigate the different 

surface features (e.g., micro-nano surface topography) that could enable Ti implants surface to 

either enhance or reduce bone cell attachment and proliferation, as will be discussed in Chapters 

4 and 6. 

2- Bacterial infection and inflammation 

A common reason for the failure of orthopaedic implants is bacterial infection and 

inflammation [15, 24], leading to implant loosening and/or complete detachment from its place 

of insertion, requiring repeated surgery and eventually result in amputation or even death. 

Bacterial infection at the bone implant interface could arise from a variety of sources during the 

surgical procedure, or even after implant insertion, from infection of the surgical wound or 

haematogenous seeding from another site within the patient’s body [32]. In this case, implants 

may serve as bacterial substrates that tend to form antibiotic-resistant biofilms on their surfaces 

[25]. Figure 1 summarizes the main limitations related to bacterial infection causing bone 

implants’ failure in their clinical applications. 
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One main approach, to cater for bone implants complications and rejections (i.e., 

infection and inflammation) comprises systemic administration of potent antimicrobial agents. 

In order to reach the effective levels of therapeutics at the desired site (i.e., the affected bone or 

joint), the whole body is exposed to elevated doses of drugs, which could be toxic, for example 

causing nephrotoxicity or disruption to the host gut microbiome. In addition, the infected bone  

may also suffer from compromised blood supply, which may hamper therapeutics from 

reaching the diseased areas [26]. Coupled with systemic administration, antibiotic-laden bone 

cements are commonly used when surgically revising an infected prosthesis. However, these 

suffer from problems with controllability, duration and extent of drug release, as well as 

systemic toxicity, which potentially limit the effectiveness of the antibiotics used [27]. These 

challenges often result in therapeutic failure and additional surgical actions to remove the 

implant.  

Owing to the above-mentioned limitations of systemically delivered antibiotics, current 

research tends to focus on improvements to localized delivery of active therapeutics at the bone 

implant interface [28, 29]. This in turn will likely decrease dependence on systemic therapy 

while simultaneously providing significantly more effective local therapeutic effect and 

improving implant bio-integration performance [30, 31]. One key feature of drug releasing 

Figure 1: Illustration of common challenges associated with bone implants 
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implants is to release active therapeutics directly at the affected site, locally inside the bone 

micro-environment [30, 32-35]. Another key feature is that localized drug delivery has the 

potential to not only enhance the osseointegration and life span of the implants, but also provide 

effective treatment for conditions like: osteoporosis, bone infection (i.e. osteomyelitis) and 

related inflammation as well as malignant conditions such as bone carcinoma etc. [15, 20]. 

However, it is important to acknowledge that the excessive use of conventional antibiotics (e.g., 

vancomycin or gentamicin) could result in the development of resistant bacterial strains [36]. 

As a result, many non-conventional antibacterial agents such as silver, copper or gallium ions 

are currently being explored to overcome this problem [37, 38]. 

Concerning localized drug delivery application from implants, the loading of sufficient 

amounts of therapeutics onto implants remains a challenge. Even after successful drug loading, 

the loaded therapeutics could suffer from insufficient loading amounts, uncontrollable or erratic 

release kinetics. To permit optimal loading of substantial amounts of active agents, the loaded 

therapeutics should be deeply integrated into the implant surface; and for effective therapy, a 

sustained and prolonged drug release is desired [29].  

Another appealing approach to cater for bacterial infection is the development of surface 

micro/nanostructures with inherent antibacterial properties such as bioinspired  nanostructures 

that mimic insect wings (e.g. cicadas and dragonflies), which are covered with natural nano-

sharp structures that mechanically kill bacteria through disruption of their cell membranes [39, 

40]. It is worth mentioning that studies also suggest that TNTs could also possess antibacterial 

activity [41]. This thesis will explore both approaches through designing implants that combine 

drug release function together with physical antibacterial properties as will be discussed in 

Chapters 3,4 and 6.  

3- Tailoring the design of bone implants for individual patients:  
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 Current production of Ti implants is based on conventional metal and metallurgical 

processing methods. Thus, one of the major limitations of currently used Ti implant is that they 

are fabricated with fixed shapes and dimensions and therefore they lack customization for 

specific cases such as children or due to cancer, where local drug delivery of anticancer is 

required [42]. In such cases, expensive and time-consuming implant alterations are made by 

post-processing. Furthermore, implant companies potentially lose millions of dollars each year 

through expiry of prefabricated generic implants. 

