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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

Xiv



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 um [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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Figure 1: lllustration of common challenges associated with bone implants

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
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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

9
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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:

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

currently used in dental and orthopaedic applications.

Obijective 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.

Obijective 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

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

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

Obijective 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

10
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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.

e ©
Antibacterial J o - S

3+
Ga release

3+
Ga release

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

time pediatric implantations with enhanced bactericidal activity”
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Figure 4: Graphical abstract “Micro- and Nano-structured 3D Printed Titanium Implants with

Hydroxyapatite Coating for Improved Osseointegration”

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.
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Improved Cell Attachment Enhanced Mineralization

Figure 5: Graphical abstract “Advancing of Additive-Manufactured Titanium Implants with
Bioinspired Micro- to Nanotopographies”
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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.
8. References

[1] H. Chouirfa, H. Bouloussa, V. Migonney, C. Falentin-Daudré, Review of titanium surface
modification techniques and coatings for antibacterial applications, Acta Biomater. 83 (2019)
37-54.

[2] M. Geetha, A.K. Singh, R. Asokamani, A.K. Gogia, Ti based biomaterials, the ultimate
choice for orthopaedic implants — A review, Prog. Mater Sci. 54(3) (2009) 397-425.

[3] R. Bosco, J. Van Den Beucken, S. Leeuwenburgh, J. Jansen, Surface Engineering for Bone
Implants: A Trend from Passive to Active Surfaces, Coatings 2(3) (2012) 95-119.

[4] K. Gulati, M.S. Aw, D. Findlay, D. Losic, Local drug delivery to the bone by drug-releasing
implants: perspectives of nano-engineered titania nanotube arrays, Ther. Deliv. 3(7) (2012)
857-873.

[5] N. Su, J. Yang, Y. Xie, X. Du, H. Chen, H. Zhou, L. Chen, Bone function, dysfunction and
its role in diseases including critical illness, International journal of biological sciences 15(4)
(2019) 776-787.

[6] D.B. Burr, O. Akkus, Chapter 1 - Bone Morphology and Organization, in: D.B. Burr, M.R.
Allen (Eds.), Basic and Applied Bone Biology, Academic Press, San Diego, 2014, pp. 3-25.
[7] J.E. Lemons, Biomaterials, biomechanics, tissue healing, and immediate-function dental
implants, J. Oral Implantol. 30(5) (2004) 318-24.

[8] J.S. Hayes, .M. Khan, C.W. Archer, R.G. Richards, The role of surface microtopography

in the modulation of osteoblast differentiation, Eur Cell Mater 20 (2010) 98-108.

16



Chapter 1
[9] M. Sarraf, B. Abdul Razak, A. Dabbagh, B. Nasiri-Tabrizi, N.H. Abu Kasim, W.J. Basirun,

Optimizing PVD conditions for electrochemical anodization growth of well-adherent
Ta205nanotubes on Ti-6Al-4V alloy, RSC Advances 6(82) (2016) 78999-79015.

[10] A. Chug, S. Shukla, L. Mahesh, S. Jadwani, Osseointegration—Molecular events at the
bone—implant interface: A review, Journal of Oral and Maxillofacial Surgery, Medicine, and
Pathology 25(1) (2013) 1-4.

[11] A. Wennerberg, T. Albrektsson, Effects of titanium surface topography on bone
integration: a systematic review, Clin. Oral Implants Res. 20 Suppl 4 (2009) 172-84.

[12] T. Albrektsson, C. Johansson, Osteoinduction, osteoconduction and osseointegration, Eur.
Spine J. 10 Suppl 2 (2001) S96-101.

[13] D.M. Findlay, K. Welldon, G.J. Atkins, D.W. Howie, A.C. Zannettino, D. Bobyn, The
proliferation and phenotypic expression of human osteoblasts on tantalum metal, Biomaterials
25(12) (2004) 2215-27.

[14] K.J. Welldon, G.J. Atkins, D.W. Howie, D.M. Findlay, Primary human osteoblasts grow
into porous tantalum and maintain an osteoblastic phenotype, J Biomed Mater Res A 84(3)
(2008) 691-701.

[15] K. Gulati, S. Maher, D.M. Findlay, D. Losic, Titania nanotubes for orchestrating
osteogenesis at the bone—implant interface, Nanomedicine 11(14) (2016) 1847-1864.

[16] L. Le Guehennec, A. Soueidan, P. Layrolle, Y. Amouriq, Surface treatments of titanium
dental implants for rapid osseointegration, Dent. Mater. 23(7) (2007) 844-54.

[17] G. Mendonca, D.B. Mendonca, F.J. Aragao, L.F. Cooper, Advancing dental implant
surface technology from micron to nanotopography, Biomaterials 29(28) (2008) 3822-35.

[18] T.J. Webster, J.U. Ejiofor, Increased osteoblast adhesion on nanophase metals: Ti,
Ti6Al4V, and CoCrMo, Biomaterials 25(19) (2004) 4731-4739.

[19] D. Losic, S. Simovic, Self-ordered nanopore and nanotube platforms for drug delivery

applications, Expert Opinion on Drug Delivery 6(12) (2009) 1363-1381.

17



Chapter 1
[20] D. Losic, M.S. Aw, A. Santos, K. Gulati, M. Bariana, Titania nanotube arrays for local

drug delivery: recent advances and perspectives, Expert Opin Drug Deliv. (2014) 1-25.

[21] B.-S. Moon, S. Kim, H.-E. Kim, T.-S. Jang, Hierarchical micro-nano structured Ti6Al4V
surface topography via two-step etching process for enhanced hydrophilicity and osteoblastic
responses, Materials Science and Engineering: C 73 (2017) 90-98.

[22] L.Y. Han, C.S. Wang, J.B. Qiang, Microstructure and properties of Ti-Fe-Zr-Y alloys
prepared by laser rapid prototyping, J. Alloys Compd. 700 (2017) 159-168.

[23] H. Liu, X. Huang, H. Yu, X. Yang, X. Zhang, R. Hang, B. Tang, A cytocompatible
micro/nano-textured surface with Si-doped titania mesoporous arrays fabricated by a one-step
anodization, Materials Science and Engineering: C 73 (2017) 120-129.

[24] S.B. Goodman, Z. Yao, M. Keeney, F. Yang, The Future of Biologic Coatings for
Orthopaedic Implants, Biomaterials 34(13) (2013) 3174-3183.

[25] M.C. Sanchez, E. Fernandez, A. Llama-Palacios, E. Figuero, D. Herrera, M. Sanz,
Response to antiseptic agents of periodontal pathogens in in vitro biofilms on titanium and
zirconium surfaces, Dent. Mater. 33(4) (2017) 446-453.

[26] A.K. Jain, R. Panchagnula, Skeletal drug delivery systems, International journal of
pharmaceutics 206(1-2) (2000) 1-12.

[27] T.A.G. van Vugt, J.J. Arts, J.A.P. Geurts, Antibiotic-Loaded Polymethylmethacrylate
Beads and Spacers in Treatment of Orthopedic Infections and the Role of Biofilm Formation,
Front. Microbiol. 10 (2019) 1626-1626.

[28] K. Gulati, M. Kogawa, S. Maher, G. Atkins, D. Findlay, D. Losic, Titania Nanotubes for
Local Drug Delivery from Implant Surfaces, Electrochemically Engineered Nanoporous
Materials, Springer International Publishing2015, pp. 307-355.

[29] D. Losic, M.S. Aw, A. Santos, K. Gulati, M. Bariana, Titania nanotube arrays for local

drug delivery: recent advances and perspectives, Expert Opin Drug Deliv 12(1) (2015) 103-27.

18



Chapter 1
[30] H. Buchholz, R. Elson, E. Engelbrecht, H. Lodenkamper, J. Rottger, A. Siegel,

Management of deep infection of total hip replacement, J. Bone Joint Surg. 63-B(3) (1981) 342-
353.

[31] P. Wu, D.W. Grainger, Drug/device combinations for local drug therapies and infection
prophylaxis, Biomaterials 27(11) (2006) 2450-67.

[32] B. Trajkovski, A. Petersen, P. Strube, M. Mehta, G.N. Duda, Intra-operatively customized
implant coating strategies for local and controlled drug delivery to bone, Advanced drug
delivery reviews 64(12) (2012) 1142-1151.

[33] D.A. Puleo, A. Nanci, Understanding and controlling the bone-implant interface,
Biomaterials 20(23-24) (1999) 2311-2321.

[34] E. Moran, I. Byren, B.L. Atkins, The diagnosis and management of prosthetic joint
infections, J. Antimicrob. Chemother. 65(suppl 3) (2010) 45-54.

[35] A.B. Novaes Jr, S.L.S.d. Souza, R.R.M.d. Barros, K.K.Y. Pereira, G. lezzi, A. Piattelli,
Influence of implant surfaces on osseointegration, Braz. Dent. J. 21 (2010) 471-481.

[36] D. Campoccia, L. Montanaro, P. Speziale, C.R. Arciola, Antibiotic-loaded biomaterials
and the risks for the spread of antibiotic resistance following their prophylactic and therapeutic
clinical use, Biomaterials 31(25) (2010) 6363-6377.

[37] E. Zhang, X. Zhao, J. Hu, R. Wang, S. Fu, G. Qin, Antibacterial metals and alloys for
potential biomedical implants, Bioactive Materials 6(8) (2021) 2569-2612.

[38] X. Qu, H. Yang, B. Jia, M. Wang, B. Yue, Y. Zheng, K. Dali, Zinc alloy-based bone internal
fixation screw with antibacterial and anti-osteolytic properties, Bioactive Materials 6(12)
(2021) 4607-4624.

[39] T.L. Clainche, D. Linklater, S. Wong, P. Le, S. Juodkazis, X.L. Guével, J.-L. Coll, E.P.
Ivanova, V. Martel-Frachet, Mechano-Bactericidal Titanium Surfaces for Bone Tissue

Engineering, ACS Applied Materials & Interfaces 12(43) (2020) 48272-48283.

19



Chapter 1
[40] D.P. Linklater, V.A. Baulin, S. Juodkazis, R.J. Crawford, P. Stoodley, E.P. lvanova,

Mechano-bactericidal actions of nanostructured surfaces, Nature Reviews Microbiology
(2020).

[41] Y. Li, Y. Yang, R. Li, X. Tang, D. Guo, Y. Qing, Y. Qin, Enhanced antibacterial properties
of orthopedic implants by titanium nanotube surface modification: a review of current
techniques, Int J Nanomedicine 14 (2019) 7217-7236.

[42] H. Fan, J. Fu, X. Li, Y. Pei, X. Li, G. Pei, Z. Guo, Implantation of customized 3-D printed
titanium prosthesis in limb salvage surgery: a case series and review of the literature, World
journal of surgical oncology 13 (2015) 308-308.

[43] J. Ni, H. Ling, S. Zhang, Z. Wang, Z. Peng, C. Benyshek, R. Zan, A.K. Miri, Z. Li, X.
Zhang, J. Lee, K.J. Lee, H.J. Kim, P. Tebon, T. Hoffman, M.R. Dokmeci, N. Ashammakhi, X.
Li, A. Khademhosseini, Three-dimensional printing of metals for biomedical applications,
Materials Today Bio 3 (2019) 100024.

[44] B.V. Krishna, S. Bose, A. Bandyopadhyay, Low stiffness porous Ti structures for load-
bearing implants, Acta Biomater. 3(6) (2007) 997-1006.

[45] S.AM. Tofail, E.P. Koumoulos, A. Bandyopadhyay, S. Bose, L. O’Donoghue, C.
Charitidis, Additive manufacturing: scientific and technological challenges, market uptake and
opportunities, Materials Today 21(1) (2018) 22-37.

[46] J.P. Kruth, X. Wang, T. Laoui, L. Froyen, Lasers and materials in selective laser sintering,
Assembly Automation 23(4) (2003) 357-371.

[47] S.H. Ko, H. Pan, C.P. Grigoropoulos, C.K. Luscombe, J.M.J. Fréchet, D. Poulikakos, All-
inkjet-printed flexible electronics fabrication on a polymer substrate by low-temperature high-
resolution selective laser sintering of metal nanoparticles, Nanotechnology 18(34) (2007)

345202.

20



Chapter 1
[48] Y. Hou, L. Yu, W. Xie, L.C. Camacho, M. Zhang, Z. Chu, Q. Wei, R. Haag, Surface

Roughness and Substrate Stiffness Synergize To Drive Cellular Mechanoresponse, Nano
Letters 20(1) (2020) 748-757.

[49] E.A. Cavalcanti-Adam, T. Volberg, A. Micoulet, H. Kessler, B. Geiger, J.P. Spatz, Cell
spreading and focal adhesion dynamics are regulated by spacing of integrin ligands,
Biophysical journal 92(8) (2007) 2964-74.

[50] Y. He, Z. Li, X. Ding, B. Xu, J. Wang, Y. Li, F. Chen, F. Meng, W. Song, Y. Zhang,
Nanoporous titanium implant surface promotes osteogenesis by suppressing osteoclastogenesis
via integrin B1/FAKpY397/MAPK pathway, Bioactive Materials (2021).

[51] A. Santos, M. Sinn Aw, M. Bariana, T. Kumeria, Y. Wang, D. Losic, Drug-releasing
implants: current progress, challenges and perspectives, Journal of Materials Chemistry B 2(37)

(2014) 6157-6182.

21



CHAPTER

LITERATURE REVIEW

22



Chapter 2

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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ABSTRACT

Intreduction: Therapeutics delivery to bones to treat skeletal diseases or prevent postsurgical infec-
tions is challenging due to complex and solid bone structure that limits blood supply and diffusion of
therapeutics administered by systemic routes to reach effective concentration. Titanium (Ti) and their
alloys are employed as mainstream implant materials in orthopedics and dentistry; having superior
mechanical/biocompatibility properties which could provide an alternative solution to address this
problem.

Areas covered: This review presents an overview of recent development of Ti drug-releasing implants,
with emphasis on nanoengineered Titania nanotubes (TNTs) structures, for solving key problems to
improve implants ossecintegration, overcome inflammation and infection together with providing
localized drug delivery (LDD) for bone diseases including cancer. Critical analysis of the advantages/
disadvantages of developed concepts is discussed, their drug loading/releasing performances and
specific applications.

Expert opinion: LDD to bones can address many disorders and postsurgical conditions such as
inflammation, implants rejection and infection. To this end, TNTs-Ti implants represent a potential
promise for the development of new generation of multifunctional implants with drug release func-
tions. Even this concept is extensively explored recently, there is a strong need for more preclinical
studies using animal models to confirm the long-term safety and stability of TNTs-Ti implants for real-

ARTICLE HISTORY
Received 16 April 2018
Accepted 27 August 2018

KEYWORDS

Localized drug delivery;
titanium implants;
osseointegration; Titania
nanotubes

life medical applications.

1. Introduction

Bone is a remarkable organ with many key functions in human
physiology including maintaining posture, movement, protec-
tion and mechanical suppart for muscles, visceral organs and
soft tissues, blood cell production, storage of minerals, fats
and growth factors, calcium homeostasis, blood acid-base
regulation and housing of multiple progenitor cell (mesench-
ymal, hemopoietic) [1]. According to the World Health
Organization, nearly ten million injuries occur each year in
developed countries, which are often associated with severe
soft tissue damages, bone fractures and infections [2].
Furthermore, with the increasing number of aged population,
age-related orthopedic disorders, such as osteoporosis, frac-
tures, Paget’s disease and rheumatoid arthritis, are also
increasing with concerning rate. This is attributed to distur-
bances of this dynamic behavior (i.e. new tissues are continu-
ously formed and old, injured or unwanted tissues are
removed by bone cells) [3]. Moreaver, bone infections (osteo-
myelitis), primary and secondary cancer are mast concerning
skeletal diseases and have in most cases fatal ends [3,4]. The
impact of such banes disorders on quality of life is significant
with severe patients’ suffering, high treatment costs (~10% of
annual healthcare expenses) and limited ability to work and
perform essential daily tasks [1]. Accordingly, millions of cases

require surgical intervention each year for joint replacement,
implants insertion for fracture repair, total hip or knee replace-
ment. Even after implants insertion, patients may suffer from
infection and/or inflammation of banes tissues [4]. This usually
involves prolonged hospitalization, implant failure, repeated
surgical procedures, and in some cases complete amputation
or even death of patients.

Improved methods are therefore needed to cater for these
problems with the ability to deliver therapeutic agents directly
at the diseased bone tissue [2]. Treating bone disorders
through application of therapeutic agents (e.g. antibiotics,
anti-inflammatory, and anticancer agents) is a common
approach, however, systemic drug administration suffers
from many limitations such as lack of selectivity, poor bicavail-
ability, and distribution. In addition, high drug dosages are
required for prolonged periods to reach the effective levels of
therapeutics at the desired site (i.e. bones) which could be
toxic to other body tissues. Moreover, bone tissue differs
greatly from other body tissues having a unique complex
structure and composition, Figure 1(a) [1]. Drugs suffer from
poor diffusion through the highly calcified tissue especially in
case of fractures, trauma or cancer where blood supply is
compromised.

One promising solution to address these drawbacks of
systemic drug therapy is localized drug delivery (LDD) to

CONTACT Dusan Losic @ dusan.losic@adelaide.edu.au @ School of Chemical Engineering, The University of Adelaie, North Engineering Building, Adelaide, SA

5000, Australia
© 2018 Informa UK Limited, trading as Taylor & Frandis Group
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Article highlights

s Localized drug delivery from titanium implants represents a promising
approach to treat many bone conditions which are hard be treated
using systemic drug therapies.

+ Titania Nanotubes (TNTs) modified implants are considered as a
unique platform for combining enhanced bone integration and loca-
lized drug delivery.

+ TNTs show a set of unique properties such as mechanical and thermal
stability, improved ossecintegration, biocompatibility, and structural
flexibility.

+ The fabrication of TNTs using electrochemical anodization process
permits precise control aver the tubular structure and dimensions
which provide versatile applicability of TNTs in biomedical field.

+ A wide range of therapeutics (anti-inflammatory, antibacterial, antic-
ancer, and growth factors) was loaded inside TNTs and tested for
controlled release as well as "on demand’ release kinetics.

+ - 3D printing technology will apen new doors for ‘on demand’
manufacturing of different forms of implants specially designed
according to patient’s needs.

s Mare in-vivo studies are required to establish the long-term toxicity
and to translate this technology into dlinical applications.

This box summarizes key points contained in the article.

deliver therapeutics directly to the bone [5]. Releasing drugs
locally can help to minimize systemic therapy side effects
while simultaneously providing more optimum drug concen-
tration inside the bone microenvironment [6]. Another key
feature is that LDD could enhance bicavailability for drugs
that are either destroyed by acids of the stomach, highly
bind to plasma proteins or those which have high first-pass
metabolism [7,8]. Furthermore, addition of drug delivery fea-
ture to bone implants has the potential to not only enhance
the osseointegration and lifespan of such implants, but also
provide effective treatment for conditions like: asteoporosis,
bone infection (i.e. osteomyelitis} and related inflammation as
well as malignant conditions such as bone carcinoma, etc. [9].
Consequently, techniques to deliver drugs locally to diseased
bones have turned out to be one of the main focus in ortho-
pedic therapy. Several LDD systems based on polymers, cera-
mics and bone cements have been clinically proved to deliver
bone healing or anti-inflammatory agents for bone repair or

Spongy bone

Compact bone

Bone marrow

Periosteum

tissue engineering, but with limited performances [1]. Most
popular carriers are biodegradable polymers and their compo-
sites such as poly (lactic acid) and poly (methyl methacrylate),
collagen and chitosan shaped into discs or membranes where
active therapeutics are integrated [10]. However, many limita-
tions of these materials were reported including compromised
implants lifespan, erratic drug release, nonreproducible pre-
parations, and inability to provide adequate support in case of
fractures due to poor mechanical strength [11]. In addition,
these materials are usually drug specific and lack the flexibility
to be used for a broad range of drugs with different physical
and chemical properties (i.e. proteins, genes, hydrophilic, and
hydrophechic drugs).

On the other hand, metal-based bone implants (e.g.
orthopedic prostheses, screws, K-wires (pins} and plates,
Figure 1(b), are commonly used in a variety of bone surgical
procedures to treat bone conditions that also in addition to
this function could be used as LDD carriers [1]. In particular,
titanium (Ti} and its alloys are very suitable materials for
implants fabrication since they possess good mechanical
characteristics and biocompatibility with human bone tis-
sues while being corrosion resistant [12,13]. Even though, Ti
implants have a long history of successful clinical use, they
still face many challenges related to their integration and
longevity after insertion in the human bedy [14-16]. Failure
of orthopedic implants can occur for various reasons,
including inflammation, or poor ‘ossecintegration’ (i.e. firm
attachment of the implant’s surface with bone tissues) [9],
leading to implant’s loosening and/or complete detach-
ment. Therefore, there is a strong need to have bone
implants to address these problems that may provide anti-
hiotics to resistant biofilms formation to treat bacteria or
provide other therapeutics to enhance bone healing or treat
specific bone diseases such as cancer [17,18].

This article presents the recent advances in the LDD appli-
cation of Ti-based implants with particular emphasis on Titania
nanotubes (TNTs), their fabrication, improving properties and
applications for localized drug-releasing drug carriers for treat-
ing various bone diseases. Finally, this review concludes with a
general overview and a prospective outlook on the future

Dental Screw

Bone Screw

Hip Joint
Plate K-wires

Figure 1. (a) lllustration of bone structure, (b) different forms of Ti implants (original figures, ne permission required).
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trends, challenges and perspectives in this exciting and pro-
mising research field.

2. Engineering approaches for modification of Ti
implants

Extensive research activities on Ti implants in recent years can
be divided into two categories; the first with aims to improve
conventional performances of implants such as mechanical
strength and corrosion stability. Engineering methods based
on mechanical, chemical or electrochemical treatment were
used as simplest methods to provide surfaces patterns with
aptimal micro to nanostructures to improve bone cells growth
and better osseointegration. The second category focuses to
add new functions such as therapeutic with drug delivery and
antibacterial with reduced bacterial biofilm formation. A sum-
mary of common engineering approaches to achieve these
goals are presented in Table 1.

With the aim to prepare Ti implants with drug delivery
capabilities, the simplest and first attempts included coat-
ing/adsorption of therapeutics on the implant’s surfaces.
Many bioactive molecules coated onto Ti implants have
been explored for inducing ossecintegration, enhancing
protein adsorption together and enhancing bone remodel-
ing at the bone-implant interface [19,20]. These
approaches involve impregnation of ostecinductive growth
promoters like BMPs (bone marphogenetic proteins) into
biocompatible polymers (e.g. polylactides, collagen, chito-
san) deposited on Ti implant’s surface [21]. Several studies
utilized hydroxyapatite (HAP), which could promote bone
growth and osseointegration, as a carrier for active agents.
In this case, drugs were either mixed with HAP or
adsorbed onto HAP coated Ti implants to offer dual func-
tionality of promoting osseointegration and simultaneously
inhibiting bacterial infection and/or inflammation [22].
However, such drug coatings could be easily detached
and showed inadequate loading and uncontrolled release
profile.

To realize sufficient drug loading, deep incorporation of
payloads into the implant surface is required; and for effective
therapeutic outcomes, slow and controlled release properties
are desired. To achieve that it is essential to make Ti surface
porous to contral the amount of therapeutics loaded with
easily tuning of the surface structures. Thus, nanoengineered
techniques are required to fabricate nanotubular/nanoporous
surfaces. To this end, simple and scalable electrochemical
anodization methods have been widely explored to fabricate
titania (TiO2) nanotubular (TNTs) arrays onto Ti implants sur-
face and successfully used to prove the concept of Ti drug-
releasing implants. In last 10 years, more than several hun-
dreds of papers and several review articles were published on
their development and applications for broad range medical
applications.

Electrochemical anodization process was introduced to
generate nanostructured oxide layer on the implant surfaces
with tunable features that can serve as optimum reservoirs for
loading of active agents and subsequently permit their
release. This fabrication process is low cost, simple and scal-
able. It has been explored and used at industrial scale for

EXPERT OPINICN ON DRUG DELIVERY @ 1023

production of porous silicon and protective aluminum coat-
ings [23]. Due to very high surface energy and surface proper-
ties of these structures compared to untreated surfaces,
anodization attracted applications not only for drug delivery
and implants but also for other potential biomedical applica-
tions including biosensing and tissue engineering [1,15].
Owing to the simplicity of generating electrochemically engi-
neered TNTs, this technology is considered as an appealing
strategy toward the fabrication of drug-releasing bone
implant. These TNTs resemble vertically aligned nanotest
tubes (open at top and cdosed at bottom), Figure 2(a,b) [24].
The dimensions (diameters (100-300 nm) and length (0.5-
300 pum) and shape of TNTs could be easily controlled under
different anodization conditions [1]. It is noteworthy that,
many studies showed that implants with TNTs on top exhibit
improved osseointegration properties as will be discussed
later. In addition, it is more feasible to functionalize TNTs
surface to control drug loading and release [15]. It is waorth
mentioning that electrochemical anodization process could be
used not only for flat pure Ti foil, 3d-printed Ti alloys, but also
for Ti substrates with other shapes (e.g. wires or meshes)
[25,26]. This flexibility opens new doors for integration of
this process into currently used medical implant devices.

2.1. Recent advancement on TNTs fabrication

Since most of the currently used implants in market are made
of titanium or its alloys, the fabrication of TNTs by electrache-
mical anodization and their scale-up and translation into Ti
implants industry is expected to be feasible compared with
other methods such as template methods, sol-gel method,
hydrothermal, and atomic layer deposition [27,28]. The anodi-
zation process involves immersing Ti implants (as anode) in an
electrachemical cell containing an electrolyte solution (e.g.
organic electrolyte, water, and fluoride ions) with alternate
metal (Ti or Pt) acting as a cathode, Figure 2(c,d) that is with
some variation used in metal processing and finishing industry
[6,24]. The mechanism of TNTs formation was extensively
studied and could be found elsewhere [29].

The last few years have witnessed a considerable pro-
gress in optimization of the electrochemical ancdization
process to fabricate TNTs providing a precise control over
motphological features such as length, diameter and shapes.
This progress mainly involved the alteration of the anodiza-
tion electrolyte starting with aqueous acidic solutions such
as chromic acid electrolyte containing HF which results in
TNTs with irregular structure [30]. This was followed by TNTs
fabrication in aqueocus buffered electrolyte containing fluor-
ide species; which showed significant improvements, with
longer tubes up to 7 um due to less dissolution rates [31].
Subsequently, higher growth rates were achieved using non-
agueous polar organic solvents (dimethyl sulfoxide, ethylene
glycol, or diethylene glycol) containing fluoride species
yielding TNTs up to 1000 pm in length [32]. It is worth
mentioning that, TNTs have been also fabricated in fluor-
ide-free electrolytes [33]. The most distinguished progress in
TNTs fabrication has been realized by Schmuki group
through the incorporation of weak organic acids (e.g. lactic
acid (LA)) into the organic-based electrolyte which could
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Table 1. Summary of surface modification approaches toward osseointegration/antibacterfal resistance improvement and/or drug-delivery application for titanium

implants.

Antibacterial/
Bacteriostatic

Surface modification Osseointegration enhancement Improvement Brug-delivery application Refs.
Physio-chemical modification
Physical Vapor Deposition v v v [115]
(PYD) Formation of Ti Nano-nodular Structure by Ti/Ag hard Coatings for controlled drug release
Electron-Beam-Physical Vapor Deposition coating
(EB-PYD)
Chemical Vapour Deposition v v - [116]
(CVD) technique Metal-organic {CVD) CVD of TIDy/Ag layers
Acid etching < - - m7
Magnetron sputtering < N - ma]
Deposition of HAP on Ti Ag-Ti
Laser deposition/melting v v N [119,120]
Pulsed laser deposition (PLD} of Titanium  {e.g. copper-nickel {e.g. incorporation of PLD with
carbide or HAP cozatings on titanium Anodization to coat HAP on
substrate) nanostructured titanium)
Spin-coating < < < [104,121]
Poly{vinyl acetate)/HAP composite Coating Ti with chitosan  TNTs/PLGA spin coated
nanofibers on Ti implants
UV treatment N < - [122,123]
Machining N < - [45,124]
Polishing to prevent
bacterial colonization
Grit blasting ' ' - [125]
Grit blasting with TiO2 Ti blasted with zirconia
Sol-gel N < < [126,127]
Cas{PO4): deposition on Ti by Discrete TiOx-Ag compaosite Controlled release of vancomycin from
Crystalline Deposition coating coating
Alkaline-heat treatment ' ' pH-controlled release of vancomycin [128]
deposition Poly {(vinyl alcohol) (PYA)Mpoly (lactide- Ti coated with
glycolide acid) (PLGA} NPs vancomycin containing
NPs
Plasma modifications
Plasma sprayed N v - [129,130]
hydroxyapatite + Antibacterial Incorporation of Ag
agents
Plasma sprayed ' - ' 131
hydroxyapatite Pamidronate or zoledronate
Electrochemical
Meodification
Electrophoretic Deposition v v N [132,133]
(EPC} EPD of HAP on Ti Addition of AgNps during Chitosan-gelatine formation by EPG on
EPD Ti
Anodization {TNTs formation, N v < [14,104,134]
Nanopitting) Combined with Polymer/TNTs array system
antibacterial materials
such as Zn0, Ag
Plasma Electrolytic Oxidation N v < [135,136]
{PEQ) Alkaline etching/ Loaded with bovine serum Albumin
antibacterial agents
doping
Cathodic polarization N - [137]
Binding doxycycline onto
titanium surfaces
Hydrothermal method
Hydrothermal treatment/ ' ' - [136]

Combined with electrochemical methods to
form Apatite

alkaline etching

Combined with
Anodization and
formation of Na,TiQ3

prevent dielectric breakdown in the growing oxide. This
allowed ultrafast TNTs growth through anodization at a
significantly elevated voltage [34].

The fabrication of TNTs with altering tubes morphology
have been recently demonstrated by So et al. [35] by suc-
cessful preparation of double-walled tubes (i.e. tube in tube
configuration) by anodization in lactic acid containing ethy-
lene glycol electrolyte for 10 min at room temperature,

Figure 2(e). In the same study, the inner tubes could be
selectively etched out leaving larger diameter single-walled
tubes [35]. Also, large diameter tubes (>500 nm) were
grown through increasing the applied potential to 170 V
for 4 h [36]. Such wide tubes could allow the loading of
substantial amounts of drugs owing to their large void
volume and wide pore opening. More recently, spaced
TNTs with regular gaps, Figure 2(f), could be fabricated
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Figure 2. Titania nanotube arrays (TNTs) formation and structure. {a) SEM image showing the top view of TNTs with open pores prepared by electrochemical
anodization, (b) SEM of the closed bottom view TNTs (adapted with permission from ref [113]), (c) Schematic representation of electrochemical cell setup for the
formation of TNTs layer on Ti, (d} illustration of vertically aligned arrays of TNTs structures fabricated by electrochemical process, (e) double-walled NTs (adapted
with permission from ref [35]), and (f) Top view and inset side view of spaced NTs (adapted with permission from ref [37]).

using electrolytes containing tri(tetra, poly)-ethylene glycol,
diethylene glycol or dimethyl sulfoxide with addition of HF
and NH,F [37].

It is worth mentioning that, most of above-mentioned
studies used pure titanium substrates in their experiments
and only a few investigated titanium alloys. Titanium alloys
are characterized by enhanced biomechanical properties as
compared to pure Ti. In addition, most of implant devices,
currently used in market, are made of Ti alloys. The incor-
poration of other metals, such as Al, V, Ta, Zr, etc. with Ti is
found to add superior characteristics to the alloy such as
more corrosion resistance, better hardness, lower elastic
module, and higher withstand strength [38]. In one attempt,
Liang et al. fabricated TNTs on Ti-4Zr-22Nb-25n alloy which
were then tested for drug-delivery applications. Minocycline
hydrochloride antibiotic was loaded onto TNTs and the
release kinetics was compared for TNTs generated under
different voltage [39].

Within the last few years, three-dimensional printing
(3D printing) technology opened new doors for fabrication
of various implants made of polymers and metals [40]. One
of the major challenges of current Ti implants industry is
that implants are manufactured with a fixed set of shapes
and dimensions. Moreover, implant manufacturers may

lose millions of dollars each year through expiry of the
already fabricated implants. Thus, the application of 3D
printing to fabricate implants will result in revolutionary
improvements, among which is the design flexibility to
manufacture different shapes of implants with tailored
dimensions such as flat substrates, screws, wires or even
a complete joint [40,41]. In addition, 3D printing will offer
‘on-demand’ production of implants which are designed
specifically for individual patient. At the same time,
implant companies will deliver implants on request instead
of massive production of implants that could eventually
expire. Recently our group demonstrated for the first time
fabrication of TNTs on 3D-Ti implants made of Ti6Al4V
alloys [41]. The implants were prepared by selective laser
melting process and then were investigated for human
osteoblasts adhesion. Results showed that the micro-nano
rough surface featured by these implants could signifi-
cantly improve cells attachment and proliferation in com-
parison with only nano rough TNTs/Ti wafers (i.e. no micro-
roughness) [42]. In most recent work we explored the
drug-releasing applicability for TNTs fabricated on 3D-Ti-
implants showing loading of a bactericidal agent, vanco-
mycin, inside TNTs and in-vitro bacterial culture study con-
firmed complete bacterial eradication [43].
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3. TNTs for bone implants applications

3.1. Osseointegration, biocompatibility, and toxicity of
TNTs

To ensure implant’s longevity after insertion, a long-lasting
and durable interaction between the implant’s surface and
surrounding bone tissue should be established [44].
Following the contact of the implant with bone tissues, a
cascade of processes occur at the bone-implant interface.
Thus, the bone response depends mainly on the chemical
and physical characteristics of the implant surface [45]. It is
essential to promote bone cells adhesion to the implant sur-
face in order to minimize possibility of implant’s loosening.
Previous studies have confirmed that the process of osseoin-
tegration is significantly triggered by the implant’s surface
roughness [46]. Incorporation of nanosized features (e.g.
TNTs) on the implant’s surface, which resemble bone micro-
environment, could augment bone cells activity and conse-
quently strengthen cell attachment. The nanostructured
surface topography showed excellent biocompatibility
through enhancing apatite formation and providing sufficient
space for cell anchoring, spreading, and proliferation [47]. The
presence of TNTs on Ti implants surface enhanced the adsorp-
tion of large amounts of osteoblasts adhesion promoting
proteins which was subsequently translated to improved cell
adhesion and long term osseointegration, in comparison with
smooth or micro-rough surfaces [48]. TNTs possess a net
negative charge at physiological pH, thus, positively charged
proteins would attach more favorably to TNTs. In addition,
TNTs is characterized by large surface area which in turn

promotes protein adhesion. Studies highlighted the influence
of TNTs morphology (e.g. diameter and length) on protein
adsorption. In one study, tubes with different diameters (15,
50 and 100 nm) and lengths (250 nm up to 10 um) were
fabricated and then adsorption of small charged proteins
(albumin (negatively charged) and histone (positively
charged)) was tested [49]. Longer tubes with higher total sur-
face area were found to adsorb more proteins which is not
surprising. Reports also showed that TNTs composed of ana-
tase crystals favors the deposition of stable HAP layers from
simulated body fluids, thus enhancing osseointegration, in
contrast to smooth (no TNTs) Ti implant [50]. TNTs of variable
lengths were tested against the stability of HAP coatings. The
most stable coating was obtained on TNTs with a length of
560 nm [51]. Moreover, the viability of osteoblasts was signifi-
cantly enhanced on HAP coated TNTs implants in comparison
with smooth Ti implants even with HAP coating [51].

The influence of surface topography has been widely inves-
tigated to determine the most optimum surface modification
technique. The optimal template for implant surface design
could be fulfilled through combining micro and nano-rough
surface features [52-54]. Figure 3 shows enhanced cell attach-
ment and proliferation of pre-osteoblasts (MC3T3-E1} on the
micro/nano-rough structured surface with a higher number of
filopodia, and F-actin (filamentous actin) observed than in case
of flat surface of the Ti6Al4V alloy [52].

Many studies explored the in-vitro biocompatibility and
toxicity of TNTs using either osteoblasts or other types of
cells. Alkaline phosphatase expression was significantly
increased when mouse 3T3 embryonic fibroblast cell were

20 pm

Figure 3. FESEM (above) and confocal laser scanning microscopy (CLSM) images (below) of MC3T3-E1 cells attached on (a, ¢, i, m) flat, (b, f, j, n) nano-, (¢, g, k, 0)
micro-, and (d, h, I, p) hierarchical nano/microstructures with low and high magnifications. The white arrows indicate poorly attached and torn cell membranes

(reproduced with permission from ref [52]).
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seeded on TNTs substrates as compared to pure Ti ones
indicating improved cell differentiation [55]. In the same con-
text, MTT assay confirmed significantly higher viability of pre-
osteoblast MC3T3 on TNTs/Ti substrates after 7 days compared
to untreated ones [47]. In a former study, ciliated protozoan, T.
pyriformis, was used as an alternative to cell culture to study
TNTSs toxicity [56]. Results showed no observable toxic effect of
the tested TNTs, either amorphous or crystalline, on the pro-
tozoan population. The cytocompatibility of chitosan-coated
TNTs/Ti implants was recently tested with human bone mar-
row-derived mesenchymal stem cells. Results confirmed the
improved cell activity in case of chitosan-coated TNTs when
compared with uncoated TNTs and flat Ti substrates [57].

The biocompatibility was also assessed in-vivo, Park et al.
confirmed the ability of TNTs, loaded with fibroblast growth
factor (FGF) and human fibronectin fragments (hFNIllg_;z), to
promote osseointegration into rabbit tibia for 3 months. No
toxicity or inflammatory reactions were observed in response
to TNTs/Ti implants. TNTs/Ti substrates were also implanted
subcutaneously into male Lewis rats and histological analysis
confirmed the absence of any chronic toxicity or fibrosis [58].
In the same context, TNTs significantly enhanced bone attach-
ment in rat tibia after 4 weeks as confirmed by pull-out test in
comparison to TiO, gritblasted control surface [59]. This was
attributed to higher calcium and phosphate level, larger
attachment area and more new bone formation. Recently, Mi
et al. prepared strontium (Sr) loaded TNTs via hydrothermal
treatment of TNTs/Ti substrates in Sr(OH); [60]. They used
ovariectomized rat model with osteoporosis to investigate
the effect of the prepared implants on bone loss. After
8 weeks, results showed that Sr-TNTs/Ti implants could pre-
vent further bone loss through inhibition the activity of osteo-
clasts. Similar results were also obtained by Cheng et al. who
combined silver ions with Sr to add antibacterial properties to
the implant [61]. Osteoblastic cell responses to TNTs was also
tested after isolation of Sprague-Dawley rats. The cells
showed better proliferation and differentiation on TNTs/Ti
specimens with higher calcium mineralization compared to
flat Ti [62]. It is worth mentioning that all the above-men-
tioned studies were carried out over a short period,
1-3 months, and more long-term studies are required to
explore the prolonged healing periods of these implants to
reflect the clinical situation. Also, it is important to state that
most of these studies focused only on surface topography
(nano- vs. micro-rough) with little or no emphasis on surface
chemistry (e.g. TiO; vs. pure Ti).

Another major concern for TNTs application is the in-vivo
delamination of TNTs from the implant’s surface which could
result in severe inflammation in the surrounding bone tissues
and eventually could lead to systemic toxicity. To this end, a
recent study explored the mechanical damage that could occur
to TNTs after implantation into equine cadaver bone [63]. A hole
aquivalent to the implant's diameter was made into the bone
using a drilling machine. Then TNTs/Ti rods were placed and
implant-bone contact was ensured by hammeting on the bone
before removing the rods for testing. Results showed that, TNTs,
up to 1 pm in length, remained intact with no obvious deforma-
tion or detachment. This confirms the stability of TNTs fabricated
on top of Ti implants with no concern of delamination.
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3.2. TNTs as a platform for localized drug delivery
applications

Integration of TNTs onto Ti implants surface resulted in a new
concept of drug-releasing implants that can combine bone
support and localized drug release functions to solve many
implant challenges and hard to reach conditions like bone
infection, inflammation, and cancers [23,64]. TNTs are consid-
ered a unique platform for delivering therapeutics, as its void
volume can be loaded with considerable amounts of thera-
peutic which can later be eluted with controlled kinetics.
Various therapeutic agents such as antibiotics, proteins,
growth factors etc., exhibiting variable water solubilities, che-
mical groups, molecular weight, were loaded into TNTs to
cater for wide range of bone problems [14]. In the following
sections, we will highlight the most relevant applications and
studies involving TNTs to cope with critical bone conditions
such as inflammation, bacterial infection, and cancer.

3.2.1. TNTs implants and inflammation
The adhesion of the extracellular matrix proteins (ECM) and
blood components onto the surface of the implant surface
could cause either immediate or delayed trigger of the
immune system causing inflammation [4]. The role of
TNTs in modulating the immune response, compared to
flat Ti implants, was confirmed [65]. The macrophages
(RAW 264.7) response to either TNTs (78 nm in diameter)
and pure Ti sheets was investigated under both standard
and pro-inflammatory conditions. Results showed that,
TNTs exhibited a significantly reduced macrophage inflam-
matory response in terms of cytokine and chemokine gene
expression/protein secretion. Ainslie et al. also explored the
influence of Ti implant nano-rough surface on the inflam-
matory response. They measured the human monocyte
viability, inflammatory cytokines and reactive oxygen spe-
cies generation in case of flat and nanostructured (ie.
TNTs) surfaces. Results showed that inflammation could
be significantly reduced when nano-roughness is present
[66]. Comparable results were concluded by Smith et al, in
which both immediate and delayed in-vitro immune reac-
tions to TNTs were investigated using human blood lysate
(with leukocytes, thrombocytes and erythrocytes) [67].
Several studies were dedicated to loading/releasing of anti-
inflammatary drugs from TNTs/Ti implants in order to modulate
the immune responses. |n this context, dexamethasone, penicil-
lin, and streptomycin were simultaneously loaded inside TNTs via
physical adsorption from simulated body fluid (SBF) [68]. The
results showed improved osteoblast numbers as compared to
unmodified Ti implants. In the same context, other anti-inflam-
matory drugs like ibuprofen, sodium naproxen, etc. have been
explored to obtain desirable release properties from TNTs [69,70.

3.2.2. TNTs implants and bacterial infection

Bacteria may invade bone tissues through different pathways,
directly from bloodstream or after fractures, leading to serious
infection. In addition, bacterial invasion may occur during
implant surgeries, despite of strict sterile conditions applied.
High incidence of triggering infection was reported with esti-
mates up to 2.5% of primary hip and knee implants and about
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20% of revision arthroplasties are complicated by infection
[71]. Staphylococcus aureus (S. aureus), Staphylococcus epider-
midis (S. epidermidis), and Pseudomonas aeruginosa are the
most common pathogens involved in bone infections [72].
Pathogenic bacteria usually firmly stick on the implant surface
forming a biofilm which makes them very resistant to anti-
bacterial agents and this could eventually cause implant rejec-
tion/failure [73,74]. Moreover, some studies highlight the role
of surface properties on bacterial adhesion in which both
bones cells and pathogenic bacteria compete together to
adhere to the implant’s surface which determines the fate of
the implant. This presents ‘the race for the surface’ concept
[71]. When the effect of TNTs diameters (15, 50, 100 nm) on
bacterial attachment was investigated, the lowest adhesion
was observed for the smallest TNTs (i.e. 15 nm) as compared
to other TNTs [75]. Puckett et al. postulated three main rea-
sons behind bacterial attachment on TNTs: (1) Fluoride ions
remaining from anodization process, (2) presence of dead
bacteria on TNTs surface which induces the attachment of
viable bacteria through release of intracellular proteins upon
their death and at the same time, inflammation is usually
triggered due to the presence of dead bacteria, and (3) amor-
phous TNTs [73].

To prevent bacterial infection, loading of antibacterial
agents onto TNTs seems an appealing approach. Many anti-
bacterial molecules (e.g. antibiotics and anti-microbial pep-

achieve substantial release kinetics to render the surfaces
bactericidal without compromising the bone cell activity
[2,76-78]. The antibacterial effect of vancomycin incorporated
into HAP (Ti/Van HA) and biomimetic HAP-collagen (Ti/Van
HA-Col) coatings on Ti substrates was compared with that of
vancomycin loaded TNTs. Results showed that TNTs lead to
78% release compared to 92 and 85% for Ti/Van HA and Ti/
Van HA-Col coating, respectively. At the same time, all types of
drug loading showed effective bacterial inhibition against S.
aureus as shown in Figure 4(a,b) [18]. In-vivo activity of genta-
micin-loaded TNTs (GN-TNTs} was confirmed using Sprague
Dawley rats infected with Staph. Aureus into the medullary
cavity of the femur [79]. GN-TNTs rods were inserted at the
infected site and the antibacterial effect was compared with
drug-free TNTs and flat rods. Signs of bone infection including
osteolysis and periosteal reaction significantly appeared when
Ti rods were used. However, drug free TNTs/Ti rods slightly
reduced the infection signs while no signs were observed in
case of GN-TNTs indicating complete bacterial eradication.
Recently, new molecules called biofilm disruptors has been
discovered. Their integration into TNTs/Ti implants might not
only prevent bacteria from forming biofilms but could also
disrupt any existing biofilms [78].

In addition to antibiotics, metal ions especially silver (Ag)
ions and nanoparticles (NPs), has also been explored. AgNPs
were loaded into TNTs using 3-sulfopropyl methacrylate

tides) have been loaded inside TNTs in an attempt to potassium salt (PSPMA) via atom transfer radical
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Figure 4. (a) release profiles of vancomycin from the different coatings, (b) antibacterial ratio of Ti/HA, Ti/Van HA, Ti/Van HA-Col, and Ti/Van TiO, against S. aureus
(adopted with permission from ref [18]), (c) FESEM image of chitosan-TNTs scaffolds (adopted with permission from ref [86]), and (d) hydrothermal treatment for
2.5 h of titania (TiO,) surfaces changed the texture of the surface forming a homogeneously dense coverage of spike-like structures (adopted from ref [114], no

permission required).
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polymetrization [80]. Ag loaded TNTs were able to kill bacteria
in-vitro and hamper the growth of new bacteria. In another
attempt, excellent antibacterial activity was obtained when Ag
was doped into TNTs through immersing TNTs/Ti implants
into AgNO; solution followed by xenon lamp irradiation [81].
Other metal ions used include zinc and copper ions which
could simultanecusly enhance the process of ossecintegration
[82-84].

As mentioned above, one of the extensively investigated
strategies to allow localized drug delivery of therapeutics from
TNTs is the application of polymeric coatings. Some polymers,
such as chitosan [85], exhibit antibacterial properties and thus
coating TNTs with such polymers could results in long-lasting
antibacterial effects, Figure 4(c) [86]. Cur group adopted this
strategy to illustrate long-term antibacterial activity of chito-
san-coated TNTs against 5. epidermidis [87]. First, gentamicin
was loaded inside TNTs which was then covered with chitosan.
The presence of chitosan not only significantly decreased
bacterial adhesion, but also lead to delayed gentamicin
release and enhanced bone cells attachment as well. Similar
results were recently obtained after in-vive assessment of
chitosan-coated TNTs/Ti implants inserted into rats’ femoral
medullary cavity infected with methicillin-resistant Staph. aur-
etis [57]. Radiographical, microbiological, and histopathologi-
cal examination confirmed that chitosan-coated TNTs/Ti
implants possess anti-infection potential; however, the study
also suggested the importance of systemic antibiotic adminis-
tration for complete eradication of the bacterial infection.

Recently, a new concept of self-antibacterial surface was
introduced to design a suitable surface setting that could itself
act either as bactericidal or bacteria repelling surface. This
approach are expected to possess antibacterial properties
without incorporation of any antibacterial drug or metal ions
and is based on physical mode of action (structure, charge,
hydrophobicity) that would prevent bacteria colonization and
reduce risk of infection [88]. In addition, if the self-antibacterial
TNTs and the antibiotics are combined together, long-lasting
anti-bacterial effects can be reached, even after the loaded
drug is completely released. In this aspect, annealing of TNTs
at high temperature (650-750°C) was found to reduce the
bacterial growth of 5. auwreus and Pseudomonas aerugi-
nosa [89].

In addition to TNTs, other nanotreatment of implants sur-
face is currently of great interest. Novel nanoscale surface
modifications have been adopted to fabricate self-killing anti-
bacterial implants as a replica of dragonfly wing structures.
The antibacterial activity of these implants depends on the
formation of ordered nanopillars, spikes pits on Ti implants. In
addition, these nanotopographical cues mimic the natural
bone architecture which could, in turn, promotes the process
of ossecintegration [90]. This can be achieved via hydrother-
mal treatment of Ti implants which appears to be a promising
surface modification process. This process is simple, cost-effec-
tive with scale-up potential which involves heating implants
immersed in a suitable alkaline solution (e.g. NaOH or KOH) to
generate titanate nanostructures. Lorenzetti et al. employed
this process to produce implants with better corrosion resis-
tance with 50% less adhesion of E. coli compared to untreated
Ti implants [91]). In another study, TiO; nanowires were
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hydrothermally grown on Ti substrates immersed in alkaline
solution at 240°C for different times (2, 2.5, or 3 h). After that,
bone cells growth and bacterial colonization were assessed
using scanning electron microscopy and confocal microscopy.
Results revealed that nanowires formed after 2 h supported
bone cells growth and differentiation and at the same time
significantly reduced Pseudomonas aeruginosa viability,

3.2.3. Delivery of Growth Factors

Different types of growth factors (GFs) are used including
osteogenic (e.g. BMPs), angiogenic (vascular endothelial
growth factor) and systemic factors (calcitonin and Vitamin
D) [92]. Since administration of GFs via systemic routes faces
many limitations, GFs local delivery from implants can directly
promote bone tissue repair and permit normal cellular func-
tions, especially when targeting multiple conditions such as
osteoporosis-induced fractures with compromised normal
repair mechanism [64]. Lai et al. chemically functionalized
TNTs by BMP-2. Wistar rats MSCs were seeded cnto BMP-2-
TNTs (30, 60, and 100 nm in diameter) and control substrates.
BMP-2-TNTs showed significantly improved cell viability, dif-
ferentiation and proliferation [93]. Furthermore, the smallest
diameter TNTs (30 nm) provided much better adhesion to
MSCs as compared to wider TNTs. Other in-vitro studies
reported improved bone formation through chemical incor-
poration of various GFs inside TNTs, including bisphasphonate
and peptide sequences, such as arginine-glycine-aspartic
acid-cysteine (RGDC) [94,95]. A more feasible way to load
GFs inside TNTs is via immersing TNTs into a solution contain-
ing the active biomolecules. This method was employed to
load ibandronate (class of bisphosphonates), followed by
exploring osseaintegration in-vivo [96]. Three substrates: con-
trol, drug free TNTs and ibandronate loaded TNTs, were
implanted in rats tibia. After 2 and 4 weeks, osseointegration
was assessed by removal toque test and microcomputerized
tomography (UCT). Ibandronate loaded TNTs showed the best
values for removal torque, and denser bone tissue growth as
compared to other tested substrates. In a similar recent study,
alendronate, anti-osteoporosis agent, was loaded on TNTs and
tested in rabbits [97]. First, ovaries were removed to induce
osteoporaosis. Ti, TNTs/Ti, HAP-coated TNTs/Ti, and alendronate
HAP TNTs/Ti implants were placed into the femoral epiphysis.
3 months later, rabbits were sacrificed then push-put test, pCT
and histological analysis were performed. Alendronate HAP
TNTs/Ti implants group showed the highest interfacial
strength compared to the aother groups. At the same time,
more new bones and trabecular thickness were noticed in
case alendronate loaded implants.