 A potential solution for this issue is to incorporate additive manufacturing (AM) technology 

in implant production. AM, for example involving 3D-printing, triggered a revolution in metal 

implant manufacturing [43]. It offered many improvements including design flexibility with 

ability to fabricate implants with complex geometries to mimic bone porosity [44]. In addition, 

AM could offer “on demand” production of implants specifically tailored for patients, (e.g., 

young children) which is fast and reliable for achieving an optimal anatomical match [45]. 

Using AM, implants can be delivered on request instead of massive production of implants that 

could eventually expire. Selective laser melting (SLM) is considered the ideal AM technique 

for implants fabrication with ability to print a variety of metals (e.g., Ti based, stainless steel, 

Co-Cr, Mg, Ca, Zn, Ta and Ti-Ni) while reducing waste materials and costs of implants [43, 

46]. It can also print metal combinations or metal/ceramic combination implants with no post-

processing required which is usually needed in conventional techniques such as casting or 

machining [46, 47]. Based on that, all implants studied throughout this thesis were fabricated 

using SLM of Ti alloy (Ti6Al4V) powder. 

Research Gaps 

Although many approaches have been investigated to produce the appropriate surface 

topography, bioactivity, antibacterial properties and localized drug delivery capabilities, these 

implant characteristics have not been integrated into one tailorable technology [9]. Thus, there 
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is an urgent need for multifunctional implants that can overcome the abovementioned 

challenges. 

In addition, the actual impact of the surface features (e.g., micro or nano), their shape 

(pores, tubes, particles, rods, wires, spikes, etc.), on bone tissue formation is still in debate, 

which makes it difficult to compare the influences of these topographical features [48]. For 

example, nanostructures of ~100 nm were capable of disrupting integrin clusters, resulting in 

the inhibition of cellular adhesion and proliferation [49]. On the other hand, nanoporous 

structures (~30 nm in diameter) enhanced adhesion of bone cells [50].  

To achieve efficient loading of therapeutics together with tuning of the surface 

roughness, several nano-engineering techniques, to generate nano/micro-rough surfaces, have 

been proposed, including an electrochemically engineered anodization process, which has been 

investigated for many materials, such as porous silicon, porous alumina and titania nanotubes; 

it is worth mentioning that, this method is cost-effective and could be easily scaled up [51].   

This thesis will combine fundamentals of materials science, nanotechnology, chemistry, 

biology and drug delivery to prepare unique bone implants manufactured using 3D-printing 

technology of Ti alloy powder. The implants surface will be modified using a variety of 

techniques including electrochemical anodization, hydrothermal process and alternative 

immersion method (AIM). The final implants will feature nano/micro-topography for 

controlled osseointegration together with drug releasing and antibacterial capabilities in an 

attempt to overcome current limitations of common implants. 

1.2 Aims/Objectives of the project 

This aims of this thesis is to engineer novel, 3D-printed Ti implants (3D-Ti) with dual 

micro- and nano-topography prepared by scalable, cost-effective techniques including 

electrochemical anodization and hydrothermal process to achieve multiple functionalities 

including localized drug delivery, control of bone cells growth and attachment and bactericidal 
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properties. 3D-printed implants are fabricated using additive manufacturing SLM to generate 

surface microparticles. The main nano-topographical features will include titania nanotube 

(TNTs) and nano-pillars. Here, commercially used Ti alloy (Ti6Al4V) was utilized for 

fabrication of 3D-Ti implant substrates.  

The detailed objectives of the thesis are as follows: 

Objective 1: Reviewing the recent challenges and research gaps of Ti based bone implants 

currently used in dental and orthopaedic applications.  

Objective 2: Engineering of new 3D-printed drug-releasing Ti implants to achieve desired 

combination of micro- and nano-rough surface properties which is followed by surface 

characterization and optimization of the fabricated surface nano-features. 

 

Objective 3: Studying the drug loading capabilities of the fabricated TNTs-3D-Ti implants 

using chemotherapeutic agents followed by investigating the in-vitro cytotoxicity of TNTs-drug 

loaded implants.  

Objective 4: Tailoring implant-cell response of additively manufactured implants  

Objective 5: Investigating the in-vitro antibacterial efficacy of surface nano-features (i.e., TNTs 

and nanopillars) on top of 3D-printed implants.  

Objective 6: Exploring the In-vitro cell-implant interaction in order to determine desired 

features to control bone cells growth and attachment.  

This thesis provides innovative solutions for the most challenging limitations facing Ti bone 

implants, including osseointegration control, bacterial infection and localized drug delivery. 

This will be achieved by designing multifunctional implants which can combine drug delivery 

of different therapeutics (e.g., anticancer or antibacterial agents), antibacterial properties 

and design flexibility. The implants are fabricated using additive manufacturing technology 

which is combined by scalable and cost-effective surface modification techniques of 
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electrochemical anodization and hydrothermal process. The research results from this 

research offer deep insight on the significance of micro and nano surface features and their 

effect on cells attachment and bacterial activity not explored before. The overall outcome of 

this thesis will pave the way towards the design and fabrication of next generation of 

multifunctional implants that are capable to revolutionize Ti implants industry. 

1.3 Thesis outline: 

Chapter 1 presents a general overview of the challenges and research gaps facing the 

currently used Ti implants and possible solutions. This chapter also included the thesis 

objectives and outline. 

Chapter 2 (Literature Review) includes a review of literature of recent research 

focusing on engineering Ti implants to address the most key challenges facing the applications 

of bone implants with emphasis on fabrication of titania nanotubes (TNTs) with localized drug 

delivery capabilities.  

Chapter 3 (Titania Nanotubes for Localized Drug Delivery of Anticancer Agents) 

includes engineering of 3D-printed drug-releasing Ti implants with TNTs covering the surface 

with drug delivery functions for treatment of bone cancer. The fabrication process together with 

drug loading and release are discussed followed by in-vitro assessment of the cytotoxicity of 

the loaded therapeutics as summarized in Figure 2. 
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Figure 2: Graphical abstract “Engineering of Micro- to Nanostructured 3D-Printed Drug-

Releasing Titanium Implants for Enhanced Osseointegration and Localized Delivery of 

Anticancer Drugs” 
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Chapter 4 (Tailoring Implant-Cell Response of Additively Manufactured 

Implants) includes two studies focusing on controlling (i.e., reducing or enhancing) bone cells 

implant interaction. In the first study, TNTs were fabricated in an attempt to reduce bone cells 

growth on the surface so that they can be used for short-term implants applications. At the same 

time, the surface was coated with antibacterial agent, gallium nitrate, to add antibacterial 

capabilities as shown in Figure 3. In the second study, hydroxyapatite was used to enhance 

bone cells attachment on TNTs surface, Figure 4.  

 

 

 

 

 

Figure 3: Graphical abstract “Tailoring additively manufactured titanium implants for short-

time pediatric implantations with enhanced bactericidal activity” 
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Chapter 5 (Engineering of Surface Nanopillars On 3D-Printed Titanium Implants) 

illustrates the fabrication of 3D-printed Ti implants with unique hierarchical micro-nano 

topographies composed of microspheres covered with sharp nanopillars. The study compares 

the effect of using electrochemical anodization and hydrothermal process on the structure of 

the produced nanopillars. It also shows that the fabricated surfaces could enhance bone cells 

mineralization as shown in Figure 5. 

Chapter 6 (Antibacterial Activity of Surface Nanopillars Fabricated On 3D-

Printed Titanium Implants) involves the study of the cells attachment and antibacterial 

activity of the nanopillars fabricated in chapter 5, which was loaded with gallium nitrate to 

provide short-term antibacterial activity in an attempt to combine both physical and chemical 

antibacterial mechanisms, Figure 6.  

 

Figure 4: Graphical abstract “Micro- and Nano-structured 3D Printed Titanium Implants with 

Hydroxyapatite Coating for Improved Osseointegration” 
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Figure 5: Graphical abstract “Advancing of Additive-Manufactured Titanium Implants with 

Bioinspired Micro- to Nanotopographies” 

 Figure 6: Graphical abstract “Advancing of 3D-printed titanium implants with combined 

antibacterial protection using ultra-sharp nanostructured surface and gallium releasing agents” 
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Chapter 7 (Conclusions and Perspectives) includes a summary of the most significant 

findings obtained throughout this thesis which is then followed by several recommendations 

for future research in order to move this research towards the next phase of in-vivo and clinical 

studies which could eventually result in the development of multifunctional new generation of 

bone implants. 
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2.1. Overview 

Current Ti implants draw many challenges, including inflammation, infection and poor 

osseointegration. The aim of this chapter is to address these challenges and discuss the recent 

advances on designing and engineering Ti implants surface to overcome these challenges. This 

chapter also highlights the fabrication and design of titania nanotubes (TNTs) with localized 

drug delivery capabilities.  At the end, the article concludes with general overview and a 

prospective outlook on the future trends, challenges and perspectives in this exciting and 

promising research field which will be further explored in the following chapters of the thesis. 