TNTs/Ti implants were also assessed in-vivo for dental appli-
cations [98]. Four groups of implants were used; TNTs loaded
with recombinant human bone morphogenetic protein-2
(rhBMP-2), Ti implants with machined surface, sandblasted
large-grit and acid-etched surface while TNTs/Ti implants
with no loaded proteins were used as control. The implants
were inserted into proximal tibia of New Zealand white rab-
bits. rhBMP-2 loaded TNTs showed the highest value of bone
remodeling and bone-implant contact ratio compared to the
ather groups. This confirms that TNTs could serve as a reser-
voir for different growth proteins to reinforce bone growth.
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Recently, our group prepared antagonizing proteins (glypi-
cans} loaded TNTs/Ti implants to treat newborn craniosynos-
tosis (premature ossification of fibrous sutures of infant’s skull)
[99]. Children suffering from this problem are subjected to
repeated surgical procedures which are very painful and
expensive. Qur results showed prolonged delivery of the
loaded protein in-vitro and downregulation of BMP2 bioactiv-
ity (ossteoinducing pathway) in transfected cells, Figure 5. This
proposed that LDD could significantly enhance the affected
children’s quality of life and improve the treatment success.

3.2.4. Anticancer drug delivery

Bone tumors (either primary or secondary) is one of the common
reasons of pathological bone fractures. This occurs as a result of
disruption of the normal bone activity due to the presence of
tumor cells which disrupts the bones architecture making them
susceptible to break even in absence of any accidents or trauma
[24]. Such condition is commonly treated by tumors removal,
implant fixation, and systemic chemotherapy. However, in case
of chemotherapy, the indiscriminate distribution of anticancer
agents, usually lead to severe side effects to healthy tissues
which limits the applications of these agents. To this end, our
group developed 3D-printed Ti implants with TNTs on top.
Anticancer agents, doxorubicin and tumor necrosis factor-
related apoptosis-inducing ligand (Apo2L/TRAIL) were loaded
inside TNTs. In-vitro cell study confirmed an enhanced anticancer
effect of loaded therapeutics for 3 days period [24].

3.2.5. Combined osteogenic, antibacterial, and anticancer
effects

Application of multiple therapeutics is sometimes required in
some cases like cancer in order to realize effective healing.
Drugs acting by different mechanisms are employed to improve
treatment outcomes, reduce individual drugs dosage and
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minimize side effects. Furthermore, loading more than one ther-
apeutic agent inside TNTs could allow simultaneous treatment of
several issues. These multidrug-loaded implants can significantly
improve current implant development as it can cater to common
implant challenges such as infection, inflammatory response and
poor integration at the same time. For example, anticancer
selenium (Se) was electrodeposited into TNTs, followed by chit-
osan spin coating on top. This yielded implant that combines
antibacterial, enhanced osseointegration and anticancer activ-
ities [100]. In this study, chitosan provided long-term antibacter-
ial effect against E. coli and allowed controlled release of Se. In
addition, Se served two functions; inhibition of the growth of
cancer cells and improving osteoblasts adhesion.

3.3. Electrical stimulation therapy

Clinical evidence showed that electrical stimulation therapy
(EST) can accelerate the healing process of bone fractures
[101]. Parl et al. studied the mechanism of direct current
electric field to induce mesenchymal stem cell differentiation
seeded on TNTs [102]. They showed that electric field trig-
gered the osteogenic induction of mesenchymal cells. This
was explained due to increased Ca®* influx into cells through
formation of membrane protrusions with Connexin 43 hemi-
channels on plasma membrane in response to the applied
electric field. However, the presence of TiO, of TNTs, TNTs/Ti
implants are not expected to be good electrical conductors for
EST applications. Gulati et al. recently demonstrated the con-
version of TNTs into TiNTs (titanium nanotubes), to increase its
conductivity [103]. In this study, TiO, (TNTs) were reduced to
more conducting Ti using magnesiothermic process. The
structure of nanotubes (how TiNTs) was retained with signifi-
cant increase in the conductivity. TiNTs allowed dual EST and
local drug-releasing properties which can be used for
improved local therapeutic effects.
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Figure 5. Schematic diagram summarizing the excision of human calvarial suture tissue and extraction of suture mesenchymal cells (SMCs) from a patient
undergoing craniofacial reconstruction surgery at ACFU. The lower part of the scheme shows the TNTs/Ti implant with SMCs cultured on the top. It further depicts
the cell-biomaterial interface with protein adsorption, integrin clustering, focal contact formation, and initial cell adhesion (adapted with permission from ref [99]).
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3.4. Advances on improving drug releasing TNTs
implants

Many studies which considered loading of TNTs with antibio-
tics, antibacterial metal ions, anti-inflammatory agents or
anticancer drugs, neglected the control of the release kinetics.
Ideal LDD system should offer controlled drug release includ-
ing sufficient initial release to reach effective drug concentra-
tion followed by sustained release over a prolonged period of
time. In addition, on-demand release features are sometimes
recuired where recurrence of some conditions may occur (e.g.
cancer). Rapid drop in the effective concentration of loaded
therapeutics can re-trigger condition (e.g. the bacterial growth
or cancer cells recovery), on the other hand, very high con-
centration of therapeutics can be toxic to bone cells, which
can intetfere with the healing mechanism. Such tunable/on-
demand release kinetics could be achieved using various
techniques such as varying TNTs dimensions, polymer coating
or chemical functionalization. The next section will focus on
various approaches to achieve controlled drug release kinetics
from TNTs.

3.4.1. Varying TNTs dimensions

Drug release from drug loaded TNTs occurs through diffu-
sion into the surrounding medium. Thus, the rate of release
will depend on TNTs dimensions (i.e. pore diameter and
length). The amount of drug loaded will depend on the
available vacant volume of TNTs; longer nanotubes will
offer more space for drug to be deeply loaded, thus pro-
longed drug release is achieved [9]. Since the dimensions
could be precisely controlled by anodization process, vary-
ing TNTs dimensions was adopted for manipulating the
drug release. This approach is limited by the relation
between amounts |loaded and release behavior. Maximum
drug entrapment could be achieved with longer and wider
TNTs but with burst drug elution while shorter and nar-
rower TNTs mean less drug amounts with significantly less
burst release. Accordingly, further trials toward increasing
drug loading and at same time reducing TNTs pore dia-
meters are desired for better control over the release
kinetics. TNTs with diameters ranging from 30 to 140 nm
were fabricated on Ti substrates [104]. The diameter of TNTs
played a vital role in drug loading and release with least
loading obtained with 30 nm TNTs. In this study, in-vitro
release data of ibuprofen loaded TNTs showed that the
80 nm tubes provided the optimum drug loading and
release properties. It is worth mentioning that, drug loading
and release can be also controlled through alterations in
TNTs structure (e.g. periodic, double-walled, bamboo-type,
nanolace and branched TiC, nanostructures) which can be
generated by periodic anodization conditions [105,106].

3.4.2. Altering TNTs properties by chemical
functionalization

Chemical functionalization of TNTs surface can significantly
influence the drug release kinetics. Rendering the surface
hydrophilic using 2-carboxyethyl-phosphonic acid (2-phos)
resulted in easier indomethacin diffusion inside TNTs
thigher loading efficiency) and prolonged release
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compared to unmodified TNTs and hydrophobic TNTs func-
tionalized with 16-phosphono hexadecanoic acid (16-
phos) [107].

Song et al. represented another approach for chemical
modification to fabricate hydrophilic TNTs with hydropho-
bic cap [108]. The fabrication process involved two anodi-
zation steps, hydrophobic cap modification was applied
using (octadecylphosphonic acid) after first adeonization
step, while hydrophilic maodification was imparted using
3-aminopropyl triethoxysilane after the second anodization
step, thereby a unique amphiphilic structure was gener-
ated. After that, horseradish peroxide (HRP) was loaded
according to different methods: (a) soaking, (b} soak-
ing + hydrophaobic cap, (c) covalently attached HRP, and
(d) covalently attached HRP + hydrophobic cap. The pre-
sence of the hydrophabic cap significantly reduced the
burst release. Moreaver, a controlled release was achieved
upon UV irradiation to remove the hydrophobic cap. This
approach demonstrated the capacity to trigger the release
of drugs from TNTs based on chemical functionalization in
response UV illumination.

3.4.3. Polymeric modifications

Polymer modification of TNTs permits several benefits
including ease of controlling the thickness of the TNTs
covering, and also the incarporation of additional functions
such as anti-bacterial and improved osseointegration char-
acteristics [45]. Losic et al. extensively explored single step
and scalable plasma polymerization (PP} to prolong the
release of therapeutics from TNTs [107]. However, PP suffers
from a few limitations including prolonged optimization
time (to reach proper thickness), expensive hardware, and
technical expertise requirement; which can possibly mean
difficulty for its integration into the current TNTs biomedical
applications [109].

Alternative approaches are reported to overcome the
limitations of PP and simultaneously enhance biocactivity
and osseointegrating ability such as dip coating of biopoly-
mers (e.g. chitosan and PLGA) on the surface of drug-loaded
TNTs. In addition, simple application of polymers on top of
drug loaded TNTs can also provide controlled release prop-
erties. PLGA was applied on the surface of ibuprofen-loaded
TNTs and then were tested for drug-releasing properties.
Burst release was significantly reduced for PLGA coated
TNTs samples compared to uncoated ones. In addition, the
application of PLGA prolonged the release to 40 days com-
pared to only 5 days for uncoated samples. When tested
with MC3T3-E1 mouse cells, PLGA favored the proliferation
and osteogenesis of the cells at an earlier stage [104].

3.4.4. Triggered drug release

Triggered release of therapeutics can offer many befits
such as reduced drug loss, non-invasive ‘on-demand’
drug release, reduced costs, and side effects. Many inves-
tigators have included triggering features that respond to
temperature, magnetic or electric fields, radio or ultrasonic
frequencies, etc. into TNTs drug-releasing implants,
Table 2.
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Table 2. Summary of strategies of controlled/triggered drug release {original table, no permission required).

Drug/Drugs
System Example of system loaded Refs.
Triggered drug release
Radiofrequency-triggered release Gold nanoparticles used as energy transducers. Indomethacin [138]
Ultra-sonication triggered drug release Super hydrophobic TNTs with ultrasonic-controlled drug release  Tetracycline
hydrochloride
pH-sensitive drug release InO-Folic acid sealed TNTs system Yancomycin [139
PLGA/TNTs Carprofen and
lidocaine
140]
UY light sensitive drug release {V)-induced chain cutting of cap of Ampphiphilic TNTs covered by Horseradish [108]
octadecylphosphonic acid peroxidase (HRP)
Infrared {IR) laser irradiation Immobilized gold Nanorods (GNRs} onto the surface of TNTs Tetracycline [141]
triggered by near-IR laser irradiation
Magnetic-sensitive drug delivery Modified iron oxide MNPs {DOPA-Fe;0,) placed at bottom of Indomethacin [142]
TNTs
Voltage-induced drug release Hydrocarbon monolayers detachment due to electrochemical Horseradish [143]
reaction peroxidase
{HRP)
Functionalizing the surface of TNTs by a specific functional Self-assembled monolayers {SAM) of organo-silanes and organic  lbuprofen [107]
group acids
Structural modification of TNTs features
Pore size modification Pore widening procedure applied on TNTs Indomethacin [107]
TNTs length modification Alteration of anodization Indomethacin [107]
time
Periodically tailored titania nanotubes Periodically modulated {jp-TNTs) internal structures Indomethacin [144]
Centrolling pore openings by depesiting a layer of Poly(allylamine) (PAz2) layer is deposited by plasma polymerization  Anti-inflammatory  [145]
biopolymer via plasma polymerization drugs
Multi-drug delivery with polymeric micelle act as drug Sequential drug release using TNTs arrays Gentamicin sulfate  [146]
nanocarriers
Degradation of biopolymer film which covers the TNTs Dip coating in chitosan and poly{lactic-co-glycolic acid) Indomethacin [109]
surface

Visible light-triggered release of ampicillin from TNTs was
successfully achieved. First, TNTs were fabricated and the walls
were decorated with gold (Au) NPs followed by attachment of
hydrophobic maonclayer cap of octadecylphosphonic acid.
After that, a second anodization was performed which allowed
the growth of a second bottom layer of TNTs. Finally, ampi-
cillin was attached to the walls of the lower tubes by forming a
silane linker with 3-glycidyloxypropyl) trimethoxysilane. in-
vitro study showed no ampicillin release in dark. In contrast,
upon application of visible light, through a xenon light source,
ampicillin was effectively released as a result of cap removal
by AuNPs Plasmon resonance which induced chain break-
down of the hydrophobic cap [110].

Another form of triggered drug release utilizing electric
field was developed by Sirvisoot et al. Antibiotics (penicillin
and streptomycin} and anti-inflammatory drug (dexametha-
sone) were first conjugated with polypyrrole, which was then
attached on multi-walled carbon nanctubes medified TNTs
surface via electrodeposition. On applying external voltage,
about 80% of the loaded drugs could be eluted [111]. In
another study by Zhou et ai.; drug release was triggered in
response to ultrasonic waves (USW) which could permit
urgent tetracyclin hydrochloride release. Super hydrophilic
TNTs implants were prepared by immersing in methanol solu-
tion of hydrolyzed 1 wt% 1H,1H,2H,2H-perflucrooctyl-triethox-
ysilane. USW were produced from sonication probe dipped
inside the releasing medium (PBS). The release could be con-
trolled by varying USW time and intensity; thus, tailored to
meet different patients’ requirements. It is noteworthy that
integrating USW into local drug-releasing implants is an

attractive approach since USW could be transferred through
the body without causing any damage to tissues or cells [112].

4. Conclusion and future perspectives

This review article highlighted recent advances demonstrating
the potential of integrating LDD features into Ti implants
which would address both the limitations of conventional
systemic drug treatment and bone implants postoperative
complications. Studies showed that TNTs drug releasing
implants could be employed in the development of a variety
of LDD systems and therapies providing controlled release
kinetics and therapeutic conditions not possible with systemic
drug administrations. The TNTs structured surface could be
fabricated on the surface of currently used medical implants
regardless of their shape by well-established, low cost, and
scalable electrochemical anodization with high control over
their structure and physicochemical properties. TNTs possess
many unique features including tunable dimensions, ability to
control drug release kinetics, incorporation of triggering
mechanism (magnetic, ultrasonic, temperature). Furthermore,
TNTs has shown superior biomedical characteristics such as
biocompatibility, enhanced cell adhesion and proliferation,
corrosion resistance and mechanical stability.

Studies mentioned throughout this article also confirmed
the possibility of loading various drugs inside TNTs with dif-
ferent properties (e.g. solubility and molecular weight) which
could cater for a variety of bone conditions. All the above
mentioned demonstrates that TNTs could be described as a
new generation of drug-releasing implants. However, their
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implementation in practical use is slow and still far from
clinical trials. Although many recent in-vitro, ex-vive, and in-
vivo experiments confirmed their biocompatibility, further in-
depth and long-term studies are required to translate this
technology from research to real human clinical trials. In addi-
tion, its long-term toxicity in-vivo is yet to be explored. In the
near future, localized bone implants will not be able to replace
systemic drug therapy, but based on the facts shown by the
reviewed studies, it is rational to expect that these systems
could eventually replace the conventional therapy regimens.

5. Experts opinion

Localized drug delivery represenits a simple and reliable solution
to many critical bone disorders that are difficult to be treated
with conventional routes of drug administration such as topical
or systemic routes. Owing to the versatile use of Ti implants,
integrating drug delivery features into such implants will bring
new opportunities to deal with resilient bone conditions such as
inflammation and bacterial infection. This review highlighted
the most representative studies and key findings related to
the application of titanium implants for LDD with special
emphasis on TNTs. This new technology could bring real oppor-
tunities to the transition of the current research into real clinical
applications. TNTs have shown many advantages over other
localized bone drug delivery systems (e.g. palymers and cera-
mics). TNTs are highly ordered arrays with precise controllable
dimensions. They also mimic the bone microstructure which
results in improved osseointegration. Furthermore, compared
to other drug carriers, they offer higher loading efficiency and
higher control in terms of drug release and loading multiple
drugs with no limitations for hydrophobicty/hydrophilicity
allowing a variety of drugs, proteins, genes, micelles or nano-
particles to be added. In addition, the low cost and scalability of
electrochemical anodization into industrial scale make TNTs/Ti
promising candidates for new generation of drug-releasing
implants. Despite these features, it is worth mentioning that,
translating this technology into real implants, faces many funda-
mental challenges. Although extensive research has been inves-
tigating the performance of TNTs-based implants (e.g. stability,
toxicity, ability to enhance osseointegration, and control drug
release), potential delamination and degradation in the biclogi-
cal milieu; long-term toxicity and longevity after implantation
are yet to be confirmed through further long-term studies and
clinical trials. Moreover, the commercial value of these drug-
releasing implants will not be achieved unless they move to
clinical trials and pass the regulatory approval stages which
requires substantial financial support. TNTs-based implants are
still in their early development stage which is not mature
enough to attract potential industry investors. At the same
time, the increasing competition by pharmaceutical companies
in developing systemically administered drug delivery systems
that could target bone tissues will reduce the market share of
TNTs-based drug-releasing implants. Yet, in contrast to other
drug-delivery systems, LDD to bones based on TNTs implants
have broad applicability making them an attractive alternative
to treat a variety of conditions. TNTs/Ti implants offer unique
approaches that are markedly different from existing
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competitive technology such as polymer-based implants.
Finally, the incorporation of 3D printing technology to fabricate
implants with tunable design and dimensions will further pre-
sent TNTs/Ti implants as a potential platform for localized drug-
delivery applications.
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Chapter 3

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
(TNTSs) 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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ABSTRACT: Primary and secondary bone cancers are major causes of pathological bone
fractures which are usually treated through implant fixation and chemotherapy. However,
both approaches face many limitations. On one hand, implants may suffer from poor
osseointegration, and their rejection results in repeated surgery, patient’s suffering, and
extensive expenses. On the other hand, there are severe systemic adverse effects of toxic
chemotherapeutics which are administrated systemically. In this paper, in order to address
these two problems, we present a new type of localized drug-releasing titanium implants
with enhanced implants’ biointegration and drug release capabilities that could provide a
high concentration of anticancer drugs locally to treat bone cancers. The implants are
fabricated by 3D printing of Ti alloy followed by an anodization process featuring unique
micro- (particles) and nanosurface (tubular arrays) topography. We successfully
demonstrate their enhanced bone osseointegration and drug loading capabilities using
two types of anticancer drugs, doxorubicin (DOX) and apoptosis-inducing ligand
(Apo2L/TRAIL). In vitro study showed strong anticancer efficacy against cancer cells

3D Printing Anodization

 TEAY
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Drug Delivery Enhanced Cell Adhesion

(MDA-MB-231-TXSA), confirming that these drug-releasing implants can be used for localized chemotherapy for treatment of

primary and secondary bone cancers together with fracture support.

KEYWORDS: 3D printing, bone implants, titania nanotubes, anodization, bone cancer

1. INTRODUCTION

Fracture is one of the most common complications of bone
cancer. Bone cancer can either start in the bone (i.e, primary)
or spread to the bone (ie., secondary) due to metastasis of
cancer cells present at other body sites. Patients suffering from
either primary bone cancer, also known as osteosarcoma, or
secondary bone cancer usually show a high risk of fracture
especially in the first year after diagnosis.""” This is attributed to
the disruption of the natural bone activity and architecture due
to the growth of cancer cells which in turn weakens the bones,
making them vulnerable to fracture even without any accidents
or trauma (i.e, pathological fracture).” Treatment of bone
cancers usually includes two simultaneous approaches: bone
fixation and administration of chemotherapeutic agents but
with limited success. The fractured bones are fixed by bone
implants together with removal of the cancerous part. In some
cases the removed bone part is also replaced with a
prosthesis.”*

Moreover, primary and secondary cancer treatment also
comprises systemic administration of chemotherapeutic
agents.” This therapy usually requires high doses of anticancer
drugs in order to reach their effective levels at the bone site
which in turn leads to exposure of the whole body to elevated
toxic doses. Besides that the fractured areas may also suffer

V ACS Publica‘tions © 2017 American Chemical Society

from compromised blood supply, which may hamper
therapeutics from reaching the diseased areas at effective
concentrations required for therapy.® These limitations in
systemic administration usually result in therapeutic failure and
spreading bone diseases to a fatal level.”

One alternative solution to address the systemic toxicity of
chemotherapeutics is localized delivery of active therapeutics
directly inside the bone using drug-releasing bone implants,”*
thus avoiding systemic therapy needs.” The key feature of these
drug-releasing implants is to release active therapeutics directly
at the affected site, locally inside the bone microenvironment at
the bone implant interface.”™"! Furthermaore, this localized drug
delivery has the potential to provide effective treatment for
multiple conditions like bone carcinoma, osteoporosis, bone
infection (ie, osteomyelitis), and related inflammation.”"*
There is only one clinically proven system, specifically
developed for treatment of brain tumor (glioblastoma), which
is based on a biodegradable polymer implant impregnated with
the anticancer drug carmustine (Gliadel, Guildford Pharma-
ceutics, UK)." This anticancer drug-releasing implant is
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specifically designed to treat brain cancer where surgical and
chemotherapeutic treatments are limited, and it is surprising
that the same concept is not translated or explored for similar
reasons for treatment of bone cancers.

Metal-based implants such as screws, K-wires (pins), and
plates have been used in a variety of orthopedic applications
over a very long time."""® Titanium (Ti) is the most commonly
used material for implant fabrication since it possesses good
biointegration with human osteoblasts while being corrosion
resistant."*™'® However, these implants confront many
challenges for integration and longevity upon insertion in the
human body, especially in case of bone carcinoma.*** Failure
of orthopedic implants can occur for several reasons, including
poor “osseointegration” (i.e, firm attachment of the implant
following bone tissue regeneration onto implant’s surface),'”"”
inflammation, or bacterial infection,'"*'* leading to loosening
and/or complete detachment from its place which could
eventually lead to repeated surgery, amputation, and even
death."

Several approaches have been explored to improve the
process of osseointegratis:m.zo_z‘2 One promising approach
involves the manipulation of an implant’s surface topography
(i.e,, roughness). Studies asserted that the surface topography
of the implants significantly influences the process of
osseaintegration.”~*® Tt is worth mentioning that the optimal
template for implant surface design is to combine both micro-
and nanorough surface features.” " Previous studies demon-
strated the ability of the microtexture to promote “osteocon-
duction”” (i.e, bone cell growth onto the implant’s surface)
and “osteoinduction”"” (i.e, encouraging a cell to differentiate
into osteoblasts on the implant’s surface).”

The advent of nanotechnology offers many new technologies
to fabricate these implants with desired topography including a
variety of nanometer surface architectures such as nanotubes,
nanopores, and nanoparticles. Previous studies suggest that
many of these nanorough surface patterns, particularly
nanotubular structures, enhance protein adsorption and
osteoblast activity that lead to improved osteoblast adhesion
and long-term osseointegration, in comparison with smooth or
microrough surfaces.”™” Titania nanotubes (TNTSs) prepared
by electrochemical anodization of titanium with vertically
aligned nanotubular structures composed of titanium dioxide
(TiO,) represent a remarkable example of these nanostructures
used for a wide range applications.”’ Similar to arrays of tiny
test tubes, TNT' are open at the top and closed at the bottom
and can be prepared with control over dimensions (diameters
10-300 nm and lengths 0.5-300 um)."® It is worth
mentioning that electrochemical anodization is a scalable,
cost-elfective, and simple fabrication process that can be
implemented for modifications of commercially fabricated bone
implants at the industrial scale.”'

Currently used bone implants in orthopeadic surgery
comprise pure Ti and more often Ti alloys with Al V, Zr,
etc, since these alloys are less expensive and able to provide
superior biocornpatibilitg and mechanical characteristics in
comparison to pure Ti*”** The production of Ti implants is
based on conventional metal and metallurgical processing
techniques with [imitations such as production with fixed
shapes and dimensions, and therefore, they lack customization
for specific cases such as children or due cancer, where local
drug delivery of anticancer is required. In such cases, expensive
and time-consuming implant alterations are made by
postprocessing which are not acceptable where urgent

interventions are required. Furthermore, the implant manu-
tacturing companies lose millions of dollars each year through
expiry of produced implants.

Recent advancements in three-dimensional printing (3D
printing) technology have opened new horizons for fabrication
of various implants using different materials such as polymers
and metals.* %7 Accordingly, the application of 3D printing to
fabricate implants will result in revolutionary improvements,
among which is the flexibility in implant design to obtain
different shapes of implants with tuned dimensions such as flat
substrates, screws, wires, or even a complete joint.**** More
importantly, 3D printing will allow “on demand” implants
which are designed especially for each patient that can be
fabricated very quickly in a clinical environment. At the same
time, implant manufacturing companies using this technology
will be able to deliver implants on request instead of massive
production and storage of implants.

The aim of this work is to demonstrate engineering of new
3D-printed drug-releasing Ti implants (3D-Ti) with dual
micro- and nanotopography designed to possess enhanced
osseointegration and drug delivery functions. The implants are
fabricated by combining 3D printing of the Ti and electro-
chemical anodization process, and their structures are presented
in Scheme 1. The 3D printing using the selective metal laser

Scheme 1, Tlustration of Micro- and Nanostructures in
TNTs-3D-Ti Drug-Releasing Implants Loaded with
Anticancer Drug”

Ti-6Al-4V
B TNTs
® Drug

“SEM images show these micro- {particles) and nanostructures
(titania nanotubes) and their interaction with cells.

sintering (SMLS) method was performed to fabricate Ti alloy
implants (Ti6Al4V) with a specific microscale rough surface
composed of randomly dispersed spherical microparticles.
These 3D-printed implants were electrochemically anodized
to generate an anodic layer with nanotopography on top of the
implant surface composed of vertically aligned nanotubes
(TNTs). Their bone integration performance was evaluated by
studying the attachment of fibroblasts under physiological
conditions. The drug loading and release capabilities of the
fabricated 3D-Ti implants was also investigated using two
chemotherapeutic agents, doxorubicin (DOX) and apoptosis-
inducing ligand (Apo2L/TRAIL), followed by evaluating their
in vitro anticancer efficacy against cancer cells.