 

 

 

 

 

 

 

 

 

 

This chapter has been published as: 

Shaheer Maher, Arash Mazinani, Mohammad Reza Barati and Dusan Losic (2018), Engineered titanium implants 

for localized drug delivery: Recent advances and perspectives of titania nanotubes arrays. Expert Opinion on Drug 

Delivery 15(10): 1021-1037. 
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3.1. Overview  

Systemic administration of anticancer agents is usually limited by a wide range of 

adverse effects due to lack of selectivity and uncontrolled distribution. In case of bone tissues, 

only limited amount of the systemically administered drugs can reach the desired site of action.  

The aim of this chapter is to explore the potential application of titania nanotubes 

(TNTs) fabricated on the surface of 3D-printed Ti implants for localized drug delivery (LDD) 

as an effective alternative to systemic drug administration of anticancer agents which could 

avoid many limitations of systemic drug therapy such as systemic toxicity and uncontrolled 

drug distribution.  

First, the detailed process of TNTs fabrication using electrochemical anodization 

process, which is scalable and cost effective, is included. This was followed by physicochemical 

characterization of the fabricated implants using a variety of techniques (e.g., SEM, EDX, XRD 

and water contact angle). Two anticancer drugs were used; doxorubicin and Apo2L/TRAIL. In-

vitro data showed that TNTs were effectively loaded with anticancer agents and were capable 

of releasing sufficient medication to eradicate cancer cells. At the same time, Apo2L/TRAIL 

showed specific activity against cancer cells while sparing normal cells. 

This chapter confirms that TNTs fabricated on 3D-printed implants could provide dual 

functionality; one is bone support and the second is to provide localized drug delivery to treat 

bone cancer while protecting normal bone cells. 

 

 

This chapter has been published as: 

- Shaheer Maher, Gagandeep Kaur, Luis Lima-Marques, Andreas Evdokiou and Dusan Losic (2017), 

Engineering of micro- to nanostructured 3d-printed drug-releasing titanium implants for enhanced 

osseointegration and localized delivery of anticancer drugs. ACS Applied Materials & Interfaces 9(35): 29562-

29570. 
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4.1. Overview 

One of the main challenges facing bone implant applications is the control of the process 

implant-cell interaction. The surface nano and micro features were confirmed to play a pivotal 

role in bones cells growth and attachment. Depending on the intended duration (i.e., short-term 

or long-term) and application (permanent or removable) of the implant, it is essential to control 

implant-cell interaction.  

This chapter will focus on the effect of titania nanotubes (TNTs) on cells response. Two 

separate studies were performed in order to either reduce or enhance bone cell attachment and 

growth on 3D-printed Ti implants.  

In the first study, additively manufactured 3D-printed Ti implants were fabricated with 

TNTs on top. TNTs with various diameters were fabricated in attempt to generate tubes with 

diameter of 100 nm or more which are expected not to promote bone cell attachment. The aim 

of this study was to prepare bone implants that can be used for temporal fixation of bone 

fractures that can be easily removed after serving their function. In addition, enhanced 

antibacterial properties of TNTs was achieved through coating a layer of gallium nitrate.  The 

results showed complete bacterial eradication owing to the bactericidal activity of gallium ions. 

At the same time, TNTs showed significant antibacterial activity against Pseudomonas 

aeruginosa. This study confirms the potential of a new generation of low-cost, removable 

implants that enables control of bone cell response while effectively inhibiting bacterial 

colonization. 

The second study aims to enhance the osseointegration performance of TNTs through 

bioactivation by hydroxyapatite (HA) coating using alternative immersion method (AIM). 

Protein adsorption, cells attachment and gene expression of SaOS2 human osteoblast-like cells 

were evaluated. Results confirmed enhanced cell attachment, maturation and mineralization on 
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HA coated TNTs surface compared to uncoated surface. This confirms that functionalized 

TNTs could be used to support osseointegration of 3D-printed Ti implants.  

This chapter confirms the potential application of TNTs to control the process of bone 

cell attachment and growth on TNTs for both long-term and short-term implants.  

 

 

 

 

 

 

 

 

 

 

This Chapter includes the following papers: 

- Shaheer Maher, Denver Linklater, Hadi Rastin, Pei Le Yap, Elena P. Ivanova and Dusan Losic (2022), Tailoring 

additively manufactured titanium implants for short-time pediatric implantations with enhanced bactericidal 

activity. ChemMedChem. 17(2): e202100580. 

- Jie Qin, Dongqing Yang, Shaheer Maher, Luis Lima-Marques, Yanmin Zhou, Yujie Chen, Gerald J. Atkins and 

Dusan Losic (2018), Micro- and nano-structured 3D printed titanium implants with a hydroxyapatite coating for 

improved osseointegration. Journal of Materials Chemistry B 6(19): 3136-3144. 
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5.1. Overview  

Bacterial infection is one of the leading causes of implant failure which mainly treated 

through systemic administration of antibiotics. Excessive antibiotics administration could result 

in severe adverse effect as well as development of antibiotic resistant bacteria. 

 This chapter presents a new surface engineering approach aiming to generate 

bioinspired micro- to nanostructures on surfaces on 3D-printed Ti implants fabricated by 

combining selective laser melting technology, electrochemical anodization, and hydrothermal 

(HT) processes.  

Results showed that incorporating structural templates of TNTs created by 

electrochemical anodization on the surface served as seed promotors and initiators for the 

vertical growth of sharp nanostructures. The resulting implants display unique surfaces with a 

distinctive dual micro- to nano-topography composed of micron-sized spherical features and 

vertically aligned nanoscale pillar structures. The fabricated surface topography was capable to 

enhance hydroxyapatite like mineral deposition from simulated body fluid (SBF) compared to 

control. In addition, normal human osteoblast-like cells (NHBCs) showed strong surface 

adhesion while displayed greater propensity to mineralize compared to control surfaces.  

The outcome of this chapter shows that the fabricated nature-inspired multiscale-

structured surface could offer desired features for improving osseointegration while possessing 

antibacterial performance.  

 

This chapter has been published as: 

- Shaheer Maher, Asiri R. Wijenayaka, Luis Lima-Marques, Dongqing Yang, Gerald J. Atkins and Dusan Losic 

(2021), Advancing of additive-manufactured titanium implants with bioinspired micro- to nanotopographies. ACS 

Biomaterials Science & Engineering 7(2): 441-450. 
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6.1. Overview  

Since systemic administration of antibiotics to treat infection at site of the implant is 

limited with poor drug bioavailability, systemic side effects and the chance of development of 

resistant strains of bacteria. This chapter aims to explore a highly efficacious antibacterial 

surface combining physical and chemical antibacterial mechanisms in order to create long-term 

antibacterial protection on Ti implant.  The potential antibacterial activity of surface nanopillars 

(physical bactericidal effect) fabricated on the surface of 3D-printed Ti implants was explored 

against two of the most common bacterial pathogens; Staphylococcus aureus and Pseudomonas 

aeruginosa. In addition, enhanced antibacterial performance was achieved through loading the 

fabricated implants with gallium nitrate as a non-conventional antibacterial agent which has 

less potential to develop bacterial resistance.  

Results confirm significant antibacterial performance of Ga3+ loaded substrates with 

eradication of 100% bacteria. Moreover, nanopillars significantly prevented bacterial 

attachment and biofilm formation while killing bacteria remaining on the surface. Furthermore, 

3D-printed surfaces with microspheres of diameter between 5-30 µm and interspaces of 12-35 

µm favoured the attachment of osteoblast-like MG-63 cells.  

The outcomes of this chapter will pave the way towards the generation of dual 

antibacterial implants that could be designed to enhance bone cell attachment while protecting 

from bacterial infection. 

 

This chapter has been published as: 

- Shaheer Maher, Denver Linklater, Hadi Rastin, Sandy Liao, Karolinne Martins, de Sousa, Luis Lima-Marques, 

Peter Kingshott, Helmut Thissen, Elena P. Ivanova and Dusan Losic (2021), Advancing of 3D-printed titanium 

implants with combined antibacterial protection using ultrasharp nanostructured surface and gallium-releasing 

agents. ACS Biomaterials Science & Engineering 8(1): 314–327.  