DOI: 10.1021/acsami.7b09916
ACS Appl. Mater. interfaces 2017, 9, 2956229570
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2. EXPERIMENTAL SECTION

2.1. Materials. Ammonium fluoride {NH,F), ethylene glycol
(EG), lactic acid (LA), and NIH 3T3 fibroblasts were purchased from
Sigma-Aldrich (Australia). MDA-MB-231-TXSA Luciferase-expressing
cells were kindly provided by Dr. Toshiyuki Yoneda (formerly at the
University of Texas Health Sciences Centre, San Antonio, TX).
Doxorubicin hydrochloride (DOX) solution {2 mg mL™') was
purchased from Hospira Pty Ltd. (Australia). Tumor necrosis factor-
related apoptosis-inducing ligand (Apo2L/TRAIL) was obtained from
Genentech Inc. (USA). Dulbecco’s modified Eagle’s medium, fetal calf
serum (FCS), penicillin/streptomycin, sodfum pyruvate, trypsin, and
phosphate buffer solution (PBS) were supplied from Life Tech-
nologies Pty Ltd. {Australia). p-Luciferin Firefly and potassium salt
were obtained from Caliper Life Sciences, PerkinElmer (Australia).
The standard bicinchoninic acid (BCA) protein assay kit was obtained
from Pierce Chemical Co. (Australia). All chemicals and reagents were
used as received without further purification steps. High-purity water
Option Q-Purelabs {Australia) (18.2 M) was used to prepare all
solutions used throughout this study.

2.2. Fabrication of Ti Implants Using 3D Printing. Titanium
wafers in the form of square strips (1.5 X 1.§ cm?) were printed with a
3D-selective laser melting machine (ProX 200 Production 3D Printer,
Phenix Systems PXM (USA) equipped with 300 W laser {1070 nm at
50% power)) under inert argon atmosphere. The alloy powder
material (Ti6AI4V) used in the fabrication process is characterized by
the average particles diameter as follows: Dyggy) = 31.32 pm, Digpe) =
24.07 pm, and Dyygy) = 10.69 pm, where Dyggy indicates 90% of the
volume distribution below that value, Disqy) indicates the volume 50%
value of the distribution, while Dijpy) indicates 10% of the volume
distribution below the value.

‘Wafers with a thickness of about 0.61 + 0.01 mm were prepared by
forming a layer of powder material {~30 ym thick), which was then
selectively melted using a laser. This process was repeated to produce a
successive number of melted layers in order to reach the desired
thickness. The Ti wafers were removed from the build plate and then
thoroughly deaned by wiping and ultrasonication in acetone to
remove any nonadhered powdered particles from the surface. The
resulting implants will be referred to as “3D-Ti" throughout this paper.

2.3. Electrochemical Anodization of 3D-Ti Implants To
Generate Surface TNTs. Prior to fabrication of TNTs using
electrochemical anodization, 3D-Ti wafers were cleaned by sonication
in acetone for 10 min and dried using a N, gun. After that TN'Ts were
prepared using a temperature-controlled electrochemical cell designed
in our laboratory in which the 3D-Ti wafer acts as the anode while a Ti
foil acts as a counter electrode (i.e., cathode). The electrodes were
immersed in ethylene glycol electrolyte solution containing lactic acid
(1.5 M), water (5% v/v), and NH,F (0.1M) at 60 °C for 15 min. The
whole setup was connected to a programmable power supply (Agilent,
USA) for voltage control through LabVIEW software (INational
Instruments, USA). After that 3D-Ti wafers with TNTs grown on top
(will be referred as TNTs-3D-Ti wafers) were cleaned by sonication in
Milli-Q water for $ min to remove any remaining electrolyte.

2.4. Structural and Chemical Characterization of Prepared
Implants. Surface characterization was performed using scanning
electron microscopy (SEM, FEI Quanta 450 FEG-SEM, USA) and
energy-dispersive X-ray spectroscopy (EDX). Samples were coated
with platinum (§ nm) prior to imaging with SEM. X-ray diffraction
spectra {XRD, Rigaku MiniFlex 600, Japan) and water contact angle
(WCA. Attension theta optical tensiometer, KSV instruments,
Finland) of the samples were also recorded.

2.5. Drug Loading. Two anticancer drugs, DOX and ApolL/
TRAIL, were separately loaded onto TNTs-3D-Ti implants under
vacuum. Briefly, 10 4L of either drugs loading solution (2 mg mL™")
was placed on the surface of TNTs-3D-Ti implants and allowed to dry
under vacuum for 2 h at room temperature. After that the previous
step was repeated 20 times. The surface was then cleaned by rinsing
with Milli-Q_water to remove any drug remaining on the surface so
that only drug trapped inside the nanotubes hollow structure remains.
In the case of implants that will be used for cell studies, they were first
sterilized under UV light for 20 min; then drug loading was carried out
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under aseptic condition. The amount of drug loading was then
detected using thermogravimetric analysis (TGA, TA Instruments
Q3500, USA). Samples were cut into small pieces, mounted onto a
platinum pan, and heated to $50 °C at a scanning rate of 5 °C/min
under constant nitrogen gas flow of 50 mL min~". 3D-Ti wafers with
no TNTs on the surface and drug-free TNTs-3D-Ti implants were
used as controls.

2.6. In Vitro Drug Release. The in vitro drug release was assessed
by immersing drug-loaded TNTs-3D-Ti wafers in 600 L of PBS (pH
7.4) at 37 °C. At predetermined time, 100 L of release media was
removed and replaced with fresh PBS to maintain sink conditions.*

The amounts of DOX released were determined by photo-
luminescence spectroscopy (Fluoromax-4 Horiba Jobin Yvon, Japan,
equipped with a Xe lamp used as the excitation light source at room
temperature), exciting the samples at 490 nm, and measuring the
emission intensity at 590 nm. The concentration of drug was then
calculated using a standard calibration curve constructed by measuring
the fluorescence intensity of known concentrations of DOX.

Apo2L/TRAIL release was detected by standard bicinchoninic acid
(BCA) assay for protein quantification.” Briefly, 25 pL of release
samples was placed into microplate wells of a 96-wellplate. Then 200
#L of BCA working reagent was added and then placed on a plate
shaker for 30 min. After that the plate was incubated at 37 °C for 30
min. The absorbance was then measured at 562 nm with a plate reader
(Fluostar OPTIMA, BMG Labtech). A standard calibration curve of
known concentrations of Apo2L/TRAIL was also constructed
following the same steps.

Blank samples were prepared by placing TNTs-3D-Ti wafers (ie.,
containing no drug) in PBS under the same conditions. All of the
aforementioned experiments were repeated three times using freshly
prepared samples, and averages and SD were estimated.

2.7. Cell Culture. MDA-MB-231-TXSA breast cancer cells and
NIH 3T3 fibroblasts were used for cell studies of TNTs-3D-Ti
implants. All cells were cultured in 75 cm® culture flasks {Corning Inc.
Life Sciences) using Dulbecco’s modified Eagle’s culture medium
(DMEM) supplemented with 10% fetal bovine serum, 1% glutamine
(2 mM), 1% penicillin (100 U mL™"), 1% streptomycin {100 ug
mL "), and 1% sodium pyruvate. The cells were maintained at 37 °C
in a $% CO, and 95% relative humidity. Cells were passaged every 3—
4 days in order to keep them in their log phase of growth. TNTs-3D-
Ti implants were sterilized under UV light for 20 min. All experiments
were performed in triplicate.

2.7.1. Fibroblasts Attachment on Implants. To get insight about
cell attachment on the TNTs-3D-Ti surface, sterile wafers were placed
in a 12-well plate, and 5 X 10* NIH3T3 fibroblasts cells, suspended in
30 pL of growth media, were seeded on drug-free implant surface and
allowed to attach overnight. After that cells were fixed in 4% v/v
paraformaldehyde and 1.25% v/v glutaraldehyde. The cells were then
washed with PBS and sequentially dehydrated in ethanol {70%, 90%,
and 100% for 15 min each). Subsequently, samples were immersed in
hexamethyl disilazane {HMDS):100% ethanol {1:1) solution for 10
min and then in 100% HMDS twice for 10 min. The samples were
then dried and coated for SEM J'mag'mg.d’1

2.7.2. Screening the Anticancer Activity. Since we loaded two
different anticancer drugs {ie, DOX and Apo2L/TRAIL) separately
on TNT's-3D-Ti implants, the cytotoxicity of the drug-loaded implants
was assessed as follows:

{(a) For DOX-loaded implants: MDA-MB-231-TXSA breast cancer
cells (1 % 10%) were seeded in a 12-well plate and incubated
overnight. After that DOX-loaded TNTs-3D-Ti implants were
added for 24 h, and then cell viability was assessed using
luciferase bioluminescent cell viability assay as described in the
Supporting Information.

For ApolL/TRAIL-loaded implants: After Apo2L/TRAIL
loading, NIH3T3 fibroblasts {§ X 10* cells suspended in 30
#L of growth media) were seeded on implant surface and
incubated for 24 h to allow cell adhesion. After that the wafers
were transferred into the wells with a monolayer of MDA-MB-
231-TXSA cells in a 12-well plate, and then cell viability was

(b
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assessed after 24 h using luciferase bicluminescent assay as
described in the Supporting Information, The same wafers were
then transferred into fresh wells with MDA-MB-231-TXSA
cells growing as monolayers. These steps were repeated 3 times
over 72 h (ie., repeated each 24 h) after which no cell death
was observed. Finally, Ti wafers were taken out and transferred
to a container containing cell fixative for SEM analysis. The aim
of this experiment is to investigate whether the presence of
normal cells (i.e, fibroblasts) on top of TNTs surface would
allow sufficient drug release or they might block the tubes and
thus no drug would be released.

For all experiments, cell cultures in growth media incubated with
drug-free TNTs-3D-Ti wafers were used as negative control (ie,
100% cell viability} and cells treated with 10 4L of DOX solution (S0
p#g mL™") were used as positive control.

2.8. Statistical Analysis. All results presented in this study are
statistically treated and expressed as mean + standard deviation (SD)
of at least three independent experiments. ANOVA followed by a
Bonferroni’s multiple comparison test was used to analyze the data.
The level for significance was set to p < 0.05 for all comparisons.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization of 3D-Ti and TNTs-3D-
Ti Implants. The surface of prepared Ti alloys implants with a
unique morphology in which microspherical particles were
randomly dispersed due to the presence of partially melted
particles onto the Ti surface is shown in SEM images {Figure
laand 1b). The size of these microparticles is in the range from

Figure 1. SEM morphology of 3D-Ti implants at different
magnifications at (a) low and (b) high resolution.

5 to 20 um (average & 12 um) in diameter. The microparticles
appeared to be firmly attached to the underlying Ti surface
which is confirmed by high-resolution SEM imaging. The
interconnected structure of successively melted layers is shown
in SEM images taken from the cross section of the fractured
implants (Figure S1). During the 3D printing process the laser
melts Ti alloy powder (particles) added layer by layer to create
this homogeneous composite structure inside templates and
microparticles on the top surface.

Electrochemical anodization was used to generate TNTs on
the surface of 3D-Ti wafers involving the etching effect of
fluoride ions under the effect of the applied electrical field as
explained in the Supporting Information. In our previous study,
we assessed the effect of different fabrication parameters (e.g,
temperature, voltage, water content, and anodization time)
against the properties and dimensions of the generated
TNTs.*> We showed that optimal TNTs fabrication could be
obtained by anodization in ethylene glycol electrolyte
containing 5% v/v water, NH,F (0.1 M), and LA (1.5 M)
under an applied potential of 60 V for 15 min at 60 °C that
allows the generation of well-organized TNTs with reprodu-

cible dimensions. Figure 2 represents a series SEM images of
fabricated 3D-Ti implants showing well-ordered nanotube
arrays covering the whole surface. First, these images confirm
that microparticles survived the anodization process and that
the entire surface including microparticles and the underlying
Ti surface were composed of TNTSs structures (Figures 2b—e,
2g, and 2h). The length and diameter of TNTs were 3.25 + 0.2
pim and 120 = 10 nm, respectively. SEM images showed that
the diameter of nanotubes on a flat surface is slightly large
compared with TNTs formed on the particle (Figure 2e and
2f). The dimensions of the TNTs can be further tailored using
various anodization parameters, if required. SEM cross-
sectional images of the fractured TNTs layer confirmed the
closed bottom of the nanotube structure (Figure 2f).
Characteristic cracks are seen on the surface of the Ti
microparticles as well as the underlying Ti surface (Figure 2¢
and 2d) and are a result of radial outgrowth of nanotubes on
the curved surfaces that is in agreement with our previous work
on formation of TNTs on curved surfaces using Ti wires.*
These results showed that the 3D-printed Ti alloy surface
consisted of two distinct features: a random array of
microparticles and a flat surface, both composed with a
nanotube titania layer that can be used for drug loading and
providing a unique topography for enhanced cell attachment
and bone integration

3.2, Chemical and Physical Characterization of Im-
plants. Water contact angle {WCA) measurements were
performed to find the effect of anodization on the interfacial
properties and are presented in Figure 3a and 3b. The surface
of 3D-Ti wafers showed hydrophobic properties with a WCA
value of 133 + 1°. On the contrary, after TN'Ts layer formation
(ie, TiO,), the surface became superhydrophilic in which the
WCA could not be measured (i.e., water droplets spread rapidly
over the surface). It is noteworthy to mention that hydrophilic
bene implant surfaces ensure early onset of osseointegration
(i, quicker bone healing rates) and also reduces the number
of live and dead bacteria attached to the surface.”" In
addition, the hydrophilic surface properties of TNTs-3D-Ti
implants will allow immediate spreading of the drug solution
over the surface during loading which could improve the
amount of drug loading (vide infra).

EDX analysis was performed before and after electrochemical
anodization. Since we are using Ti6Al4V alloy, the EDX
spectrum of the 3D-Ti wafer (ie., before anodization) showed
significant peaks for Ti, AL, and V (Figure 3c). A minor peak
corresponding to oxygen could also be observed which could
be attributed to native oxide layer (i.e., 5—10 nm in thickness)
that is spontaneously formed on metals surface. Figure 3d
shows the EDX spectrum of TNTs-3D-Ti implants {ie., after
anodization) in which a prominent oxygen peak appeared
confirming the formation of an oxide layer. In addition, fluoride
and carbon peaks also appeared from anodization electrolyte
and Pt from coating for SEM. It is noteworthy to mention that
some studies suggest that the presence of F~! ions,
incorporated into the nanotube structures, may enhance
implant integration with the healing bone.* These results
were also confirmed by XRD analysis in which 3D-Ti showed
distinct peaks of Ti while anatase TiO, peak appeared after
anodization (Figure 3e and 3f).

3.3. Drug Loading and in Vitro Release. Two anticancer
drugs, DOX and Apo2L/TRAIL, were loaded by applying a
drop of loading solution onto the TNTs-3D-Ti surface
followed by using vacuum forces to remove potential air gaps
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Figure 2. SEM images of TN'T’s fabricated by electrochemical anodization of 3D-Ti implants in ethylene glycol electrolyte containing water {$% v/v)
at a voltage of 60 V for 1S min at 60 °C showing (a) low- and (b and ¢) high-resolution images with (d and e) TNTs structures on microparticle
surface and (g and h) on flat surface; (f) cross-section view of closed TNTs ends, and (i) cross section image of fractured TNTs layer showing highly

ordered and packed TNTs.

inside the hollow nanotubes structure that could prevent
loading. TGA analysis was performed to determine the amount
of drug loaded which was found to be 188 + 8 and 2176 + 25
ug cm™* for DOX and Apo2L/TRAIL, respectively, Figure $4,
Supporting Information. The large difference in loading
amount for these two drugs is explained by their different
molecular size and weight where MWt. of DOX and Apo2L/
TRAIL are 543.52 g mol™'and 19.8 kDa (19800 g mol™),
respectively.

Figure 4 shows the in vitro release graphs of the drugs loaded
onto TNTs-3D-Ti implants. The drug release exhibited
characteristic two-phase behavior showing a burst release
within the first few hours (% cumulative release of DOX and
Apo2L/TRAIL after 6 h was 40% and 70%, respectively) and
slow release phase of 16 days (DOX) to 4 days (Apo2L/
TRAIL). Burst release is due to the release of the drug present
at or near the surface of TNTs. The burst release is expected to
be beneficial since the drug will be released to eradicate cancer
cells for the first few days of the implant life. After complete
release of the cytotoxic drug, together with cancer cells death,
the healthy bone cells will be able to grow normally without
interference from chemotherapeutic agents. The observed total
drug release which lasted for 16 days for Dox is expected to be
sufficient enough to provide high local concentration to destroy
cancer cells. It is worth mentioning that drug release could be
modified to reduce burst release and provide more sustained
release. For example, Kumeria et al. extended the in vitro
release of gentamicin for 27 days by applying a PLGA coating

layer over the surface of TNTs.* In another study, Aw et al.

were able to delay gentamicin release for 6 days by adding a
layer of blank (i, drug free) micelles on top of the loaded
drug."” Further confirmation of sufficient drug loading and
release will be performed in the next sections in which the
anticancer activity of loaded drug-loaded implants will be
assessed using cell culture studies.

3.4. Cell Studies. 3.4.1. Cellular Attachment on Implants
Surface. One ultimate goal of drug-releasing bone implants is
to provide support and induce bone healing. The process of
bone healing is initiated by osseointegration in which cells of
tissues surrounding the implant start to interact with the
implant surface. Recently, studies confirmed that the micro—
nano rough surface of such implants could significantly enhance
cell adhesion and proliferation in comparison with smooth flat
TNTs-Ti wafers (ie, no microroughness).”"*** It is
important to mention that these studies did not involve any
drug-loading/release properties of the implants and also that
the TNTs was fabricated under different anodization conditions
using a different electrolyte.

To ensure that our TNTs-3D-Ti implant will permit cell
adhesion and proliferation, we studied the growth of fibroblasts
on TNTs-3D-Ti surface. Fibroblasts are the most common type
of cells in the human connective tissue. They play a vital role in
wound and injury healing since they synthesize collagen and
extracellular matrix which together form the structural
framework of most body tissues.” Fibroblasts are commonly
used in studies involving bone implants to assess properties
such as cell interaction or adhesion with the implant’s
surface.®*~* Figure 5 shows SEM images of fibroblasts
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Figure 4. In vitro drug release of different drugs loaded onto TNTs-3D-Ti implants: (;1) DOX and (b) Apo2L./TRAIL (r: =3+ Sl)).

spreading on the “peak and valley”-like architecture and well
attached to the structural features of the TNTs-3D-Ti surface.
Signs of mechanical stimulation and strong/firm anchoring are
evident by the appearance of stress fibers (actin-filaments) and
focal cell adhesions (ie., cell matrix adhesions) which could
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translate into effective osseointegration.”™ It is worth
mentioning that fibroblasts appeared normal with no signs of
cell death when examined under a light microscope, which
confirms the compatibility of the implants material (ie.,

TiGAI4V)
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3.4.2. Screening the Anticancer Activity of Drug-Loaded
TNTs-3D-Ti Implants. Fracture is one of the most common
complications associated with bone cancer.”! Thus, combining
bone-fixing implants with localized drug delivery, that enable
anticancer release at the fracture site, is proposed to enhance
disease prognosis. In our study, we loaded two anticancer
agents (ie, DOX and Apo2L/TRAIL) onto TNTs-3D-Ti
implants to study the efficiency of drug loading and release of
our implants.

In the case of DOX-loaded implants, when implants were
incubated with TXSA cells for 24 h, the cells viability was
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Figure 5. SEM analysis showing fibroblasts attachment on TNTs-3D-
Ti implants after 24 h incubation. (a—d) Cells can be seen firmly
attached on the implant surfaces and inside the cracks, which arise
during anodization of the curved surfaces, White arrows show the
microfilaments. (e and f) Higher magnification imaged showing ECM
secreted by the attached cells.

reduced to 16.4 + 2%, which indicates sufficient drug release
for anticancer therapy. However, our investigation did not stop
at this point; there are concerns TNTs could be blocked after
attachment of cells onto the implant’s surface after insertion
into the body, which could affect the release of loaded
therapeutics. Cells first secrete adhesion proteins on the
implant surface which promotes cellular attachment. After
that cells start to produce a collection of extracellular molecules
collectively called the extracellular matrix (ECM), Figure Se
and 5f, which serves a lot of roles such as providing biochemical
support, promoting cell to cell communication, and mediating
cell migration. Moreover, the formation of ECM is essential for
wound healing and tissue development (Figure $5).°**

The presence of ECM components together with cells on
top of TNTs could result in complete inhibition or at least a
significant reduction in drug release due to tube blockage, and
thus, the implants lose their drug-releasing properties. To this
end, we loaded Apo2L/TRAIL onto TNTs-3D-Ti wafers.
Apo2L/TRAIL is a tumor necrosis factor {TNF) inducing
ligand that can induce apoptosis of tumor cells while sparing
most normal cells (i.e., no or limited toxicity to normal cells).”
After that we seeded fibroblasts on the wafers surface and
allowed them to grow for 24 h. To check the cytotoxic effect,
the wafers (i, with fibroblasts on top) were incubated with
MDA-MB-231-TXSA cancer cells and cell viability was assessed
at different time intervals (ie, 1, 2, and 3 days).

Figure 6a—c shows SEM images of fibroblasts attached on
top of TNTs loaded with Apo2L/TRAIL. Cells appear normal

% Cell Viability
8 3 3

N
=]
!

e
I

Time (days)

Figure 6. Anticancer activity of Apo2L/TRAIL-loaded TNTs. (a—c)
SEM images of fibroblasts adhesion onto the surface of Apo2L/TRAI-
loaded TNTs-3D-Ti implant. , (d) Cell viability MDA-MB-231-TXSA
cells after treatment by drug-loaded implants at different time intervals.
Level of significance was set at a p value < 0.05 for asterisks in
comparison to the negative control group (drug-free TNTs-3D-Ti
implants) (n = 3 £+ SD).

(i.e, well attached and not affected by the presence of Apo2L/
TRAIL) showing stress fibers and firm adhesion. Most TNTs
appeared opened, except those with cells on top, with no signs
of blockage by ECM components. Figure 6d represents MDA-
MB-231-TXSA cell viability after incubation with drug-loaded
implants at different time intervals. The cell viability was
significantly decreased for all samples which confirms that
Apo2L/TRAIL was released effectively from TNTs which
means that the presence of fibroblasts on top of TNTs did not
prevent drug release. As a result, this proves the potential
applicability of TNTs-3D-Ti implants as a multifunctional
device that combines bone fracture support and localized drug
delivery properties,

4. CONCLUSION

This paper presents new 3D-printed Ti alloy-based drug-
releasing implants with a unique combination of microspherical
and nanotopography which aims to demonstrate their
enhanced cell attachment and drug loading/release perform-
ance for treatment of cancer cell for potential application for
localized chemotherapy for bone cancer. The implants are
produced by 3D printing based on a selective laser melting
process of Ti6AI4V alloy that showed an irregular microrough
particle topography on the surface. Well-organized TNTs arrays
were generated on the surface by an anodization process
enabling formation of additional “nanotopography” while
preserving the microparticle arrangement. The drug loading
and release of two anticancer agents, doxorubicin (DOX) and
apoptosis-inducing ligand (Apo2L/TRAIL), were successfully
confirmed showing their capacity to release locally high dosage
of drugs over 16 and 4 days, respectively. Study of fibroblasts
adhesion showed high affinity and adhesion to the nano/
microrough features of the implant surface when examined
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using SEM. In addition, the release efficacy of chemo-
therapeutic agents loaded onto 'TNTs was not affected by cell
adhesion as confirmed by in vitro cytotoxicity studies. More
studies are in progress to confirm their efficacy using cancer cell
tissue and animal models.

In summary, these new dual-topography 3D-Ti implants with
TNTs structures are shown to perform as multifunctional drug-
releasing devices with two functions related to bone cancer
which is challenging to treat: one is to provide bone support
and the second to provide localized drug delivery. In addition,
the 3D-printing process is offering flexibility of designing
implants with different shapes and dimensions specifically
tailored for individual needs which are not possible to achieve
with currently used implants. These results indicate potential
introduction of a new type multifunctional implants to replace
the conventional implants and provide an important con-
tribution to treat more efficiently a deadly bone cancer.
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Luciferase bioluminescent cell viability assay:

To determine the effect of DOX loaded TNTs-3D-Ti implants on MDA-MB-231-TXSA
cells, bioluminescent cell viability assay using D-luciferin firefly potassium salt was adopted.
The assay is based on the oxidation of luciferin inside metabolically active cells (luciferase
expressing cells) under the catalytic effects of luciferase and ATP, which results in a bluish-
green light (bioluminescence). After 24 hours of implant’s incubation with MDA-MB-231-
TXSA cells, the culture media was removed carefully and treated with 100 pL of luciferin
solution (150 pg mL-1). The cells were incubated for 20 mins at 37°C and then the

bioluminescence was measured using plate reader.

S-2
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Figure S1: SEM image showing cross section of 3D-Ti wafers at (a) low and (b) high

magnification
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Mechanism of TNTs fabrication on 3D-Ti implants surface during the electrochemical

anodization process

At anode (3D-Ti wafer):

Ti + 2H,0 — TiO, + 4H' + de Equation 1
Ti'" + 6F — [TiFs]* Equation 2
TiO, + 6F + 4H — [TiFs)* + 2110 Equation 3

At cathode (counter electrode):
2H,O + 4 — 2H, + 40H Equation 4

Under anodic voltage, titanium starts to oxidize forming Ti*" which will either react with O
from water present in the electrolyte as seen in equation 1 or with F from NH4F as seen in
equation 2. As a result of equation 1 an initial oxide layer (TiO;) will be formed on the
surface of Ti. Small pits will be generated due to localized dissolution at the surface by the
attack of fluoride ions through reaction with Ti'' on the surface (equation 2) and also by
dissolving the formed TiO, (equation 3) forming water soluble [TiFs]*. A competition
occurs between the formation of TiO; (equation 1) and dissolution by F ions (equation 2
and 3). When balance is reached between these two processes, self-organised nanotubes are
observed '®. Equation 4 explains the reaction that takes place at the cathode in which

hydrogen ions are reduced by gaining electrons which result in release of H, gas !

To explain different anodization steps, the current through the electrochemical cell was
recorded. Figure S1 shows current density-time profile recorded during anodization of 3D-Ti
samples for 15 mins under 60V at 60 °C using ethylene glycol electrolyte containing NH4F
(0.1M), lactic acid (1.5M), water (3% v/v).

60



Chapter 3

The current-time curve could be divided into three distinct stages; stage I, in which the
current decreased rapidly due to the formation of a non-conducting TiO; layer (also known as
a barrier layer) (i.e. equation 1). This was followed by siage 1T, which is characterized by a
slight rise in current as a result of dissolution of Ti*" and TiO, (equations 2 and 3). Finally,
stage IIT starts, in which the current drops again and becomes almost stable due to

equilibrium between formation and dissolution of the barrier layer '.