Chapter 6 

116 
 

 



Chapter 6 

117 
 

  



Chapter 6 

118 
 

 



Chapter 6 

119 
 

 



Chapter 6 

120 
 

 

  



Chapter 6 

121 
 

 



Chapter 6 

122 
 

 

  



Chapter 6 

123 
 

 

  



Chapter 6 

124 
 

  



Chapter 6 

125 
 

  



Chapter 6 

126 
 

 

  



Chapter 6 

127 
 

  



Chapter 6 

128 
 

  



Chapter 6 

129 
 

  



Chapter 6 

130 
 

  



Chapter 6 

131 
 

  



Chapter 6 

132 
 

 

  



Chapter 6 

133 
 

  



Chapter 6 

134 
 

  



Chapter 6 

135 
 

  



Chapter 6 

136 
 

 

  



Chapter 6 

137 
 

  



Chapter 6 

138 
 

  



Chapter 6 

139 
 

 

  



Chapter 6 

140 
 

  



Chapter 6 

141 
 

  



 

142 
 

 

CONCLUSIONS AND PERSPECTIVE 
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7.1 Conclusions: 

The research described in this thesis contributes to the development of novel biomedical 

titanium implants by combining additive manufacturing technology (i.e., selective laser 

melting) followed by post-fabrication surface manufacturing techniques of electrochemical 

anodization and a hydrothermal process, which are cost-effective and scalable.  The fabricated 

implants were designed to address the current challenges facing the use of titanium implants 

for dental and orthopaedic applications. This study also explores the potential applications of 

Ti implants for localized drug delivery of therapeutics to overcome the drawbacks of systemic 

drug administration. In addition, multiple approaches were investigated to address the problem 

of bacterial infection at the implant surface through application of a non-conventional 

antibacterial agent (gallium ions), which has less potential to develop bacterial resistance than 

conventional antibiotics [1, 2], and through incorporating surface nano-features (e.g., 

nanopillars and TNTs), that could reduce bacterial attachment while possessing inherent 

antibacterial properties. Finally, the ability of the surface features, either nano- or micro-scale, 

were assessed to control the process of bone cell attachment and proliferation. 

Results obtained from this thesis will pave the way for further development of a new 

generation of low-cost, 3D-printed Ti implants, whose performance can be significantly 

upgraded by the combination of a mechano-bactericidal surface topography and drug-releasing 

functionality that is needed for an optimized implant, in order to dually control bone cell 

responses while effectively inhibiting bacterial colonization. 

Three main concepts can be summarized based on research outcomes: 

1- Localized drug delivery applications of TNTs (Chapter 3):  

New 3D-printed Ti alloy-based drug releasing implants with a unique combination of 

microspherical and nanotopography were fabricated. TNTs were grown on the surface of 3D-
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printed Ti implants using an electrochemical anodization process. Chemotherapeutic agents 

doxorubicin (DOX) and apoptosis-inducing ligand (Apo2L/TRAIL) were then loaded into 

TNTs and tested for their cytotoxic activity [3].  

Results confirmed the successful fabrication of well-ordered nanotube arrays covering 

the entire surface of a test implant of diameter 120 ± 10 nm and length 3.25 ±0.2 μm. Fibroblasts 

were then used to test if cell attachment to TNTs would significantly affect the release of the 

loaded drugs. 

In-vitro drug release experiments confirmed the capacity of TNTs to release their drug 

loads. In addition, the release efficacy of chemotherapeutic agents from TNTs was unaffected 

by fibroblast adhesion, as confirmed by in-vitro cytotoxicity studies. At the same time, the 

loaded naturally occurring anticancer agent, Apo2L/TRAIL, was able to eradicate MDA-MB-

231-TXSA human breast cancer cells while sparing normal fibroblasts attached on the surface. 