80 4 60 V, 15 mins
] 5% water

70 4 o
| Stage 1 60 C

BD—'-

50 -

i) Stage 11 Stage I11

30

20

Current density (mA cm'2)

10 -

— 71t r r - r 1 rr r - 1 - 1T r T 7
0 100 200 300 400 500 600 700 800 900
Time (sec)

Figure S2: Current density-time profile during 3D-Ti wafer anodization at 60 V for 15 mins
at temperature 60 °C, showing different anodization stages

The use of organic viscous electrolyte, ethylene glycol, leads to reduction of diffusion speed

"and F ), and therefore the equilibrium between dissolution and formation of

of ions (i.e. Ti*
the oxide layer could be established easier * Lactic acid, on the other hand, is added to the
anodization electrolyte to prevent anodic breakdown at high voltage by adsorption into the
surface. Anodic breakdown occurs when ions penetrate through the formed oxide layer at
weak points which results in exposure of the underneath metal together with a continuous rise
in anodic current with no tubes formation. LA forms a layer that prevents ions attack, thus

allow tubes to be formed at a more ordered and faster rate °.

Figure S2 shows an image of the 3D-Ti wafer before and after anodization, TNT appear as

S-5
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dark non shiny circular region (diameter =1 cm) on the wafer surface.

Figure S3: Picture of 3D-Ti implant (a) before and (b) after electrochemical anodization. Red
dotted circle in (b) denotes the TNT region.
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implant, (b) DOX and {c¢) Apo2L/TRAIL

S-7

63



Chapter 3

Focal adhesion
(integrin microfilaments) Adhesion

Proteins

Figure S5: Illustration of cell adhesion and ECM components secreted upon cell attachment
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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 TNTSs 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, Dongging 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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Tailoring Additively Manufactured Titanium Implants for

Short-Time Pediatric Implantations with Enhanced

Bactericidal Activity

Shaheer Maher,”™ " Denver Linklater” Hadi Rastin,/ Pei Le Yap,® Elena P. lvanova,

Dusan Losic*?

Paediatric titanium (Ti} implants are used for the short-term
fixation of fractures, after which they are removed. However,
bone overgrowth on the implant surface can complicate their
removal. The current Ti implants research focuses on improving
their ossecintegration and antibacterial properties for long-
term use while overlooking the requirements of temparary
implants. This paper presents the engineering of additively
manufactured Ti implants with antibacterial properties and
prevention of bone cell overgrowth. 3D-printed implants were
fabricated followed by electrochemical anodization to generate
vertically aligned titania nanotubes {TMTs) on the surface with
specific diameters (~100nm) to reduce cell attachment and
proliferation. To achieve enhanced antibacterial performance,

Introduction

Titanium (T and its alloys have been widely utilized in
pediatrics in the management of bone fractures, trauma or the
carrection of anatomical deformities (e.g. pins nails, plates,
external fixators or frames)." The majority of these implanta-
tions in pediatrics requires the removal of the implants after
their intended function is fulfilled in order to avoid many
camplications such as bone growth arrest, bone remadeling,
implant fracture upon continuous pressure, implant migration
or bane resorption.” Other reasons for implant removal also
include pain, infection, dislodgement or, in some cases,
carcinogenesis'® Given that the implants should be removed,
excessive bone growth or attachment antao the implant surface
is not desirable and can be a major problem for implants
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[, d and

TNTs were coated with gallium nitrate as antibacterial agent.
The physicochemical characteristics of these implants assessed
by the attachment, growth and viability of osteoblastic MG-63
cells showed significantly reduced cell attachment and prolifer-
ation, confirming the ability of TNTs surface to avoid cell
avergrowth. Gallium coated TNTs showed strong antibacterial
activity against S. aureus and P aeruginosa with reduced
bacterial attachment and high rates of bacterial death. Thus a
new approach for the engineering of temporary Ti implants
with enhanced bactericidal properties with reduced bone cell
afttachment is demonstrated as a new strategy toward a new
generation of short-term implants in paediatrics.

remaval leading to increased costs, implant breakage during its
remaval or excision of bone tissue, which in turmn enhances the
susceptibility to refracture®™ Thus, an ideal implant for
pediatric applications should not support bone cell overgrowth
on its surface, while achieving the desired bone fixation during
its short-term application. These reguirements are oppaosite to
conventional long-term implants where fast and strong osseoin-
tegration, combined with antibacterial protection, are two of
the maost desirable functions and it is not surprising there is a
very limited number of studies on surface madification of Ti to
reduce bone growth and ossecintegratian.

Since the implant surface is the first site of interaction with
hane cells, recent studies have confirmed the influence of its
surface topography and properties on cells adhesion, prolifer-
ation and differentiation.” However, the impact of surface
roughness {e.g. micro or nano) and surface feature geometry
{pores, tubes, particles, rods, wires, spikes etc) on bone ftissue
formation is still incondusive, making it difficult to compare the
influence of these topographical features™ For example,
Cavalacanti-Adam ef al. showed that titania nanotubes with
diameters ~ 100 nm <an disrupt integrin clusters and thus
inhibits cellular adhesion and proliferation.” On the other hand,
He et al. showed that nanopores (30 nm in diameter) promoted
cell adhesion and improved healing invivo. It is important to
mention that the majority of the research done so far focused
on enhandng cells-surface interaction for the development of
implants which remain in the body for an extended period {e.q.,
hip or knee replacements)® with anly a few studies involving
the design of implants for short-term use.!””
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Bone overgrowth is not the only limitation that affects the
performance and functionality of temporary implants in
pediatrics; bacterial infection is considered another major
problem that could result in implant failure or bone sepsis
before complete bone healing is achieved.* Systemic anti-
biotics administration is the most common practice to prevent
and treat implants related bacterial infections.” However, the
concentration of antibiotic reaching the site of the implant is
often inadequate to infiltrate the bacterial biofilm leading to
treatment failure” As a result, localized drug delivery through
coating of implants with antibiotics seems to be a promising
approach.”*™ However, the local application of antibiotics at
the implant site {e.g., antibiotic-loaded cement) can cause
localized cell toxicity and contributes to the development of
antibiotic-resistant bacterial strains, such as methicillin-resistant
Staphylococcus aureus {(MRSA)."" To address the problems of
antimicrobial resistance (AMR), considerable research effort has
been focused on exploring alternative approaches to conven-
tional Ti implants. Recent advancements in the design of
antibacterial Ti biomaterials include incorporating non-conven-
tional metal antibacterial agents such as silver, copper and
gallium,"? altering surface properties such as charge, and
hydrophobicity by chemical modification, or engineering of the
surface topography,™ physical contact killing of bacteria by
sharp surface nanostructures™ or using drug-releasing titania
nanotubes {TNTs) structures loaded with antibacterial drugs.""®

Additive manufacturing, or 3D-printing technology, has
triggered a revolution in the manufacturing sector across
various industries including Ti orthopedic and dental implants.
Selective laser melting (SLM) is an example of a 3D-printing
technique for implant fabrication with the ability to print a
variety of metals (e.g., Ti based, stainless steel, Mg, Zn, and Ta)
while reducing manufacturing waste and the overall costs of
medical implants."™ SLM can also print metal combinations or
metal/ceramic combination implants with no post-processing
requirements that are usually necessary for traditional techni-
ques such as casting or machining.” More importantly, 3D-
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2. Reduced cell attachment and prolifiration

printing of the implants provides design flexibility with the
ability to fabricate low-cost implants with complex geometries
to mimic bone porosity." Moreover, it can offer “on dermand”
production of implants specifically tailored for children that is
fast, and reliable for the best anatomical match using com-
puter-aided design models saving time and costs.%"

Considering the above discussions, herein, we present a
study to demonstrate the design of antibacterial 3D-printed Ti
materials for short-term implantations, such as those used in
pediatrics, that are able to prevent bacterial infection and
reduce excessive cell-surface interaction to allow easier implant
removal. To address this challenge, 3D-printed Ti alloy implants
with micro-nano hierarchical topographies were fabricated
using SLM followed by electrochemical anodization (EA) to
generate TNTs on the surface with controlled diameters of
100 nm, which has been shown in previous studies to be
optimal for the reduction of cell surface adhesion.® To
simultanecusly enhance the bactericidal properties, the fabri-
cated Ti implants were coated with gallium nitrate. The release
of Ga®~ is well known to possess strong antibacterial activity
based on its ability to interfere with bacterial metabolic
activity."™ The design and fabrication of the engineered Ti
implants is shown schematically in Figure 1. The attachment,
proliferation, and viability of osteoblastic MG-63 cells was
assessed to evaluate the suitability of the madified Ti top-
ography as a short-term implantable material. Furthermore, the
antibacterial activity of Ga’~ and TNTs was evaluated against
two common human bacterial pathogens; gram-positive Staph-
ylococcus aureus and gram-negative Pseudomonas aeruginosa.™
The results of this study provide novel insights into an
innovative approach to tailor the surface of Ti implants for
temporary or short-term applications, such as those used in
pediatric orthopedic surgery, that is currently lacking and
urgently needed.

+3

TNTs (1 00nm) GaM

TNTs-3D-Ti Ga Ga-TNTs-3D-Ti

.

., _',' release

mew

1. Antibacterial

Figure 1. lllustrated representation of 3D-printed Ti implants fabrication by selective laser melting (SLM) followed by electrochemical anodization (EA) to

generate a unigue surface with microparticles combined with titania nanotubes (TNTs) able to control cells attachment. Ga®

release used to passively kill

bacteria in proximity to the implant whereas TNTs effectively reduce bone cell and bacterial attachment. The combination of microsphere and TNTs structures
was designed based on the rationale to provide reduced bone cell attachment for short-term implant applications.
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Results and Discussion
Characterization of fabricated 3D-printed TNTs implants

To prepare TNTs structures with optimized pore diameters of
~100 nm that could provide reduced cell surface attachment,
an initial study using different anodization voltages (20, 40 and
60 V) was performed. During anodization, TNTs were generated
on the smooth 3D-Ti surface through etching by fluoride ions
under influence of the applied electrical field. " SEM images,
Figure 2, revealed that the TNTs diameters increased with
increased voltage, in agreement with previous reports.’¥ TNTs
prepared at 60 V for 15 min showed the largest diameter (100 +
20 nm) compared to those fabricated at 20 and 40V, Figure 2d,
and thus they were selected for further experiments.

The typical surface morphology of 3D-Ti implant plates
before and after electrochemical anodization is shown in
Figure 3 (a-c). As seen in the images, 3D-Ti is covered with
microspheres possessing variable diameters ranging from 5-
30 um resulting from incomplete melting of the Ti alloy powder
used during the SLM process’®? . It is important to state that the
fabricated discs were subjected to extensive sonication prior to
further processing to remove any loosely attached spheres and
the remaining microspheres were firmly attached to the surface
as we previously confirmed 2224

The surface topography of selected TNTs-3D-Ti {(anodized at
60V), presented in SEM images in Figure 3 (d-f), revealed a
typical array of vertically aligned TNTs structures covering the
whole surface including the microspheres and underlying
surface. The random cracks are observed across the entirety of
the TNTs surface as a result of the mechanical expansion during
the growth of the titanium oxide (TiQ,) layer initiated by the

60 80 100 120 140
Diameter (nm)

a0
20
0
20 40 60

Voltage (v)

Diameter (nm)
[=2]
o

Figure 2. Effect of voltage on TNTs diameter. (a-c) High resolution SEM
images showing TNTs formed under different applied voltage (20 V, 40V
and 60 V) and (d) influence of voltage on the diameter of TNTs (Values are
expressed as the mean = SD), inset showing size distribution of TNTs
diameters prepared at 60 V.

ChemMedChem 2022, 17, €202100580 (3 of 13)

electrochemical anodization process. The images confirm that
the microspheres and TNTs films with these cracks were stable
and endured the conditions of the electrochemical anodization
process and following sonication. After fabrication of TNTs, the
surface of the TNTs-3D-Ti discs were coated with a layer of
gallium nitrate for enhanced antibacterial activity. As observed
in Figure 3 (g-i), the Ga’* layer completely covered the TNTs
surface, confirming successful coating of the antibacterial
agent.

The chemical composition of the surface of fabricated 3D-Ti
and TNTs-3D-Ti discs was analyzed by using EDX, as shown in
Figure 4 (a-c). Typical peaks corresponding to Ti6Al4 V alloy are
displayed in spectra obtained from all samples. After anodiza-
tion, a prominent oxygen peak was observed as a result of TiQ,
layer (i.e., TNTs) formation on TNTs-3D-Ti, Figure 4b. In addition,
a Ga peak appeared in spectra obtained for Ga-TNTs-3D-Ti after
gallium nitrate coating, confirming successful coating as seen in
Figure 3c. These results were also confirmed by XRD analysis,
Figure 4 {d—f), in which anatase TiO, peaks (JCPDS 21-1272)
appeared after anodization and a peak corresponding to
gallium oxide appeared in Figure 3f confirming the deposition
of gallium on the surface (JCPDS 06-0180).

Water contact angle (WCA) measurements on 3D-Ti surfaces
confirmed their hydrophobicity with a WCA of 133+1°, as
presented in Figure 4g. After anodization, TNTs-3D-Ti surface
showed super-hydrophilic properties as a result of TNTs
formation, which is in agreement with previous reports/?>*
Figure 4h. At the same time, the deposition of Ga** layer did
not change the hydrophilic properties of the TNTs-3D-Ti surface
with the WCA estimated to be < 10° as shown in Figure 4i.
Notably, surface hydrophilicity has been confirmed to reduce
bacterial attachment on Ti implants.”9

Gallium coating and in-vitro release from
Ga-TNTs-3D-Ti implants

In-vitro Ga®* release from Ga-TNTs-3D-Ti was assessed following
incubation in PBS at 37 °C for 5 days. The typical release kinetics
are presented in Figure 5. The overall Ga*" release is shown to
have two characteristic patterns: 1) a burst release during the
first 6h and 2) slow release over many days. A burst release
pattern was observed for the initial 6 h incubation as a result of
the rapid dissolution of the gallium nitrate layer covering the
top surface (Figure 5b). After that, a slower release pattern was
achieved with zero order kinetics due to the dissolution of Ga’*
trapped inside the TNTs structures. The higher Ga’* release rate
(~40 pg/h) at an early stage is particularly beneficial for fast
eradication of bacteria at the surgical site in order to prevent
possible bacterial infection that might occur either on the
implant surface or in the nearby tissues within the first few
hours of the implant life. At the same time, the slow release (~
3 pugsh) over following days after surgery can provide enduring
bactericidal activity, preventing potential infections.

To verify the dissolution pattern of Ga’" layer in physio-
logical conditions, the prepared samples were collected at
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Figure 3. SEM images showing (a-Q) the top surface of 3D-Ti, (d-f) TNTs-3D-Ti with arrays of titania nanotubes generated after electrochemical anodization of
3D-Ti and (g-h) Ga-HT-TNTs-3D-Ti with Ga** layer covering the whole surface. Images confirm the microstructure stability after both electrochemical

anodization. (TNT: titania nanotubes, Ga: gallium).

different time points (3 and 5 days) after immersion in PBS at
37°C and imaged using SEM, as presented in Figure 5c. SEM
images clearly revealed partial dissolution of the gallium nitrate
layer after 3 days, evidenced by the partial exposure of the
surface TNTs. On day 5, the gallium nitrate layer was almost
completely dissolved, virtually exposing the TNTs surface, as
shown in Figure 5d. Only a few crystals were remaining, as
denoted by the red arrows in Figure 5d. Thus, the gallium
hitrate coating on modified Ti implants is expected to provide a
sufficient concentration of Ga®* to kill bacteria within the first
few days. Following the complete dissolution of gallium nitrate
layer, it is expected that the TNTs will be exposed to directly
physically interact with bone cells and any remaining bacteria.

The influence of micro/nano surface
topography on MG-63 viability, proliferation,
and morphology

To test our hypothesis that 3D-Ti surfaces possessing TNTs with
optimized diameters of ~100 nm can prevent bone cell over-

ChemMedChem 2022, 17, €202100580 (4 of 13}

growth through excessive cell attachment and proliferation, we
examined the viability and proliferation of MG-63 human
osteoblastic cells on 3D-Ti and TNTs-3D-Ti discs at 1, 4 and
7 days of culture, as shown in Figure 6. Since the gallium nitrate
layer dissclved within 5 days in physiological buffer, as con-
firmed during the in-vitro release study, only Ga** free samples
were investigated. The cytotoxicity of Ga®* ions toward human
cells was previously studied for applications where Ga** can
potentially make direct or indirect contact to biomaterials or
human tissues. Results showed that Ga** possess no cytotoxic
effect except when used in concentrations above 100 uM,
which is much higher than the amount used in our
experiments.”” In addition, Ga** is currently approved by the
Food and Drug Administration (FDA) as an anti-tumor and anti-
hypercalcemia drug.””

As indicated in Figure 6a, no significant difference in cell
viability was observed at day 1 between 3D-Ti and TNTs-3D-Ti.
However, on days 4 and 7, the cell viability on TNTs-3D-Ti was
significantly (p < 0.0007) reduced compared to the 3D-Ti. TNTs-
3D-Ti did not show substantial cell growth at 4 and 7 days of
incubation, suggesting that it might slow or hinder MG-63 cell
growth. Previous studies showed that TNTs with a diameter

© 2021 Wiley-VCH GmbH
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Figure 4. Characterization and surface properties of 3D-Ti, TNTs-3D-Ti and Ga-TNTs-3D-Ti. (a-c) EDX spectra, (d-f) XRD patterns with peaks corresponding to
Ti, anatase TiO, and Ga** layer, and (g-i) wetting properties of each respective surface as confirmed by water contact angle (WCA). (TNT: titania nanotubes.

Ga: gallium)

=90 nm could impair cell spreading and adhesion due to the
inhibition of integrin clustering and reduction of focal adhesion
contact point formation.”* Next, cytotoxicity of the fabricated
Ti implants was assessed toward MG-63 cells as a function of
their cell membrane integrity. As was similarly observed from
the results of the MTS assay, Figure 6b shows no significant
difference between LDH release from cells attached on 3D-Ti
and TNTs-3D-Ti at day 1. However, at longer incubation times,
TNTs-3D-Ti showed a significant (p< 0.05) increase of cytotox-
icity toward MG 63 cells compared to the glass control. After 4
and 7 days, cells cultured on TNTs-3D-Ti released a significantly
higher amount of LDH compared to 3D-Ti and glass, indicating
cell membrane damage to attached cells, which agrees with the
lower cell viability cbserved from MTS assay results.

Live/dead fluorescent staining was then applied to directly
confirm cell viability and attachment density at 1-, 4- and 7-
days incubation (Figure &c). After 24 h, the percentage of viable
cells on 3D-Ti was approximately 25-30% higher than on TNTs-
3D-Ti. There was a significant {(p<0.0007) increase in the
number of viable cells observed on 3D-Ti at day 7 (Figure 6d). A
similar trend was observed for cell density (cell number/cm?,

ChemiedChem 2022, 17, 202100580 (5 of 13)

Figure 6e, in which the cell density on TNTs-3D-Ti was
significantly lower (p<0.0001) than on 3D-Ti after 7 days of
culture. The density increased significantly on 3D-Ti at day 7
compared to days 1 and 4, while cell numbers remained
relatively unchanged on TNTs-3D-Ti over the course of 7 days.
All these data confirm that the fabricated TNTs with tube
diameters ~ 100 nm can significantly reduce bone overgrowth
on the surface compared to the smooth surface of 3D-Ti.

Investigation of the changes to the cell cytoskeleton by
fluorescent labelling of F-actin revealed obvious deformation of
the actin netwark structure of cells attached on TNTs-3D-Ti
surfaces (Figure 6¢, last column). Quantification of the focal
adhesion sites by labelling of vinculin further showed MG-63
cells on 3D-Ti having a higher number (31+12) of focal
adhesions compared to cells on TNTs-3D-Ti (14+5 focal
adhesions). The reduction in the number of focal adhesion sites
on TNTs-3D-Ti can be attributed to a reduction in the number
of cell anchorage sites due to the gaps corresponding to TNTs
pores. This, in turn, can be translated into reduced attachment
of osteoblasts on the surface, as confirmed by cell attachment
and viability results (vide supra)"**".
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Figure 5. In-vitro Ga** release profiles from Ga-TNTs-3D-Ti showing % cumulative Ga’" released and release rate for (a) 5 days and (b) 6 h (burst release)
presenting magnified view of the yellow rectangle shown in (a), (total Ga** ~683 ug/disc). (c-d) SEM images showing dissolution of the gallium nitrate layer
after 3 and 5 days. The gallium layer dissolves gradually with the TNTs surface partially exposed after 3 days while almost all the Ga®* layer was dissolved
within 5 days. Red arrows dencting Ga®* containing layer on surface Values are expressed as the mean=SD for at least 3 triplicates.

Next, the impact of TNTs on cell morphology and prolifer-
ation was visually examined under high resolution SEM, as
shown in Figure 7. At day 1, the few cells detected on TNTs-3D-
Ti exhibited a rounded morphology and were mostly attached
under the shield of the microsphere structures, Figure 7b, which
serves to indicate that the TNT surface is not favored by the
cells. On the contrary, MG-63 cells on 3D-Ti showed the
production of numerous cell extensions, forming multiple focal
adhesions on the surface, as shown in Figure 7a. After 4 days of
incubation, more cells showing a polygonal shape were
observed on 3D-Ti, Figure 7c. At day 7, Figure 7e and f show a
high density of cell spreading on 3D-Ti in contrast to TNTs-3D-Ti
where only a few rounded cells were detected, as shown by the
red arrows.

Based on the above results, we can conclude that the
nanoporous structures of TNTs-3D-Ti did not support cell
attachment. As a result, TNTs-3D-Ti could be potentially used
for temporary fracture fixation to reduce bone cell overgrowth
on the implant surface™ Another potential application of
TNTs-3D-Ti surface is that they may hamper the growth of
cancer cells, thus, they can be placed at the cancer site to
provide temporal support and anti-cancer drug release, as we
showed before. The implants can be subsequently removed
easily after cancer treatment to allow the healthy bone tissue to
regenerate.”>*" It is important to note that this application will
need further studies to be confirmed.

ChemMedChem 2022, 17, €202100580 (6 of 13)

Antibacterial performance of Ga*®* coated
(Ga-TNTs-3D-Ti} implants

To evaluate the antibacterial activity of Ga-TNTs-3D-Ti surfaces
toward S. aureus and P. geruginosa, standard plate count
techniques were employed to assess CFU mL ' following a 5 h
bacterial incubation. Ga-TNTs-3D-Ti showed 100% eradication
of both bacterial strains as compared to pclystyrene and Ga**
free TNTs-3D-Ti surfaces as control substrata, Figure 8a. Owing
to the structural similarity between Ga** and iron (Fe), bacterial
cells uptake Ga®* instead of Fe which results in inhibition of Fe-
dependent oxidation and reduction reactions essential for
bacterial DNA synthesis, ultimately causing bacterial cell
death"” Notably, Ga’* can also enhance ostecblast growth
and inhibit bone breakdown. These characteristics make Ga’* a
potential candidate for coating additives and composite
materials that simultaneously protect against bone infections
while promoting bone healing!"'*'2<4

The bactericidal activity of Ga** ions released during the in-
vitro experiments was also evaluated. Solutions containing
released Ga’" ions were collected after surfaces had been
maintained in PBS for 5days. Aliquots of Ga’™ containing
physiological buffer was then incubated with S. aureus and P.
aeruginosa bacterial suspensions. A significant reduction (p <
0.0001) of bacterial cells was observed, as shown in Figure 8b,
confirming the antibacterial efficacy of dissolved Ga®*. Based on
the Ga®" release pattern and its significant antibacterial activity,
it is expected that Ga’"™ will be effective against bacterial
infection arising during the surgical procedure or after implant
insertion from infected wounds or haematogenous seeding
within the patient’s body %
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7 days, (c) First three columns, representative images of live/dead staining of MG-63 (live cells, red; dead cells, green). Scale bars =200 um, fast cofumn:
confocal images showing cytoskeletal morphology and distribution of focal adhesion sites in MG-63 after 4 days of incubation. Phalloidin labelled F-actin
(green), Alexa Fluor 594 labelled vinculin staining for the observation of focal adhesion (red) and TO-PRO-3 nuclear stain (blue) are shown. Scale bars =20 um.
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p<0.01; ¥% p<0.001, ****: p <0.0001. (TNTs: titania nanotubes)

After the dissolution of the gallium nitrate layer, TNTs will
be exposed to the surrounding environment inside the body.
Thus, we then examined TNTs generated on 3D-Ti for their
potential physical antibacterial activity toward S. aureus and P.
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aeruginosa. The TNTs-3D-Ti surfaces were incubated with
bacteria for 18 h and then the bacterial attachment and viability
on surface were assessed using CLSM. Fluorescence microscopy
was used in comparison to plate count techniques to assess the
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Figure 7. The morphology of MG-63 cells grown on 3D-Ti and TNTs-3D-Ti. High resolution SEM images showing the attachment and spreading of MG-63
osteoblast-like cells (indicated by the red arrows) with only a few cells attached on TNTs-3D-Ti (TNTSs: titania nanotubes).

physical antibacterial action of surface nanostructures by direct
observation of cell attachment and membrane integrity.
Fluorescent micrographs of the bacterial attachment and
proportion of live vs dead bacteria, as determined by live/dead
staining using Syto9 (green, viable) and propidium iodide (red,
non-viable) are shown in Figure 8c. Bacterial attachment, as
calculated from CLSM images, show no significant difference
between attachment of S. aureus to 3D-Ti and TNTs-3D-Ti;
however, TNTs-3D-Ti experienced significantly (p < 0.0001) re-
duced levels of P. geruginosa attachment with ~16x10°+11x
10° cellsyfmm’ compared to 3D-Ti with ~58x10°+16x10°
attached cells/mm?, Figure 8d.