It is worth mentioning that using fibroblasts, a connective tissue cell type found in 

numerous soft tissues, may not give accurate information about the attachment of bone cells on 

the surface of the implant since cell attachment may differ according to the type of cell used 

[4]. As a result, human primary osteoblasts and osteoblast-like MG-63 cells were used in the 

ensuing studies described throughout the thesis. However, the use of fibroblasts in Chapter 3 

served the purpose to show that drugs loaded inside TNTs could be effectively released even 

when cells are attached on the surface 

2- Controlling bone cell attachment and growth on surface of the implants (Chapters 4 

and 6):  

A major challenge associated with bone implants is uncontrolled bone cell growth and 

attachment on their surfaces. As discussed in Chapters 1 and 2, implants differ in their 

applications and intended duration inside the body [5]. Thus, the ability to direct (either promote 

or reduce) bone cell attachment and growth is important in the design of implants. As a result, 

the attachment and growth of human primary osteoblasts and MG-63 cells were tested on 
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different implant surfaces, including smooth 3D-Ti, 3D-Ti implants coated with TNTs (TNTs-

3D-Ti) (Chapter 4), TNTs coated with HA (Chapter 4) and TNTs modified into nanopillars 

(Chapter 6). In addition, this research tried to find the specific microscale features that could 

promote cell adhesion, as discussed in Chapter 6. 

Results revealed that TNTs showed significant reduction in MG-63 cell attachment and 

proliferation, suggesting that TNTs could be used for short-term implants where surface on-

growth of bone cells is not desirable [6]. On the other hand, HA coating of TNTs significantly 

enhanced protein adsorption, cell adhesion and cell spreading on the surface, supported also by 

the expression of the late osteoblast/osteocyte genes GJA1 and PHEX [7]. 

Results from Chapters 5 and 6 revealed that the presence of surface nanopillars (HT-

TNTs-3D-Ti) significantly enhanced HA deposition from SBF compared to smooth 3D-Ti [8, 

9]. Cells also displayed greater propensity to mineralize compared to control surfaces. 

Moreover, 3D-printed surfaces with microspheres of diameter between 5-30 µm and interspaces 

of 12-35 µm favoured the attachment of osteoblast-like MG-63 cells, as confirmed by 

assessment of their attachment, proliferation, and viability in Chapter 6 [9]. 

3- Enhancing the antibacterial properties of Ti implants (Chapters 4 and 6):  

Bacterial infection is considered one of the main reasons for implant failure and the 

need for their surgical removal. As previously discussed, systemically administered antibiotics 

may not efficiently reach the implant site to eradicate the bacteria due to impaired blood supply 

or formation of bacterial biofilms. Moreover, the excessive use of systemic antibiotics can have 

severe side-effects, especially on elderly patients or those with underlying poor health. To 

address this, the design of implants with multiple antibacterial actions was investigated. In this 

context, the antibacterial action of gallium nitrate loaded implants was studied. In addition, the 

bactericidal activity of surface nanostructures based on mechanical disruption of bacteria was 

also explored.  
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Results of Chapters 4 and 6 confirmed the antibacterial activity of gallium ions released 

from the surface of TNTs-3D-Ti and HT-TNTs-3D-Ti implants, in which 100% of the bacteria 

were effectively eradicated in case of Staphylococcus aureus and Pseudomonas aeruginosa. In 

addition, the in-vitro release study showed that Ga3+ could be effectively released for up to 5 

days which is expected to be sufficient to prevent bacterial infection during the first few days 

of the life of the implant [6, 9]. 

On studying the inherent antibacterial activity of TNTs and nanopillars to provide long-

term bactericidal protection, results confirmed that nanopillars significantly reduced bacterial 

attachment and prevented biofilm formation while killing bacteria remaining on the surface for 

both tested bacterial strains of S. aureus and P. aeruginosa. On the other hand, TNTs showed 

significantly high antibacterial activity against P. aeruginosa in contrast to S. aureus, which 

was more resistant [6]. This highlights the potential variability of the response of different 

bacterial species or strains to physical antibacterial mechanisms, as confirmed in Chapters 4 

and 6. 
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7.2 Recommendations for future work 

This research project marked a new advanced manufacturing process, which combines 

3D-printing with surface nanoengineering technology to produce advanced Ti implants with 

dual micro- and nano-topography. Such implants are expected to control bio-integration post-

surgery, as well as the implants featuring tuneable drug releasing properties to provide localized 

therapeutics for conditions such as bacterial infection and bone cancer. Furthermore, on demand 

production of highly customizable implants will reduce the high costs involved in implant post-

processing procedures currently required in order to fit the specific needs of individual patients. 

This study opened many directions for future studies and several key aspects are recommended 

to translate this research into the development of the next generation of Ti implants and their 

progress into the next stages of in-vivo (pre-clinical) and clinical studies: 

1- Exploring new surface functionalization approaches to achieve dual antibacterial and 

osseointegration properties:  

One potential modification of the implant surfaces developed in this thesis is to 

incorporate graphene, owing to its attractive biocompatibility and mechanical properties with 

high surface area. Recent research confirmed that graphene can promote bone generation while 

inhibiting bacterial growth [10, 11]. Decorating the surface of Ti implants with graphene 

through a silanization treatment of the surface was recently reported, which appears to be an 

attractive strategy to combine the desirable properties of graphene into the surface of Ti 

implants [11]. 

2- In-vivo assessment of osseointegration, antibacterial, drug releasing ability and long-

term toxicity of the fabricated implants: 

TNTs and nanopillars fabricated in this study demonstrated great potential to control 

cell adhesion and growth. At the same time, they showed potential antibacterial and drug 

releasing capabilities. However, the behaviour of the fabricated nanostructures should be tested 

in-vivo to determine their actual efficacy and safety in terms of their integration in living tissues 
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and their ability to inhibit bacterial infection within biological environment. Therefore in-vivo 

studies are logical step forward for further development and implementation of outcomes on 

development of these 3D-printed implants.  

3- Implementation of triggered release of drug loaded implants:  

Triggered drug release is sometimes more desired than direct or immediate release. For 

example, in cases of bacterial infection that may occur after several months after implant 

insertion, the ability of triggering the release of antibacterial agents from the implant would be 

of great value. Triggered release is also highly desirable for anticancer agents which can be 

only released in response to specific triggering mechanisms [12, 13]. This was demonstrated 

by our team and others through a variety of techniques such as magnetic [14], electrical [15], 

ultrasonic [16], or  pH  triggering release mechanisms [17]. Thus, an appealing next step is to 

implement these triggering mechanisms into the multifunctional 3D-printed implants designed 

throughout this thesis.  

4- Improvement of gallium loading and release for 3D-printed Ti implants: 

In this thesis, gallium ions were effectively loaded and released on the surface of the 

fabricated implants. Their antibacterial efficacy was confirmed in-vitro. Although release of 

Ga3+ lasted for at least 5 days, the incorporation of gallium into the crystal structure of the 

implant itself could result in significantly prolonged antibacterial activity, a desirable property 

for long-term implants. Possible methods to achieve this is through hydrothermal ion-exchange 

processes [18] or by including gallium into Ti alloy powder that is used in the fabrication of the 

implants during SLM [19]. 

5- Exploring the sensing and monitoring capabilities of TNTs and nanopillars: 

Ti implants could also provide real-time, non-invasive sensing capabilities within the 

microenvironment of the bone implant. This could help to monitor loading or pressure on the 

implants, bone healing or any change within the bone microenvironment that could suggest 
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early detection of infection, inflammation or other signs of implant failure, such as the 

formation of particulate wear or lack of bone integrations [20, 21]. However, in-vivo non-

invasive sensing is very challenging problem [22] that requires implementation of specific 

sensing probes or wireless systems [21, 23] within the implants that can provide relevant signals 

monitored externally by devices such as radio frequency identification (RFID) [24]. This type 

of smart implants will reduce the huge costs which result from complications, facilitate real-

time treatment and significantly reduce the recovery times [25]. Incorporating sensors into the 

design of 3D-printed implants fabricated in this thesis can result in multifunctional implants 

that can combine therapeutic benefits (e.g., support and localized drug delivery functions) 

together with diagnostic functions. 

6- Improving the mechanical strength by surface modification of Ti implants by microarc 

oxidation (MAO), also known as plasma electrolytic oxidation (PEO): 

PEO is considered an innovative technique for surface coating of Ti and its alloys. 

Recent studies showed that PEO is an efficient strategy to improve Ti implant biocompatibility 

through application of Ca/P coatings [26]. It can also be used to functionalize the surface with 

antibacterial agents. Incorporating different antibacterial or bioactive materials during PEO 

process is a promising technique for the development of multifunctional implants, which is 

expected to be one of our research focuses in the future. 

7- Exploring other antibacterial mechanisms of TNTs: 

This thesis explored the physical antibacterial activity of TNTs. However, other 

antibacterial mechanisms should be also explored. TiO2 nanoparticles have been previously 

studied for their ability to generate reactive oxygen species (ROS) under ultrasound stimulation, 

which resulted in inhibition of cancer cell growth [27]. The same property could be explored 

for TNTs, which could therefore be used as a potential mechanism to trigger on demand 

bactericidal or anticancer effects at the site of the implant. 
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