The ability of the surface topography to physically inactivate
bacteria significantly varied according to bacterial strain. TNTs-
3D-Ti displayed high antibacterial efficiency against P. aerugino-
sa cells compared to S. aureus. This variation in antibacterial
activity could be attributed to the difference in structure and
thickness of the bacterial envelope between S. aureus (gram
positive) and P. aeruginosa {(gram negative). Gram negative
bacteria are surrounded by a thin outer membrane made of
lipopolysaccharide which can be easily damaged, causing
bacterial death.” Despite the lack of such membrane in Gram
positive bacteria, they are encapsuled by several layers of
peptidoglycan which are ~5 times thicker than that of gram-
negative bacteria. The presence of this stiff peptidoglycan layer
protects 5. aureus against the physical damage induced by
TNTs.” In addition, both S. aureus. and P. aeruginosa appeared
deformed on TNTs-3D-Ti compared to 3D-Ti as shown in SEM
images, Figure 9.

Qverall, the results confirm the significant influence of TNTs
on the degree of bacterial retention, which was dependent on
the bacterial strain (i.e., more cbvious for P. aeruginosa than S.
aureus). Accordingly, it can be concluded that TNTs-3D-Ti could
relatively reduce the occurrence of bacterial attachment and kill
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bacteria that do attach on implants surface compared to
smooth 3D-Ti surface.

Conclusion

The fabrication of 3D-printed Ti implants with arrays of TNTs by
combination of selective laser melting and electrochemical
anodization followed by Ga’" coating was successfully demon-
strated as a new concept proposed for a short-term implant
application with enhanced bactericidal efficacy and reduced
bone cell attachment. Our results showed that TNTs with
tailored pore diameters (~ 100 nm) can be used to control the
attachment and overgrowth of bone cells on the surface of the
implant. This structural property makes them suitable for
application as a temporary implant material intended to be
removed from the body.

Superior antibacterial activity of the fabricated implant
models was successfully achieved by coating of Ga’* as a non-
conventional antibacterial agent that demonstrated the ability
to provide sufficient concentrations of Ga’* able to effectively
eradicate 100% of bacteria. Interestingly, the physical (mecha-
no-)bactericidal activity of TNTs was significantly dependent on
the bacterial strain; Ga’' free 3D-Ti-TNTs surfaces could
significantly kill P. aeruginosa while simultaneously reducing
their surface attachment, in contrast to S. aureus, which were
more resistant to the mechanical bactericidal action.

The presented work confirms the potential of a new
generation of low-cost, removable implants whose performance
can be enhanced by dual combination of surface topography
and drug-releasing functionality that enables control of bone
cell response while effectively inhibiting bacterial colonization.
Nevertheless, further studies are required for optimization of
cellular response and tuning of the antibacterial performances
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Figure 8. Antibacterial activity of Ga®* coated discs and TNTs showing (a) 100% bacterial eradication on Ga-TNTs-3D-Ti compared to controls. (b) Significant
reduction of bacterial proliferation when exposed to solutions containing the in-vitro release of Ga®* in PBS for 5 days against both bacterial strains. (c)
Representative CLSM micrographs of S. aureus and P. aeruginosa bacterial growth (upper raw), 3D reconstructions of the CLSM z-series (bottom raw), scale
bars=10 um. (d) Attachment of S. aureus and P. aeruginosa on 3D-Ti and TNTs-3D-Ti and (e) antibacterial activity of 3D-Ti and TNTs-3D-Ti against both
bacterial strains. Values are expressed as the mean =+ SD for at least 3 replicates. Statistically significant differences are labelled as *: p < 0.05; **: p <0.01; ***
p <0.001, **** p < 0.0001. (TNTs: titania nanotubes)

of fabricated 3D-printed implantable Ti materials; however, we EXpe"mental Section

have successfully validated their potential to be transformed o .

into the next stage of in-vivo and clinical studies. Fabrication of 3D Ti implants
Ti6Al4V powder (Titanium grade 5, TLS Technik GmbH & Co.
Spezialpulver, Germany) was used to fabricate 3D-Ti discs of size
1.5% 1.5 cm? using SLM machine (ProX 200 Production 3D Printer,
Phenix Systems PXM (USA), equipped with a 300 W Laser (1070 nm
at 50% power)) under inert argon atmosphere. Details of the
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Figure 9. Attachment pattern and morphology of S. aureus (a-f) and P. aeruginosa (g-l) on 3D-Ti and TNTs-3D-Ti surfaces. SEM images showing the
morphology of bacterial cells that appear healthy on 3D-Tj, in contrast to TNTs-3D-Ti in which bacterial cells appear deformed, as marked by red circles. (TNTs:

titania nanotubes)

fabrication and the average diameter of particles were reported in
our previous study.”? After fabrication, the discs were cleaned by
sonication in acetone for 10 min to eliminate any loosely attached
powder particles. The resulting discs will be referred to as “3D-Ti".

Titania nanotubes fabrication on 3D-Ti

Titanium nanotubes (TNTs) were generated on the surface of 3D-Ti
discs through electrochemical anodization (EA) process under a
temperature-controlled system designed in our laboratory as
described elsewhere”” Briefly, 3D-Ti discs were anodized in
ethylene glycol electrolyte solution containing NH,F (0.1 M), lactic
acid (1.5 M) and water (5% w/w), (Chem-Supply, Australia) at 20, 40
or 60V for 15min with constant stirring at 60°C. The applied
voltage was controlled by programmable power supply (Agilent,
USA) and current change was recorded using the LabView program
(National Instruments). After anodization, the 3D-Ti discs with TNTs

ChemiiedChem 2022, 17, €202100580 (10 of 13)

on top (TNTs-3D-Ti) were sonicated in Milli-Q water for 5 min to
remove any remaining chemicals.

All samples (i.e., 3D-Ti and TNTs-3D-Ti) were placed in Milli-Q water
for 2 weeks prior to bacterial studies to ensure the complete
removal of any residual chemicals from the fabrication process.

Gallium nitrate coating onto TNTs-3D-Ti

Gallium nitrate was coated on TNTs-3D-Ti by application of 10 pL of
gallium nitrate solution (10 mgmL ') on the surface and leaving to
dry under vacuum for 1 h at room temperature to remove air gaps
inside the TNTs. Each disc was loaded with 2500 pg of gallium
nitrate (equivalent to ~683 g of Ga®*/disc) by repeating this step
25 times.
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Characterization

High resolution images of the fabricated Ti implants (3D-Ti and
TNTs-3D-Ti) were recorded using focused ion beam (FIB)-scanning
electron microscopy (SEM) (FEI Helios Nanolab 600 Dual Beam,
Thermo Fisher Scientific, Australia). The chemical composition of
the surface was analyzed using energy-dispersive X-ray spectro-
scopy (EDX, Oxford Ultim Max Large Area SDD EDS detector, Oxford
instruments, USA). All substrata were coated with platinum (5 nm)
prior to imaging. X-ray diffraction spectra (XRD, Rigaku MiniFlex
600, Japan) were obtained to show crystallinity of the surface
micro-nano structures at a scanning rate of 10 degrees per min
using Cu,, radiation over the range of 30-80°. Water contact angle
(WCA) measurements were also recorded using sessile drop
method at room temperature using a tension theta optical
tensiometer (KSV instruments, Finland). Three samples were tested
with at least three separate measurements were taken for each
one. WCA was measured over 10 seconds using 5 pl of Milli-Q
water.

In-vitro Ga*t release

The in-vitro Ga**release was assessed by placing gallium nitrate
coated discs (Ga-TNTs-3D-Ti) in 4 mL of PBS {pH 7.4) at 37°C for
5 days. At a predetermined time, 400 uL of solution containing
Ga’" was collected and replaced with fresh PBS to maintain sink
conditions.®*!

All collected release samples were stored at 4°C until further
analysis. Gallium content was analyzed using inductively coupled
plasma mass spectrometry (ICP-MS Triple Quad, Agilent 8900, USA).
Prior to analysis, all samples were diluted 100 times with 2% HNO,
and then filtered with 0.22 Millipore filter prior to analysis. A
calibration curve was constructed using ICP standard solution for
gallium. TNTs-3D-Ti discs {i.e., Ga** fee) were also placed in PBS as
a blank under the same conditions. All experiments were repeated
in triplicates and the data were analyzed for statistical significance.

Cell culture

Human osteosarcoma (osteoblast-like) MG-63 cells were purchased
from Sigma-Aldrich (USA). Cells were cultured in 75 cm? cell culture
(T75) flasks with Dulbecco’s Modified Eagle Medium with Gluta-
MAX™ (Life Technologies, Inc), supplemented with 10% fetal
bovine serum, 1% Penicillin-Streptomycin (Sigma) at 37°C in a
humidified atmosphere with 5% CO, Cells were passaged for
subculture when the cell density achieved 90% confluency. Prior to
cell seeding, Ti discs and glass slides (positive control groups) were
sterilized with 709 (v/v) ethanol for 10 minutes and washed twice
with sterile PBS then allowed to dry overnight. MG-63 cells were
subsequently seeded on the samples at a density of 2x10* cells
ecm~ and incubated at 37°C in a humidified atmosphere with 5%
CO,. The cell density was calculated using a hemocytometer.

Cell proliferation

Cell proliferation was studied using 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 h tetrazolium (MTS) as-
say. Samples were collected after 1, 4 and 7 days of incubation and
gently washed twice with PBS buffer to remove unattached cells.
Afterward, the samples were transferred to a sterile well plate and
incubated in DMEM with 20% (v/v) MTS reagent (Promega, W,
USA) at 37°C in a humidified atmosphere with 5% CO, for 1.5 h.
During incubation, tetrazolium salt is reduced by viable cells into a
colored formazan dye. This reaction is mediated by NAD{PIH-
dependent dehydrogenase enzymes in mitochondrial respiratory
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chain. The supernatant from each sample was then collected and
the absorbance was measured at 500 nm using a POLARstar Omega
microplate reader (BMG Labtech, Ortenberg, Germany).

Cytotoxicity assay

The concentration of extracellular lactate dehydrogenase (LDH)
released from the cells seeded on 3D-Ti, TNTs-3D-Ti, and glass as a
planar control surface was measured using UV/VIS spectrophotom-
etry. At predetermined times 1, 4 and 7 days of incubation, 50 pL
from the supernatant of each sample were collected and incubated
for 30 min at room temperature with 50 pL of CytoTox 967 reagent
(Non-Radioactive Cytotoxicity Assay Promega) in a new well-plate.
The absorbance was then measured at 490 nm.

Dead/Live cell stain

After 1, 4 and 7 days of cells incubation, discs were washed twice
with PBS and then covered with staining solution containing
calcein AM (2 uM) and ethidium homodimer-1 (4 pM) (Life Tech-
nologies, Inc) for 30 min in the dark at room temperature.
Subsequently, the samples were rinsed and immersed in PBS
followed by imaging via confocal microscopy (Olympus FluoView™
F\/3000). Counts of live and dead cells were quantified using Matlab
software, CellC. The cell viahility percentage was measured as the
ratio of the number of viable cells to total number of cells on the
surface. At least 20 fluorescence images were taken for each sample
{image size is 500 pm? and images were taken in a stepwise manner
over the entirety of the 1cm? sample) and each experiment was
repeated in triplicate. Then, the cell numbers per independent
replicate are averaged.

Immunocytochemistry and cytoskeleton staining

On the 4™ day of cell culture, samples were washed twice with PBS
and then fixed with 4% paraformaldehyde for 15 min. For
permeabilization, samples were covered with 0.2 9% Triton X-100 for
15 min. After that, 1% bovine serum albumin (BSA) was used to
block the samples for 30 min. Next, samples were incubated at
room temperature with primary antibody, anti-Vinculin (mouse)(-
Sigma-Aldrich) and secondary antibody, anti-Mouse IgG in 5% goat
serum (Life Technologies, Inc) at room temperature for 1 h. Actin
filaments and cell nuclei were stained with phalloidin (Invitrogen)
for 20 min followed by TO-PRO™-3 lodide (Invitrogen) for 30 min,
respectively. Cells were imaged using confocal laser scanning
microscopy (CLSM; LSM710 NLO, Carl Zeiss, Oberkochen),Germany.

SEM imaging

The morphology of cells attached on 3D-Ti and TNTs-3D-Ti was
assessed using SEM. Samples were gently rinsed with Milli-Q water
after incubation for 1, 4 and 7 days and fixed with 2.5% v/iv
glutaraldehyde (Sigma) and were then rinsed 2 times with Milli-Q
water. The cells were dehydrated with ethanol at increasing
concentrations (30, 50, 70, 90, and 100%v/v) for 10 min each and
an additional 10 min in 100 v/v% ethanol. After that, samples were
immersed in hexamethyldisilazane (HMDS) (Sigma) for 10 min. The
samples were left to air-dry and then sputter-coated with 5 nm
gold for imaging. High resolution images were recorded using the
SEM capabilities of a Raith150 two direct write ultra-high-resolution
electron beam lithography tool (Raith, GmBH) under high vacuum
at an accelerating voltage of 3 kv.
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Antibacterial activity assays

Bacterial strains and growth conditions

S. qureus ATCC 25923 was purchased from American Type Culture
Collection (Manassas, VA, USA). P. geruginosa (clinical isclate from a
chronic rhinosinusitis patient) was obtained from Adelaide Pathol-
ogy Partners {Mile End, Australia). The use of bacterial isolates was
approved by The Local Institutional Human Research Ethics
Committee (HREC/15/TQEH/132). Both bacterial stocks were stored
at —80°C in frozen glycerol broth. Pricr to each experiment, 100 pL
of the S. gureus and P. geruginosa bacteria from stocks was plated
on Tryptone Soy Agar (TSA) and Nutrient Agar (NA) plates,
respectively, and grown overnight at 37°C.

Antibacterial activity of gallium coated Ti implants

Ga’" coated discs (Ga-TNTs-3D-Ti) were first sterilized under UV
irradiation for 30 min before testing and placed in 24-well plate.
Bacterial suspensions of either 5 aureus or P. geruginosa were
prepared by resuspending a single colony of bacteria in broth
medium to reach 0.5 MacFarland units (approximately 1.5x10°
colony forming units (CFU)/mL)). The bacterial suspensions of S.
aureus and P. aeruginosa were then diluted 1:100 in TSB and NA,
respectively to obtain a final bacterial concentration of approx-
imately 1.5x10° CFU mL™". Next, the surface of the samples was
covered with 20 pulL of bacterial suspension and were then
incubated for 5 h at 37°C. After 5 h, the samples were placed in
980 ulL of sterilized saline and shaken together for 1 min to collect
viable bacteria remaining on the surface."™ After that, ten-fold serial
dilution of collected bacterial suspension was plated onto agar
plates (TSA for 5. atreus and Cetrimide agar for P. geruginosa) and
then incubated for 24 h at 37°C. Finally, CFU were counted. Ga't
free samples (TNTs-3D-Ti) were also treated in the same way while
empty plastic wells were used as positive controls taken as 100%
viability. Thus, % bacterial cells viability was calculated based on
the following formula:

CFU.
% Bacterial Cell Viability = CFUi

x100
Where CFUs is the average number of CFU recorded for each
sample and CFUc is the average CFU for plastic

Antibacterial activity of the release solution

After 5 days of Ga’* release, the release solutions were collected to
assess the bactericidal action of the Ga®**. For each sample, 0.5 mL
of collected solution was mixed with 0.5 mL of bacterial suspension
containing 10° CFU mL™" and then incubated for 5 h. After that,
200 pL of the incubate were transferred to 96 well-plate and the
optical density (OD) of the bacterial suspension was determined at
595 nm using a FLUOstar OPTIMA plate reader (BMG Labtech,
Ortenberg, Germany), PBS with no bacteria was used as a blank and
each experiment was repeated in triplicates followed by statistically
analysis.®

Antibacterial activity of TNTs-3D-Ti implants

3D-Ti and TNTs-3D-Ti were immersed in 1mL of bacterial
suspension (adjusted to an OD,, 0.1 in nutrient broth) in sterile 12-
well plates for 18 h at 27 °C in dark and static conditions. Discs were
then rinsed gently with PBS and stained with Live/Dead Baclight
(Invitrogen) and imaged with confocal laser scanning microscopy to
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detect the proportion of live/dead bacteria on the surface. Images
were then analyzed using Matlab software, CellC to determine the
bacterial counts. SEM imaging of samples with attached bacteria,
after 18 h of incubation, were processed as described above.

Statistical analysis

All the results presented in this study were statistically treated and
expressed as mean =+ standard deviation (SD) of at least three
independent experiments. Unpaired t-test and two-way ANOVA
were used to analyze the data. The level for significance was set to
p < 0.05 for all the comparisons.
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Micro- and nano-structured 3D printed titanium
implants with a hydroxyapatite coating for
improved osseointegration

Jie Qin, ©%® Dongging Yang,t° Shaheer Maher,+*" Luis Lima-Marques,®
Yanmin Zhou,” Yujie Chen,® Gerald J. Atkins*® and Dusan Losic (2 *?

With the increasing demand for low-cost and more efficient dental implants, there is an urgent need to
develop new manufacturing approaches and implants with better ossecintegration performance. 3D
printing technology provides enormous opportunities for the rapid fabrication of a new generation of
patient-tailored dental implants with significantly reduced costs. This study presents the demonstration
of a unigue model of titanium implants based on 3D printing technology with improved osseointegration
properties. Titanium alloy (Ti6Al4Y) implants with a micro-structured surface are fabricated using a
selective laser-melting process followed by further nano-structuring with electrochemical anodization
to form titania nanotubes (TNT} and subsequent bicactivation by a hydroxyapatite (HA) coating. The
osseointegration properties of the fabricated implants were examined using human primary osteoblasts
and cell line models. The results showed significantly increased protein adsorption, cell adhesion and
cell spreading. The expression of the late osteoblast/osteocyte genes GJAI and PHEX was also
enhanced, indicating a cell maturation effect and the promotion of mineralization on the surface. These
results suggest that 3D printing technology combined with electrochemical nano-structuring and HA
medification is a promising approach for the fabrication of Ti implants with improved osseointegration
and provides potential alternatives to conventional dental implants.

1. Introduction

The number of dental implant procedures is steadily increasing
worldwide, reaching about one million operations every year.!
This rising demand poses a great challenge to the conventional
dental implant industry. Manufacturing by casting or machining,
the conventional implant production approach is complicated,
expensive, and time consuming.” Furthermore, current implants
are only available in a fixed set of dimensions and therefore may
not be suitable for every patient. In addition, the requirement
of storing a large variety of pre-made implants could result
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in serious wastage of resources due to expiration, therefore
making implants more expensive.” Thus, a more efficient
approach for implant production, custom made on demand,
is highly desirable.

Three-dimensional {3D) printing is currently attracting increas-
ing attention across many sectors, opening new horizons for the
fabrication of various biomedical implants and tissue engineering.?
This technology directly utilizes computer-aided design models
to fabricate any desired structure, saving significant time and
cost.” The application of 3D printing to fabricate patient tailored
implants with desirable properties will result in revolutionary
improvements, among which is the flexibility in implant design
to obtain different shapes of implants with tuned dimensions.®
More importantly, 3D printing will allow production on demand
and personalized implants using computed tomography (CT)
scans to create a precisely defined shape to replace a missing
tooth, which can be designed especially for each patient and be
fabricated very quickly in a clinical environment.* At the same
time, the implant manufacturing companies using this technol-
ogy will be able to deliver implants on request instead of under-
taking mass production and storage of implants. Accordingly, 3D
printing technology is emerging as a promising tool for producing
a new generation of medical implants. However, before putting
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90



Published on 13 April 2018. Downloaded by UNIVERSITY OF ADELAIDE on 9/9/2021 4:00:24 AM.

Chapter 4

Paper

such 3D printed dental implants into real application, it is
important to investigate and optimize their performance in
terms of osseointegration, a critical prerequisite for the stability
and long-term survival rate of dental implants.®

Since the implant surface comes directly in contact with
bone after insertion, many efforts have been made to modify
the surface properties to improve their hicintegration.”»® Early
work by Buser et al.” showed that a micro-roughened surface
prepared by sandblasting and acid etching significantly
increased osseointegration compared to smooth surfaces. Such
rough topographies are believed to provide mechanical inter-
locking with cells. Considering that the major components of
bone are nano-scale materials, it is proposed that implants with
nano-surface topography could provide superior osseointegration
features.*

Titania nanotube {(TNT) structures prepared by electro-
chemical anodization of titanium are recognized as a remark-
able representative of these nanostructures.'’ These arrays of
tiny tubes which are open at the top and closed at the bottom
can be prepared with good control over dimensions {diameters
10-300 nm and lengths 0.5 to 300 pm) and they have been well
explored for drug-delivery applications."® Electrochemical anodi-
zation is a scalable, cost-effective and simple fabrication process
that can be implemented for modifications of medical implants
using most clinically proved metals at the industrial scale.™®
Several studies have demonstrated that TNT structures could
promote osteoblastic cell adhesion, proliferation and enhance
the ingrowth of bone and vascular tissues."*™"” Additionally, the
residual fluoride in TNT resulting from the anodization process
could also favor implant osseointegration.’ The first concept to
demonstrate engineering of new 3D printed Ti implants {3D-T1)
for drug delivery applications was recently reported by our group,
showing promising applications for the delivery of anti-cancer
drugs and localized cancer therapy.'®

In this work we propose an approach to further improve the
osseointegration performance of 3D printed Ti alloy implants
by combining 3D printing technology, surface nanoengineering
and chemical modification. The concept is based on the idea of
developing advanced 3D printed implants with dual micro- and
nanco-topography {3D-Ti-TNT) fabricated by 3D printing and
electrochemical anodization, followed by hydroxyapatite {HA)

b microspheres

3D printer

3D-Ti

O 5 O 11

View Article Online
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surface functionalization as depicted in Fig. 1. The enhance-
ment of osseointegration performance of 3D implants using HA
is proposed due to its chemical similarities to bone mineral.**>*
HA is clinically approved for surface coating of medical implants
to promote bone healing and apposition, leading to faster
fixation and better clinical outcomes.* ! Successful synthesis
of HA on titania nanotubes has been achieved by a simple
and efficient alternative immersion method {AIM), consisting
of successive immersion of the implants into Ca{OH), and
{NH,);HPO, for repeated cycles.® The implants after each fabri-
cation step were characterized by different techniques to show
surface morphology and chemical composition. The osseointegra-
tion properties of fabricated implants were evaluated by protein
adsorption, cell adhesion, morphology and gene expression. The
results obtained suggest that the fabricated implants could be a
promising alternative for the fabrication of patient-specific dental
implants.

2. Experimental
2.1. 3D printing of Ti implants

Titanium alloy powder ({Ti6Al4V) was used for printing the
implants in the form of square strips (1.2 x 1.2 cm?) with a
selective laser melting machine (3D System ProX 200 (Phenix
Systems PXM]}), equipped with a 300 W Laser {1070 nm at 50%
power), in the presence of an Argon atmosphere { ~500 ppm O,).
A thin even layer of the metal powder was deposited across a
build plate and then the selected areas of the powder were
precisely melted by the high power focused laser. This process
is repeated, building up layer by layer until the desired thickness
{~0.6 mm) is reached, generating the implants accordingly. The
resulting implants are referred to as 3D-Ti throughout this study.
Commercially available Titanium foil {Sigma-Aldrich, Sydney,
Australia), referred to as Ti, was also cut in the same size as
the control.

2.2. Fabrication of 3D printed Ti implants with TNT layers

3D-Ti was cleaned by sonication in ethanol for 10 min, followed
by drying in N,. After this, a TNT layer was fabricated on the
surface by electrochemical anodization. During the process,

d_\ . f—{:gm

Coating

3D-Ti-TNT-HA

3D-Ti-TNT

Fig. 1 Scheme showing the fabrication of 3D printed Ti alloys implants with dual micro- and nano-topography fabricated by combining 3D printing,
electrochemical anodization, and bioactivation by a hydroxyapatite (HA) coating. (a) 3D printer. (b and ¢) Scheme and SEM image showing typical surface
topography of the 3D printed implants. (d and e) Scheme and SEM image of electrochemically engineered implants with a titania nanotube layer. (f and g)
Scheme and SEM image of implants after HA coating.
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3D-Ti served as the anode and a thin Ti foil served as the
cathode. Both of the electrodes were immersed in ethylene
glycol electrolyte containing ammonium fluoride {0.1 M), lactic
acid {1.5 M) and water {5 vol%). A special electrochemical setup
designed in our laboratory was used, and the whole system was
maintained at 60 °C under constant stirring with a magnetic
stirrer {50 rpm). A constant voltage of 60 V was applied for
15 min. A computer-aided power supply {Agilant] was used to
supply the desired voltage and was controlled using the LabView
program {National Instruments). After anodization, the samples
were washed with MilliQ water thoroughly and dried in air. The
resulting implants are referred to as 3D-Ti-TNT.

2.3. Surface functionalization of 3D-Ti-INT with a
hydroxyapatite (HA) coating

HA coating of the 3D-Ti-TNT was performed by Kodama's
alternative immersion method {AIM).** Fifteen implants were
separately placed onto a custom designed holder, which allowed
all TNT layers to be exposed. The holder was first manually
immersed in 200 ml of saturated Ca{OH), for 1 min at room
temperature. Subsequently, it was manually immersed in 200 ml
of (NH,},HPO, {0.02 M) for the same time. This was repeated
for 5 cycles. Between each soaking step and after each cycle,
the implants were dipped in 200 ml of MilliQ water for 1 min
without any shaking. Finally, the implants were left to dry at
room temperature and are referred to as 3D-Ti-TNT-HA through-
out this study.

2.4. Characterization of prepared implants

The surface morphology of the prepared implants was char-
acterized by a field emission scanning electron microscope
{SEM, FEI Quanta 450) working at 10 kv. Prior to SEM exam-
ination, implants were coated with platinum {5 nm thickness).
Energy-dispersive X-ray spectroscopy {EDS) was also recorded to
analyse the elemental composition of the implants. X-ray
Diffraction {XRD) patterns were also measured using a Rigaku
Miniflex diffractometer operating at 40 kV and 15 mA. The scan
range was from 30° to 80° {26) with a step size of 0.02°. The
mechanical properties of the implants were assessed by a
nanoindentation system (IBIS, M/S Fisher-Cripps Laboratory,
Australia). Load-controlled indentation with a maximum load of
200 mN was performed on the polished surface of the implants,
with a loading rate of 2.5 mN s ', which represented the static
response of the material.** The Oliver-Pharr method was used to
quantify the elastic modulus {E) and hardness {H).

2.5. Protein adsorption

All implants were cut to a standard size {6 x 6 mm®) and
sterilized by UV irradiation for 1 h on both sides. A protein
solution, also used as culture media, was prepared with
w-modified minimal essential medium {&-MEM, Gibeco, NY, USA}
supplemented by foetal bovine serum (10 vol%), HEPES {10 mM),
r-glutamine (0.2 M) and penicillin/streptomycin {1 vol%). Each Ti,
3D-Ti, 3D-Ti-TNT, and 3D-Ti-TNT-HA implant {in triplicate) was
placed in a single well of the 48-well plate. 250 pl of the protein
solution was added onto each implant surface and they were

3138 | J Mater Chem B 2018, 6, 3136-3144
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incubated at 37 °C for 1.5 h. Unattached proteins were washed
away with PBS. Attached proteins were fixed with neutral formalin
{10%) and stained with crystal viclet {1%) for 20 min. The excess
stain was removed by washing in water. The protein-associated
stain was then extracted with acetic acid {10 vol%, 200 pl well )
for 20 min and the absorbance at 570 nm was measured by
spectrophotometry.

2.6. Cell adhesion

Human osteoblast-like cells grown from bone samples were
obtained with patient informed consent, as previously des-
cribed.** Cells were cultured in a-modified minimal essential
medium {«-MEM, Gibco, NY, USA} supplemented with foetal
bovine serum (10 vol%), HEPES (10 mM), r-glutamine (0.2 M)
and penicillin/streptomycin {1 vol%) {all from Life Technolo-
gies). After reaching confluence, osteoblast cells were removed
from culture flasks using collagenase-2, trypsin, and suspended
at a density of 2 x 10° cells ml *. A 250 pl aliquot {containing
5 x 10* cells) was added onto each implant {Ti, 3D-Ti, 3D-Ti-
TNT, and 3D-Ti-TNT-HA (in triplicate}). After incubating for 2 h,
unattached cells were removed by PBS washing. Attached cells
were fixed with neutral formalin (10%) and stained with
4' 6-diamidino-2-phenylindole {DAPI} {1 pg ml *). Cell numbers
in three random fields from each sample were counted under a
fluorescence microscope {Olympus BX51).

2.7.  Cell morphology study by confocal microscopy

Cells were seeded on to each implant (T1, 3D-T1, 3D-Ti-T'NT, and
3D-Ti-TNT-HA) in a 48-well plate. 24 h after seeding, the media
were removed. Implants with cells on the surface were gently
washed by PBS and fixed with neutral buffered formalin {10%).
Attached cells were stained with phalloidin-TRITC (10 pM)
{S8igama) and DAPI (1 pg ml ") in PBS for 1 h. Cell morphology
was observed under a confocal laser-scanning microscope
{Olympus Fv3000). Phalloidin-TRITC was excited at 561 nm
and DAPI at 405 nm.

2.8. Cell morphology study by SEM

Cells were seeded on to each implant (Ti, 3D-Ti, 3D-Ti-TNT, and
3D-Ti-TNT-HA) at a density of 5 x 10 in a 48-well plate. 3 days
after seeding, the media were removed and changed to differ-
entiation media {«-MEM with foetal bovine serum {10%),
ascorbate-2-phosphate (50 pg ml ) and potassium dihydrogen
phosphate {1.8 mM)). 7 days later, implants with cells on the
surface were gently washed by PBS and fixed in glutaraldehyde
{1.25%) (Sigma-Aldrich, Sydney, Australia) for 24 h. A post-fix in
osmium tetroxide (2%) for 30 min was also performed. After
that, cells were dehydrated serially in 70%, 90%, 100% ethanol,
100% hexamethyldisilazane (HMDS): 100% ethanol {1: 1]} solu-
tion, and 100% HMDS. After drying, implants were mounted on
SEM holders, coated with a 5 nm thick layer of platinum, and
observed under a SEM.

2.9. Gene expression analysis

The expression of GjA1 and PHEX was analysed by using reverse
transcription-quantitative polymerase chain reaction {RT-qPCR).
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Sa0S2 human osteoblast-like cells, a well-established cell line
for gene analysis,”® were seeded onto each implant at a density
of 1 x 10° After reaching confluence, the media were changed to
differentiation media as described above. The media were replaced
at 3 or 4-day intervals. After 7 days of differentiation, RNA was
harvested from each sample using Trizol reagent {Life Technolo-
gies, NY, USA) and was reverse transcribed into ¢DNA using the
iScript RT kit (BioRad, CA, USA) as described elsewhere.® SYBR
Green Fluor gPCR Mastermix {Qiagen, Limburg, The Netherlands)
was used to perform RT-gPCR in a CFX Connect thermocycler
{BioRad) with the primer sequences published previously.”® Primers
were synthesized by Geneworks (Thebarton, SA, Australia). Relative
gene expression was calculated using the 2 22" method and
normalized to the expression of 188 rRNA.

2.10. Statistical analysis

Data are expressed as the mean + SEM and were analysed using
one-way analysis of variance (ANOVA) with Tukey's multiple
comparison test. A p-value <0.05 was considered to indicate a
statistically significant difference.

View Article Online

Journal of Materials Chemistry B

3. Results and discussion

3.1. Characterization of nanostructured and HA
functionalized 3D printed implants

Scanning electron microscope {SEM) images of the surface
morphology of prepared implants are presented in Fig. 2. As
shown in Fig. 2a, 3D printed Ti implants {(3D-Ti) were covered
by numerous microspheres of sizes ranging from 5-20 pum
{average ~12 pm) in diameter. Higher resolution images showed
that these structures were fused to the underlying surface, and
were highly interconnected (Fig. 2b), suggestive of a stable, micro-
rough surface. These microspheres result from partial melting of
the alloy powder used during the selective laser melting process.
This topography contrasted sharply with that of commercially
available Ti {Ti), which possessed a relatively smooth surface as
seen in Fig. 2c¢.

As a result of electrochemical anodization, a well-ordered
titania nanotube {TNT) layer was generated on the entire sur-
face of the 3D printed Ti implant, including the microspheres
(Fig. 2d and e) and the underlying surface {Fig. 2e and f).
A powder sintering route using the space-hold technique has

Fig. 2 SEM images of 3D-Ti (a and b), Ti (c), 3D-Ti-TNT (d-f) and 3D-Ti-TNT-HA (g and h). (a) 3D-Ti was covered by microspheres of various sizes.
(b) High resolution image showing that microspheres were fused to the underlying surface, and were highly interconnected. (¢) Pure Ti foil possessing a
relatively smooth surface (.e. no micro-features). (d—f) TNT formed on the entire surface of 3D Ti, including the microspheres (d and e) and the
underlying surfaces (e and f). (g) Crystalline deposits were found on the implant surface and (h) the nanotubes were still visible after HA coating.
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Fig. 3 (a and b) EDS and (¢ and d) XRD spectra. ERS spectrurm of 3D-Ti-TNT before (a) and after (b) HA treatrment. Significant Ca and P peaks appeared
after HA treatment (b). XRD spectrum of 3D Ti TNT before (¢) and after (d) HA treatment. HA peaks appeared after HA treatment (d).

also been reported to produce porous Ti implants.”” However,
the pore-size in such implants is distributed within a wide
range. Therefore, reproducing the porous structures to control
the physicochemical properties of the implant is challenging.
By comparison, the implant in this study was fabricated with
reproducibly uniform nanotubes with an average individual
tube diameter of ~120 nm, a length of ~3 pm and a density of
~5 x 10° nanotubes per cm?. As expected, cracks were evident
on the TNT layers due to the radial outgrowth of nanotubes on
the curved surfaces. However, these cracks do not compromise
the stability of the TNT layer and potentially allow for additional
amounts of therapeutics to be loaded.*®***73° These findings
confirm the successful fabrication of an advanced implant with
combined dual micro- and nano-topography, represented by the
microspheres and TNT, respectively.

SEM images of the prepared 3D-Ti-TNT implants after HA
immersion treatment are presented in Fig. 2g and h. Crystalline
deposits were found homogenously distributed on the implant
surface {Fig. 2g). TNT structures were still visible as shown
in the higher resolution image (Fig. 2h). These results are in
accordance with Kodama's work, in which a HA coating was
successfully fabricated on TNT by HA immersion treatment.™
Gu et al®" proposed that the mechanism of HA formation results
from the reaction of the titanium oxide layer with hydroxide to
form hydrogen metatitanate: TiO, + OH — HTIO; . The resulting
negatively charged surface promoted adsorption of Ca®" and
formation of calcium titanate. This titanate then adsorbed
HPO,”> in the solution of {NH,),HPO, to form calcium

3140 | J Mater Chem B 2018, 6, 3136-3144

phosphate nuclei. Subsequent HA formation and crystallization
would then readily occur.

To evaluate the chemical nature of the crystalline deposits
on the implant surface, energy dispersive X-ray spectroscopy
{EDS) was performed before {Fig. 3a) and after {Fig. 3b) the HA
treatment. Fig. 3b shows significant peaks of Ca and P after
HA treatment, indicating the successful formation of a Ca-P
deposit with a Ca:P ratio of 1.53, which approximates the
theoretical Ca:P ratio {1.67) of HA, confirming the formation
of a HA layer on the implant surface.’” It is noteworthy that
fluoride peaks appeared on the surface of the implant with
TNT. These fluoride ions were derived from the anodization
electrolyte and incorporated into the TNT structures. It is worth
mentioning that the presence of F ! ions is claimed to be
favorable for the osseointegration of implants.*®

X-ray diffraction {XRD) graphs were also recorded before
{Fig. 3¢] and after {Fig. 3d} the HA treatment. According to the
reference data JCPDS-0432, HA peaks were present after the HA
treatment {Fig. 3d). This additionally confirmed the formation
of HA on the implant surface.

The elastic modulus (£) of the implant was measured to be
109.9 & 1.8 GPa, which was consistent with the reported values
of the biomedical Ti6Al4V alloy (110-114 GPa).** The hardness
{H) of the implant reached 4.84 + 0.12 GPa, compared to
3.28-3.39 GPa in the wrought Ti6Alav.**>* According to the
relationship between yield strength {,) and hardness, H = 3a,°,
the yield strength of the implant was estimated to be ~1.6 GPa,
which clearly surpassed the American Society for Testing and
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Materials {ASTM) standard (795 MPa).*® Compared with the
porous implant produced by the space-hold technique, which
has a yield strength of 60 MPa,”” the 3D printed implant in this
study could provide much higher vield strength. It is presumably
strong enough to resist handling during implantation and i vive
loading. Notably, the wear resistance is closely related to the
ratio between H and E, the so-called plasticity index.’” Materials
with a higher plasticity index exhibit greater wear resistance.
Therefore, one could expect that, compared to wrought Ti6Al4V,
our 3D printed TieAl4V with similar elastic modulus but higher
hardness would exhibit increased wear resistance.*®

3.2. Protein adsorption

When a material is implanted, proteins in the surrounding
tissues and plasma would be expected to spontaneously adsorb
onto the implant surface. This protein layer could mediate the
subsequent cell performance, playing an important role during the
osseointergration process.* The protein adsorption properties were
therefore tested and found to be: 3D-Ti-TNT-HA > 3D-Ti-INT >
3D-Ti > Ti {Fig. 4a). The increase in protein adsorption on 3D-Ti
and 3D-Ti-TNT could be attributed to increased surface roughness
due to the microspheres and nanostructures.

Another noteworthy finding in these experiments was that
3D-Ti-TNT-HA had a significant increase in protein adsorption
compared with others samples. The total protein adsorbed on
3D-Ti-TNT-HA was 92-fold that of Ti, 60-fold that of 3D-Ti, and
5-fold that of 3D-Ti-TNT. This is in accordance with a recent
study in which serum proteins preferably adsorbed onto a HA
coated surface but not onto Ti.** Wang ef al pointed out
that the possible reason might be electrostatic force.”” Tonic
Ca®" and PO,® groups on HA surfaces could serve as protein
binding sites, with caleium sites binding negatively charged groups,
such as the carboxylate group and carbonyl group, and phosphate
sites binding positively charged groups, including amino, aromatic
and guanido groups, on the protein molecules.*

3.3. Cell adhesion

Cell adhesion is a critical event that occurs when bone cells
colne into contact with an implant surface, which is crucially
important for influencing subsequent cellular behaviour.*
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Additionally, early adhesion of bone cells could competitively
inhibit bacterial adhesion.** Therefore, cell adhesion on Ti,
3D-Ti, 3D-Ti-TNT, and 3D-Ti-TNT-HA was evaluated after 2 h
of incubation. As shown in Fig. 4b, 3D-Ti-TNT-HA exhibited
significantly increased cell adhesion. This is in accordance with
the above protein adsorption results. Previous studies reported
a similar correlation, proposing that this occurrs due to the
adhered proteins being extracellular matrix proteins, such
as fibronectin and vitronectin, which efficiently promote cell
attachment.*!+%

3.4. Cell morphology

The response of osteoblastic cells to these surfaces was tested
using human primary bone-derived cells, previously termed
‘NHBC'. These represent a spectrum of early osteoblast-
osteocyte differentiation stages and provide a clinically relevant
model for the current application since they are derived from
patients receiving an orthopaedic implant.*** The morphology
of osteoblasts on the different implant surfaces at an early stage
{24 h) was examined by confocal microscopy {Fig. 5). The
cytoskeleton was stained with phalloidin-TRITC {red) and the
nucleus was stained with DAPI (blue). Results indicated that cells
on Ti spread widely, whereas cells on the other {3D)] surfaces
appeared to retain a smaller footprint, with an increased number
of dendritic-like connections between adjacent cells. In the bone,
such intercellular connectivity allows for the transfer of bio-
chemical signals between cells, and in mature bone intercon-
nected osteocytes form a functional syncytial network in this
way.*®4° Moreover, cells on 3D-Ti, 3D-Ti-TNT and 3D-Ti-TNT-HA
had a larger nuclear : cytoplasm ratio compared with those on Ti,
consistent with a more differentiated cell phenotype.*® Confocal
microscopy was not able to distinguish the cell morphologies
when the cell number increased with time, due to the general
high degree of confluency of the cultures. SEM was therefore
employed to examine cell morphology after 7 days culturing
{Fig. 6). Cells on Ti spread in a 2D manner and remained flat
and spindle shaped (Fig. 6a), whereas those on 3D-1i exhibited a
plump, polygonal morphology (Fig. 6b). Cells on 3D-Ti-TNT began
to exhibit a stellate shape with long, slender dendritic processes,
suggesting a further differentiated morphology {Fig. 6c).*"
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Fig. 4 (a) Protein adsorption and (b) cell adhesion on Ti, 3D-Ti, 3D-Ti-TNT, and 3-Ti-TNT-HA. (a) 3D-Ti-TNT-HA had a significant increase in protein
adsorption. (b) 3D-Ti-TNT-HA significantly increased cell adhesion. Data shown are means £ SEM. A significant difference to 3D-Ti-TNT-HA is indicated

by * (o < 0.05).
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Fig. 5 Confocal microscopy images of human primary osteoblasts on (a) Ti, (b) 3D-Ti, (c) 3D-Ti-TNT, and (d) 3D-Ti-TNT-HA after 24 h of culture.
(a) Cells on Ti spread widely. (b—d) Cells on 3D surfaces had a larger nuclear : cytoplasm ratio and retained a smaller footprint, with an increased number
of dendritic-like connections between adjacent cells, indicative of 2 more differentiated cell phenotype.

YT S T

Fig. 6 SEM images of human primary osteoblasts on (a) Ti, (b) 3D-Ti, () 3D-Ti-TNT, and (d and €) 3D-Ti-TNT-HA after 7 days of culture. (a) Cells on Ti
spread flatly and remained a spindle-like shape. (b) Cells on 3D-Ti showed a plump, polygonal shape. (c) Cells on 3D-Ti-TNT exhibited a stellate shape
with long dendritic processes. (d) Cells on 3D-Ti-TNT-HA exhibited a more prominent stellate shape, with many cell processes and pseudopodia
{e) suggesting a further differentiated morphology. White arrows indicate cells. Red colours indicate pseudopodia.

Cells cultured on 3D-Ti-TNT-HA exhibited a more prominent
stellate shape, with many cell processes and pseudopodia {Fig. 6d
and e). Similar observations were reported by Kim et al, who a, GUA 1

o

PHEX

found that the direction of cell spreading was more diverse on Ti il P s
if a HA coating was applied.*” Overall, our findings suggest that % aal * % ooz
cells cultured on 3D-Ti“TNT-HA had a more mature and differ- - * " £ «1#_ -
. . . brd x

entiated, osteocyte-like morphology.*® This finding is consistent Som i l 8 | c o
with the study of Gu et al.,*' indicating the superior differentiated . | = -

. a > & 7 3 & & S
morphology of osteoblasts on a HA-deposited TNT surface. The T & & AP &é\x\

N . s N . s 4 N2 )

advantage of our material lies in that, instead of fabricating TNT ® § ¥

onto a flat Ti surface as performed by Gu et al., we fabricated TNT
onto 3D-Ti. This 3D-Ti has an osseoinductive micro-rough surface
and can be tailored to any desired dimension.

3.5. Gene expression

The expression of GJA1, encoding connexin 43 (Cx43), the
principal protein component of functional gap-junctions in

2142 | J Mater. Chem. B, 2018, 6, 3136-3144

Fig. 7 Gene expression of GJA! and PHEX in SAOS2 cells plated on
different implant surfaces after 7 days of culture. () The expression of
GJAT was increased on the 3D structure. (b) The expression of PHEX was
significantly increased on 3D-Ti-TNT-HA Data shown are means of three
experimental replicates = SEM. Significant differences to expression on
Ti are indicated by * (p < 0.05). Significant differences to expression on
3D-Ti are indicated by # (p < 0.05). Significant differences to expression
on 3D-Ti-TNT are indicated by + (p < 0.05).
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bone cell networking and a marker of mature osteocytes, *° was
increased in cultures on 3D-Ti, 3D-Ti-INT, and 3D-Ti-TNT-HA,
suggesting a maturation effect of the 3D structure {Fig. 7a). The
expression of the gene PHEX, encoding a phosphate-regulating
gene with homologies to endopeptidases on the X chromosome,
an osteocyte maker that promotes mineralization,* was also
significantly increased in cultures on 3D-Ti-TNT-HA compared
with the other three surfaces {Fig. 7b), indicating that this surface
could better promote osteoblast/osteocyte-mediated mineraliza-
tion and differentiation. Both calcium and phosphate ions, which
could be released from the HA substrate, are known promoters of
biomineralisation and osteoblast/osteocyte differentiation.*~°

4. Conclusions

This current study presents advanced 3D printed and nano-
structured Ti alloy implants modified with HA, to provide
improved osseointegration properties based on enhanced protein
adsorption, cell adhesion, cell spreading and mature osteoblast
gene expression patterns. These implants were fabricated using a
combination of 3D printing technology, electrochemical surface
nanoengineering and chemical coating using HA. 3D printed Ti
implants have characteristic miecro-scale roughness, due to the
presence of microspherical structures from the laser sintering
process combined with an array of nanotubular structures addi-
tionally introduced by electrochemical anodization while retain-
ing the micro-particle arrangement. These implants were further
functionalized by a HA coating viz an alternative immersion
method in order to further improve their bone integration per-
formance. The resulting implants significantly promoted protein
adsorption, osteoblast cell adhesion, spreading, and increased the
expression of certain genes related to osteoblast differentiation
and mineralisation. These results are explained by the combined
and synergistic impact of dual topography and HA chemistry. The
results suggest that nanostructured and functionalised 3D-Ti-
TNT-HA has promise in the manufacture of improved dental
implants compared to current conventional implants. In addition,
a 3D-TI-TNT-HA implant could be developed as a drug releasing
system with additional therapeutic functions, achieved by loading
drugs (e.g. anti-inflammatory drugs, and antibiotics) into the
titania nanotubes. Further bone response studies using an animal
model are required before the clinical application of this implant.
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Chapter 5

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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ABSTRACT: There is an increasing demand for low-cost and more efficient titanium (Ti)
medical implants that will provide improved osseointegration and at the same time reduce the
likelihood of infection. In the past decade, additive manufacturing (AM) using metal selective
laser melting (SLM) or three-dimensional (3D) printing techniques has emerged to enable
novel implant geometries or properties to overcome such potential challenges. This study
presents a new surface engineering approach to create bioinspired multistructured surfaces on
SLM-printed Ti alloy (Ti6Al4V) implants by combining SLM technology, electrochemical
anodization, and hydrothermal (HT) processes. The resulting implants display unique surfaces
with a distinctive dual micro- to nano-topography composed of micron-sized spherical
teatures, fabricated by SLM and vertically aligned nanoscale pillar structures as a result of
combining anodization and HT treatment. The fabricated implants enhanced hydroxyapatite-
like mineral deposition from simulated body fluid (SBF) compared to control. In addition,
normal human osteoblast-like cells (NHBCs) showed strong adhesion to the nano-/
microstructures and displayed greater propensity to mineralize compared to control surfaces.

D-Ti + HT-TNTs-3D-Ti
5 T B

T

Improved Cell

This engineering approach and the resulting nature-inspired multiscale-structured surface offers desired features for improving
osseointegration and antibacterial performance toward the development of next-generation orthopedic and dental implants.

KEYWORDS: additive manufacturing (AM), titanium implants, bioinspired materials, dual topography, nanostructures,

selective laser melting (SLM)

1. INTRODUCTION

The emerging field of bioinspired materials, connecting
materials science and engineering with biology, is rapidly
advancing the availability of new materials for broad
applications." Nature provides an unlimited source of
inspiration for the design of many new materials based on
the structures and properties mastered through evolution over
millions of years.” These concepts of nature’s material designs
and their translation through engineering new artificial
materials offer the potential to solve many problems across
broad sectors, including the field of biemedical implants, which
has strong needs for developing a new generation of implants
with improved petfermance and functionality.”

Titanium (Ti) and its alloys have been broadly employed for
many applications because of their remarkable mechanical
properties, chemical stability, and unique corrosion resist-
ance.”* Many of these applications, such as protective coatings,
electrodes, energy catalysis, and medical implants, are directed
by their surface structures, functions and interfacial proper-
ties.”® Ti is the most commeonly used metal in medical
implants also because of its excellent biocompatibility.”
Although Ti-based medical implants have a long history of
successful clinical use, they still face challenges related to their

© 2021 American Chemical Society
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integration into the host tissues and longevity after
implantation.”™"" The failure of orthopedic implants can
occur because of various reasons, including inflammation, poor
osseointegration resulting in loosening, as well as bacterial
infection, which are mainly related to implant surface
properties.”fl‘}’ The implant surface is the first site to come
in contact with the surrounding tissue, and interfacial
interactions with the biological environment play the most
critical role in determining the fate of the implant inside the
body. When bone implants fail, they may require repeated
surgeries, carrying the risk of further morbidity and
considerable socioeconomic cost,

Most surface engineering strategies to address Ti implant
failure are focused on improving biointegration or preventing
bacterial contamination and biofilm formation, with limited
research devoted to combined approaches addressing both
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Figure 1. (a) Schematic presentation of the proposed concept for the fabrication of Ti materials with multistructured surfaces combining AM and
surface-modification techniques, 3D printing (generating surface with microspheres), electrochemical anodization {generating a surface with
vertically aligned TNTs), and hydrothermal process (generating an array of vertically aligned n:mnstructures). Examples of similar multistructured
surfaces combining microbumps and sharp nanostructures occur in nature: (d) Nelumbo nucifera (Indian lotus) (reproduced with permission from
ref’! Copyright 2011 Beilstein Publishing), () wax rod-shaped structure on the surface of cabbage leaf (reproduced with permission from ref’”
Copyright 2014 The Royal Society of Chemistry (RSC)), and (f) dragonfly surface with nanopillar structures (reproduced with permission from

ref” Copyright 2013 John Wiley & Sons, Inc.).

problems. To enhance cellular functions in response to the
implant surface, both micro and nanoscale topographies have
been suggested to be important features, although the
influence of the specific topography, particular size, and
geometry is still in debate.'" Several conventional processes
have been adopted to achieve a micro-rough surface, including
mechanical spraying, laser sintering, and plasma process-
ing.'*'® Recently, more advanced surface modifications were
explored, showing successful structural engineering of Ti and
Ti alloys with micro- and nanoscale structures with a broad
range of size and geometries, includjng spheres, particles,
tubes, rods, pillars, spikes, and wires.'”"® This was achieved
using several processes, such as electrochemical etching,
anodization, plasma and metal deposition, and hydrothermal
(HT) processing.'”~** They result in creating Ti materials
with many new properties, including increased surface area and
porosity and improved photocatalytic and interfacial properties
beneficial for many applications, in particular, for biomedical
implants.”""

As a result of recent advancements in low-cost additive
manufacturing (AM) techniques and their translation into
numerous pharmaceutical and medical agplications (e.g, new
drug-delivery and tissue engineering),”>”" it was reasonable to
integrate these surface-engineering AM technologies in order
to further improve and extend the properties and function-
alities of resulting Ti medical implants. Motivated by these
prospects, our team pioneered the combination of a selective
laser melting (SLM) three-dimensional (3D) printing
technique and electrochemical anodization to fabricate Ti
alloys with unique surfaces composed of microspheres and
arrays of titania nanotubes (TNTs) vertically aligned to the
microstructured surface' ¢ The specific aim of this study
was to evaluate bone cell interaction and integration with these
multiscale structures in order to improve cell adhesion,
proliferation, and osseointegration, beyond what is achievable
on the unmodified surfaces of conventional Ti implants.”*™>*

Following our previous studies on AM-Ti implants focused
on improving biointegration properties, herein, we present
another concept to fabricate a new type of multiscale-
structured implant surface inspired by the goal of improving
their osseointegration and antibacterial properties. The
proposed concept is to implement the bioinspired multi-
structured surface on 3D-printed Ti alloys that combine
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microspheres and an array of nanosharp nanostructures. The
latter feature is motivated by recent studies showing that such
nanostructures developed in nature (for example, on insect
wings) can kill bacteria by the physical disruption of their cell
membranes.”” > To fabricate this type of multistructured
surface, we applied AM technologies to the Ti alloy,
establishing a microsphere topography followed by surface
modification by electrochemical anodization and HT process-
ing in NaOH to generate vertically aligned, sharp nanostruc-
tures over the entire surface. It is worth mentioning that these
surface-modification techniques are cheaper, time-efficient, and
more diverse in providing surfaces with a broad range of
nanostructures compared to other techniques, such as plasma
coating which requires specific expensive hardware, time-
consuming procedures to adjust the coating parameters (e.g,,
vacuum, inert gas, temperature, etc.), and is problematic for
coating complex shapes.®® The proposed concept is
summarized in Figure 1. In addition to the novel production
process, i.e. combining three diverse methods to fabricate this
unique multistructured surface, our approach involves the
production of a template to induce the surface growth of
titanate nanostructures with specific two-dimensional (2D)
structures by a specific HT process, which, to our knowledge,
has not been previously reported. Structural templates from
TNTs created by electrochemical anodization on the surface
act as seed promotors and initiators for the vertical growth of
sharp nanostructures using the HT process. The HT process
with the specific alkali NaOH was selected based on previous
studies, showing that this promotes the relatively uniform
vertical growth of titanate structures from the surface,” 1173
The fabricated multistructured surfaces of titania using this
integrated and scalable process are similar to the natural
structures found in plants, such as Indian lotus (Nelumbo
nucifera), and the wings of insects, such as the dragonfly,
display exciting properties and functionalities that have been
translated into new material designs (Figure 1d—f).>"® The
morphologic features of these fabricated surfaces are
characterized in terms of their promotion of hydroxyapatite
(HA) growth, mineralization, and bone cell growth ability.

2. EXPERIMENTAL SECTION

2.1. Fabrication of SLM or 3D Ti Implants. Titanium wafers
(0.61 + 0.01 mm thickness) in the form of square strips (1.2 X 1.2

https://dx.doi.org/10.1021/acsbiomaterials.0c01210
ACS Blomater. Sci, Eng. 2021, 7, 441-450
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cm?*) were printed using Ti6AI4V powder (titanium grade 5, TLS
Technik GmbH & Co. Spezialpulver, Germany) with an SLM
machine (ProX 200 Production 3D Printer, Phenix Systems PXM
(USA), equipped with 300 W Laser {1070 nm at 50% power)) under
an inert argon atmosphere. The Ti6AI4V alloy powder material used
in the fabrication process is characterized by the average particle
diameter as follows: D[90%] = 31.32 pgm, D[50%] = 24.07 pm, and
D[10%] = 10.69 pm; where D[90%] indicates 90% of volume
distribution below that value, D[50%] indicates 350% of volume
distribution, while D[10%] indicates 10% of volume distribution
below the value. The Ti wafers (3D-T4) were then thoroughly cleaned
by ultrasonication in acetone for 10 min to remove any nonattached
particles from the surface followed by drying using a N, gun.

2.2. Surface Modification. The electrochemical anodization of
the 3D-Ti samples was performed, as previously described,”® using
a temperature-controlled electrochemical cell designed in our
laboratory. During the anodization process, 3D-Ti served as the
anode, and a thin Ti foil served at as the cathode. The system was
maintained at 60 °C under constant stirring. A constant voltage of 60
V was applied for 15 min. Voltage control was achieved using a
computer-aided power supply (Agilent, USA), and change in current
was recorded through the LabView program (National Instruments).
After the formation of surface TN'Ts, the wafers were immersed in
Milli-Q water {Option Q—Purelabs {Australia) for 7 days to remove
any remaining electrolyte.

The HT reaction was carried out according to the procedures
described previously,"*"*>*" with some modifications. Briefly, 3D-Ti
or TNTs-3D-Ti were immersed in 50 ml of NaOH {1 M) (Chem-
Supply, Australia) inside a Teflon vessel housed inside a 100 ml
stainless-steel autoclave, which was then placed in an oven at 160 °C
for different times ranging from 0.5 to 6 h. Subsequently, the vessels
were allowed to cool to room temperature, and the samples were
rinsed three times with Milli-Q water. The samples were then
immersed in 0.6 M HCl solution for 1 h followed by calcination inside
a tube furnace at 300 °C for 3 h under atmospheric conditions. This
process was used to convert sodium titanate into hydrogen titanate,
which has many valuable properties {catalytic, semiconductive
properties). Unmodified 3D-Ti wafers were used as controls for all
the experiments, and each experiment was repeated in triplicates.

2.3. Surface Characterization. Surface characterization was
performed using focused-ion beam (FIB)—scanning electron micros-
copy (SEM) (FEI Helios Nanolab 600 Dual Beam, Thermo Fisher
Scientific, Australia) and energy-dispersive X-ray spectroscopy (EDX,
Oxford Ultim Max Large Area SDD EDS detector, Oxford
instruments, USA). The samples were coated with platinum (S nm)
prior to imaging with SEM. X-ray diffraction {XRD) spectra (Rigaku
MiniFlex 600, Japan) and the water contact angle {(WCA), using a
tension theta optical tensiometer (KSV instruments, Finland), of the
samples were also recorded.

2.4. Hydroxyapatite-like Mineral Formation in Simulated
Body Fluid. Simulated body fluid {SBF) was prepared by dissolving
NaCl, NaHCO,, KCl, K,HPO,31L,0, MgCL-61L0, CaCl, and
Na,SO, (Chem-Supply, Australia) in Milli-Q water at 36.5 °C with
tris-hydroxymethyl aminomethane (Tris), and pH was adjusted to 7.4
using 1 M HCL SBF ion concentrations (in mM) were as follows:
N':142, K5, Mg*"1.5, Ca™®:2.5, Cl™:147.8, HCO, :4.2, HPO, :1,
$0,’": 0.5. The wafers were immersed in $BF for 28 days at 37 °C.**
After that, the samples were removed from the solution, gently rinsed
with Milli-Q water, and allowed to dry at room temperature. Surface
microanalysis was then performed by XRD and SEM/EDX imaging.

2.5. Cell Culture. Normal human osteoblast-like cells (NHBCs)
were obtained from patients who underwent total hip replacement
surgery with patient-informed consent and with the approval of the
Human Ethics Committee of the Royal Adelaide Hospital, as
previously described.”®> NHBCs were passaged in a proliferation
medium consisting of ®MEM containing FCS (10% v/v), penicillin
(50 U/ml), streptomycin {50 pg/ml), and ascorbate-2-phosphate
(100 pM). All the cell culture chemicals were purchased from Life
Technologies Pty Ltd. (Australia) unless otherwise specified. The cells
were maintained at 37 °C in 5% CO, with 95% relative humidity. For

differentiating experiments, the cells were cultured in a differentiation
medium, consisting of @MEM, FCS (5% v/v), penicillin (50 U/ml),
streptomycin (S0 pg/ml), ascorbate-2-phosphate (100 pM), and
KH,PO, (1.8 mM) for up to 28 days to achieve an osteocyte-like
phenotype, as previously described.®

Prior to seeding cells, alloy substrates were sterilized by immersion
in 70% (v/v) ethanol for $ min and air-drying in a Class II biohazard
hood for 3 h followed by washing in sterile water thrice. Triplicate
substrates were placed in a single well of a 6-well tissue culture plate.
The NHBCs were seeded at 2 X 10% cells per well in 2 ml of
proliferation media. The following day, the samples were moved to a
new 6-well tissue culture plates containing the differentiation medium.
Differentiation medium was replenished every 3 days for the duration
of the experiment. Plates were maintained at 37 °C in a humidified
incubator containing §% CO,.

Cell morphology, viability, and proliferation were studied using a
live-cell-imaging approach on days 9 and 28 of differentiation. All
samples for imaging were rinsed with PBS for 5 min at 37 °C and
moved to a fresh 6-well plate containing the staining solution of
CellTrace Calcein Violet, AM {500 nM; Thermo Fisher Scientific).
Calcein Violet is a cell-permeant dye that is converted into fluorescent
calcein after intracellular esterases remove the acetoxymethyl esters in
the viable cells. Mineral deposition in the same samples was evaluated
by adding Calcein Green (50 yM; Thermo Fisher Scientific) 24 h
prior to imaging. Calcein Green is a cell-nonpermeant dye that
fluoresces when it is bound to calcium crystals. The samples were
inverted into 24-well imaging plates with 25 gm thin film bottom
(Eppendorf) containing PBS buffer, and images were acquired using
an Olympus FV3000 confocal imaging system with a silicon
immersion objective (30x, Olympus, Australia). A 405 nm laser was
used to excite Calcein Violet, and emission was collected in the range
between 410 and 470 nm. A 488 nm laser was used to excite Calcein
Green, and emission was collected in the range between 490 and 575
nm. Confocal microscopy images were also recorded, and the
fluorescence intensity of each image was established using Image]
(public domain program developed at the RSB of the NIH). The
results from [mage] were statistically treated and expressed as mean +
standard deviation (SD). The unpaired f-test was used to analyze the
data. The level of significance was set to p < 0.05 for all comparisons.

The cells were then fixed in 4% v/v paraformaldehyde
(ProSciTech, Australia) and 1.25% v/v glutaraldehyde (Electron
Microscopy Sciences, USA), washed with PBS, and sequentially
dehydrated in ethanol (70, 90, and 100% for 15 min each). The
samples were then immersed in hexamethyl disilazane (HMDS,
Sigra-Aldrich, Australia):100% ethanol (1:1) solution for 10 min and
then in 100% HMDS twice for 10 min. The samples were then dried
and coated with platinum (§ nm) for SEM imaging.

3. RESULTS AND DISCUSSION

The SEM images of the surface morphology of the 3D-printed
Ti alloy (3D-Ti) before and after the anodization process are
presented in Figure 2. Figure 2a—c shows the typical surface of
3D-Ti with randomly dispersed microsphere structures, which
result from an incomplete melting of metal powders used in
the laser sintering prcn:ess.zs’26 During this process, the laser
melts Ti alloy powder (particles) in a layer-by-layer fashion to
create the Ti alloy bulk structure, leaving microparticles on top
of the last layer that is partially melted. The average diameter
of these microparticles is ~12 ym, with the range from 5 to 20
p#m, as measured by SEM. It is worth mentioning that these
surface microparticles are strongly attached to the surface,
which is confirmed by high resolution and cross-sectional SEM
imaging (Tigure 2c). In addition, any unattached or loosely
attached particles were removed during the sonication step in
acetone.

The SEM images of the 3D-printed surface after the
anodization process are presented in Figure 2d—f. These

https://dx.doi.org/10.1021/acsbiomaterials.0c01 210
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Figure 2. SEM images showing (a—c} top surface and the cross-
section of the fabricated 3D-Ti alloys with spherical particles and their
size. The conversion of their surface into the TiQ, oxide layer with an
array of vertically aligned nanotubes (TNTs)} by electrochemical
anodization is presented in SEM images that show the top surface in
(d—f). This anodization layer is used as a template to grow an array of
sharp nanostructures.

images confirm the formation of a layer of vertically aligned,
well-ordered array of TNTs covering the whole surface,
including the microsphere surface and the flat surface between
them, as previously described.”® The TN'Ts fabrication process
yielded TNTSs of dimensions ~120 + 10 nm in diameter and 1
um in length, which can be tailored by the anodization
parameters, as reparted previously in cur previous work,” The
mechanism of TNTs formation was previously described,
involving balancing of two processes: one is the dissolution of
Ti by the effect of fluoride ions and the other is the formation
of a TiO, layer that leads to the formation of TNTs by a self-
ordered process." ™" The fabricated TNTs setve as a template
of TiO, to promote the nucleation required for the reaction
with NaOH to generate nanopillared structures. In addition,
the electrochemical anodization process will make the surface
more corrosion-resistant and hence enhance its stability and
longevity upon insertion into the body.""*

The comparative surface morphologies after the hydro-
thermal process (1 M NaOH at 160 °C, followed by 0.6 M
HCl and annealing) obtained after different HT times (0.5 to 6
h) on 3D-Ti and anodized 3D-Ti (ie, TNTs-3D-Ti) are
summarized in Figure 3. These images show that the majority
of the surface of both the surfaces (3D-Ti and TNTs-3D-Ti) is
covered with nanostructures as result of the HT process,
although with different morphologies. For clarity, the SEM
images mainly from the flat surface are presented, but the same
nanostructures are created on microparticles as well. While on
the anodized TNTs-3D-Ti surface, we can see the formation of
vertical nanostructures (Figure 3fh,j,1), and the non-anodized
HT surface consisted of flat sheet-like structures {Figure
3e,gik). These results support our hypothesis that the
underlying layer of TNTs and their surface patterns could
act as a template and direct the pattern of the vertical growth
of nanostructures compared with the flat surface that promotes
the horizontal growth (ie, nanopillars vs nanosheets). This
growth during the HT process is shown to be time-dependent,
starting from small protrusions or bumps (0.5—1 h) to
vertically aligned, sharp nanostructures 200—500 nm in height
created at 4 h, which is consistent with previous studies.’”**
With a longer duration of the HT process (6 h), the growth of
a longer, sharp structure of several microns was observed on
the TNT-3D-Ti surface {Figure 3l), showing that the size of
these nanostructures can be temporally controlled. In this
study, we found that the optimized HT time is 4 h, providing
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3D-Ti

HT-3D-Ti

Figure 3. Comparative SEM images of nanostructured surface 3D-Ti
(HT-3D-Ti) and TNTs-3D-Ti (HT-TNTs-3D-Ti} created by after
the HT process (1 M NaOH) at different times (0.5, 1, 2,3, 4, and 6
h), showing the formation of different nanostructures. The arrows in
figure (f) indicate the voids corresponding to the TNTs underlying
the template, The circles denote the nanosheet structures.

the most desirable nanostructure, which could have the
potential for mechano-bactericidal actions, as reported
previously, ">

High-resclution SEM images showing the optimized surface
(HT at 4 h on TNTs-3D-Ti) are presented in Figure 4a to
provide more details of the geometry and dimensions of the
generated nanostructures from the HT process. The
morphology of the generated nanostructures appears to have
a 2D geometry with a sharp triangular shape. These
nanostructures have a wide base, ranging from 50 to 100
nm, with sharp edges and sharp tips, and they can be described
with different terms, such as nanospears or nanoswords. SEM
images (Figure 4a,b). The length of these nanostructures
increases as a function of the duration of the HT process, from
100 to 550 nm (4 h), which agrees with previous studies,
showing that the growth rate of titanate nanostructures during
the HT process is time-dependent.”” Interestingly, after 6 h
(Figure 31), the surface nanostructures could grow into
extensive sheets of titanate of length of ~5 pm. The
interdistance between the top tips of these structures was
measured to be around 50—250 nm. The distance increased
within the first 2 h, after which the interdistance started to
decrease again. This could be attributed to the initial fast
dissolution of Ti*" from TNTs during the hydrothermal
process, as explained in the mechanism (vide infra), which
leads to an increase in the distance between the tips, compared
to Na,Ti;O, crystal formation. After this, the rate of crystal
formation is increased, leading to a faster growth of the
nanostructure (in length and width) with a subsequent
decrease in the interdistance. The effect of the presence of
TNTs could be also confirmed through the similarities
between the TNTs diameters and the void spaces between

https://dx.doi.crg/10.1021/acsbiomaterials.0¢01210
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Figure 4. {a) High-resclution SEM images showing the high density of the vertically aligned nanostructure fabricated on the surface of TNTs-3D-
Ti using the HT process with NaOH for 4 h. (b) Influence of HT time on the length and the interdistance of fabricated nanostructures. (c)
Mechanism of the template-induced growth of the sedium-titanate nanostructure during the HT process with three stages: dissclution of TNTs,
titanate seed formation on the underlying template, and the growth of nanostructures.

the nanostructures corresponding to the nanotube openings
with a diameter of ~130 & 18 nm (Figure 3f). This indicates
that the nanostructures are induced by the specific geometry
and the TiO, content of the underlying TNT pattern,
confirming our proposed concept of surface-controlled HT
growth.

These fabricated nanostructures are similar to those
fabricated on black silicon, Ti, gold, and polymers fabricated
using various methods, all of which have been shown to
possess antibacterial properties based on their ability to kill
bacteria by mechanical modes of action.'®” These 2D
geometries with a combination of sharp edges and sharp tips
are expected to be more efficient for the destruction of
bacteria, providing multiple levels of sharp structures that can
disrupt the bacterial cell walls. Most previous studies show a
physical mode of action based on cither sharp tips/spikes (e.g,
black silicon®) or sharp edges (graphene™), but not on a
combination of these two structures. A recent study by Ivanova
et al. indicates that having a mixed topography increases
antibacterial performance.“’  These nanostructures, generat-
ing a very high surface area, are also expected to have very
strong catalytic properties potentially valuable for applications
other than bone implants.”'

The mechanism of surface modification during the HT
process is complex and not yet fully understood, as it is
influenced by many parameters, such as the substrate type,
seeding, electrolyte concentration, temperature, time, electro-
Iyte steering and pressure.'"”*' Most previous studies focused
on the influence of electrolyte concentration (e.g, NaOH or
KOH), temperature and duration on the creation of different
morphologies. Our hypothesis presented in this study
(illustrated in Figure 4c) is that the growth of specific
nanosharp geometries can also be controlled by the substrate
structure obtained before HT modification, which has not
been considered previously. Qur presented results strongly
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support this hypothesis, showing that the 3D-Ti printed
substrate with an array of TNT structures can act as a template
to facilitate the nucleation reaction and the growth of the
observed nanostructures. We hypothesize that the process of
the TNT template-induced growth occurred in three stages. In
the first stage, the Ti'" jons were generated from the
dissolution of the TiQ, oxide layer (TNTs) by NaOH (Figure
4c, Stage I). These Ti'" ions under high temperatare and
pressure during the HT process recrystallize in the form of the
initial crystals of Na,Ti;O, (sodium titanate) on the
underlying Ti alloy surface (Stage II).*” We postulate that
the underlying template of TNTs structures have a crucial role
in this recrystallization process, promoting and locating these
seeds on their central and connecting edges. When these initial
crystals form at these locations, they act as nucleation sites for
further growth of well-defined nanestructures (Stage I11, Figure
4c). The scheme of the proposed mechanism presented in
Figure 4c, showing the generated nanostructures and their
distribution on the surface and interdistance, are in a good
agreement with the pattern of TNTs structures and observed
nanostructures from the SEM images (Figure 4a). In contrast,
in the case of the 3D-Ti-only substrates, the generated HT
structures appear as the condensed layers of a nanosheet
network with preferred horizontal growth, as seen in Figure 3.

Figure 5 summarizes the contact angle, as well as the EDX
and XRD results from fabricated 3D-Ti and HT-TNTs-3D-Ti.
The WCA of the 3D-Ti surface was 133° + 3°, indicating the
highly hydrophobic nature of the untreated surface. After the
HT treatment, this surface is transformed into a super-
hydrophilic surface where no WCA could be measured because
of the formation of a hydrophilic titanate layer. Such a
hydrophilic surface could improve bone cell adhesion and
protein binding, which translates into enhanced osseointegra-
tion.”” At the same time, it could significantly reduce bacterial
attachment to the surface, as a result of a reduction in the

https://dx.doi.org/10.1021/acsbiomaterials.0c01210
ACS Blomater. Sci, Eng. 2021, 7, 441-450

108



Chapter 5

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

3D-Ti

HT-TNTs-3D-Ti

] ]
a b
WCA
No WCA detected
c Ti d Ti
3
s
2
EDX £
Al V,Ti VTi
Ti .0 Na
I A |
[} 1 2 3 4 5 6 0 1 2 3 4 5 6
Energy (KeV) Energy (KeV)
e f T
. * -
* Ti *Ti
s 0 TiO2 oTiO;
XRD % X Titanate
H 2| i | x
£ * o
o | °
[} " o | *| X o | *o X
J —— LI\__A.X J UL._JU l}'mo d.o_a
30 dlﬁ 5'0 6‘0 7‘0 80 30 4-'0 50 GID Tb 80

2-theta (deg)

2-theta (deg)

Figure 5. Surface properties and chemical characterization of fabricated 3D-Ti, before and after the HT process (HT-TNTs-3D-Ti) showing (a, b)
wetting properties by WCA, (c, d) chemical composition by EDX, and (e, f) crystallinity by XRD. TiQ, exists in anatase and rutile phases.

hydrophobic interaction and repulsion between the surface and
bacteria, as previously shown.™*

The comparative EDX analysis of the 3D-printed Ti6AI4V
alloy before and after the HT process showed expected peaks
for Ti, Al, and V, and the peaks of Na of titanate formed
(Figure 5¢,d). Furthermore, comparative XRD graphs showed
sharp, high-intensity diffraction peaks, indicating the crystal-
linity of HT-TNTs-3D-Ti after annealing. Prominent Ti peaks
appear in both 3D-Ti and HT-TNTs-3D-Ti, while prominent
titanate peaks only appeared after the HT reaction. The peaks
of HT-TNTs-3D-Ti also indicate the appearance of TiO, as
anatase (JCPDS 21-1272) and rutile (JCPDS 21-1276)
phases after the HT reaction, following annealing at 300 °C
(Figure Sef). The results are in agreement with the standard
peak patterns of titatnate Na,Ti;0; (JCPDS 31—1329) and
H,Ti,O, (JCPDS 36—0654)."**° It is worth mentioning that
there is an overlap between the XRD peaks of Na,Ti;O;
produced after HT and those of H,Ti;O; produced after the
reaction with HCL At the same time, longer immersion times
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of samples, up to 72 h, in HCl is usually required to convert all
Na,Ti;O5 to H,TiyO5, as described by Bela et al.*

The fabricated HT-TNTs-3D-Ti dual micro to nano-
structured surface was further studied to confirm its ability
to support hydroxyapatite-like mineral (HAP) formation in
vitro. HAP formation on the implant’s surface is predictive of
the host tissue response in vivo. Many studies confirmed that
in vitro HAP formation from SBF, with an equal content of
inorganic ions as plasma, shows strong agreement with in vivo
studies.”™*” The SEM images of HT-TNTs-3D-Ti that was
immersed in SBF for 28 days show the deposition of HAP, in
contrast to the 3D-Ti surface which appeared smooth with
undetected deposition (Figure 6ab). EDX analysis of the
surface showed Ca and P peaks in the case of HT-TNTs-3D-
Ti, as shown in Figure 6¢c, while no such peaks were detected
for the 3D-Ti surface (i.e., the EDX pattern appeared similar to
that shown in Figure Sc). These results were confirmed by
XRD (Figure 6d), showing the specific HAP peak correspond-
ing to the crystalline HA (JCPDS-0432). These results confirm
that nano-rough structures (ie, nano-pillars) could signifi-
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Figure 6. HAP-like formation in SBF, (a) SEM image showing the 3D-Ti surface with no HAP deposits after immersion in SBF for 28 days, (b)
SEM image showing HAP-like deposition on the HT-TNTs-3D-Ti surface, (c) EDX analysis of HT-TNTs-3D-Ti showing the peaks of Ca and P,
and (d) XRD of the HT-TNTs-3D-Ti surface after HAP-like deposition.
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Figure 7. Cell culture of NHBCs, (a—c) SEM images showing NHBCs attached and their morphology on HT-TNTs-3D-Ti after incubation for 1,

9, and 28 days, respectively (inset in (c) showing higher magnification of extracellular matrix (ECM) fibers, scale bar § pm), (d) confocal

microscopy images of NHBCs after culture on HT-TNTs-3D-Ti and 3D-Ti for 28 days showing viable cells in purple (Calcein Violet) and mineral

deposition in green (Calcein Green), (e) bar chart showing the intensity of fluorescence measured from the confocal microscopy images (n = 3;

mean + SD); statistically significant difference is indicated by * (p < 0.05), and (f) EDX surface analysis of HT-TNTs-3D-Ti after 28 days of cell
culture showing calcium and phosphorus peaks.
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cantly enhance the nucleation and growth of HAP residues,
which is expected to support the process of ossecintegration.
In addition, rapid nucleation of HAP could be also attributed
to ion exchange from HT-TNTs-3D-Ti with the H;0" ions in
SBF, which results in the formation of Ti-OH groups. These
groups subsequently combine with Ca* and phosphate ions to
build up HAP-like crystals.”®

The ultimate goal of using bone implants is to provide the
required mechanical support and induce bone healing. This
should be preceded by osseointegration in which the
swrrounding bone cells first interact with the implant surface.
Recent studies have confirmed that micro/nanosurface top-
ography could induce cell adhesion and attachment compared
to smooth surfaces.”™® To ensure that the fabricated HT-
TNTs-3D-Ti implants could support cell adhesion and
proliferation, we examined the growth of NHBCs on their
surface. Figure 7a—c shows NHBCs attached on the “peak and
valley’-like structure of HT-TN'I's-3D-Ti. The firm attachment
could be confirmed by the presence of cytoskeletal stress fibers
{actin-filaments}, which could translate into effective osseoin-
tegration‘él It is worth mentioning that the NHBCs
morphology changed with time from day 1 te day 28.
Plump, polygonal cells appeared on day 1, as seen in Figure 7a.
After this time, the cells exhibited a stellate structure with more
numerous and longer pseudopodia and cell processes, denoting
a further differentiated morphology {Figure 7b,c).

Furthermore, NHBCs seeded on HT-TNTs-3D-Ti showed
increased mineralization compared to those attached to the
control samples, as detected by the Calcein Green stain
(Figure 7d,e). These results were also confirmed by EDX
analysis of the HI-TNTs-3D-Ti surface after 28 days of cell
culture. Figure 7f shows prominent peaks for Ca and P
deposited on the surface, which are the two main components
of HAP. Increased mineralization suggests the differentiation
of NHBCs into mature osteocyte-like cells #2443 During the
differentiation process, extracellular matrix (ECM) rich in
collagen is formed, which is subsequently followed by the
deposition of a HAP-like, mineralized protein compaosite. Such
ECM could be detected in the form of a network of fibers

covering the entire surface {Figure 7c, inset}).

4. CONCLUSIONS

In conclusion, this study presents the fabrication of unique
bioinspired surfaces with multiscale micro- to nanotopography
on Ti alloy, which is achieved by a combination of AM or SLM
techniques, electrochemical anodization and HT processing.
This type of surface topography composed of randomly
dispersed spherical microspheres covered by vertically aligned
sharp nanostructures {nano-spears) has nature’s signature used
by plants and insects for protective purposes. The study
revealed, for the first time, the template-aided fabrication of
arrays of distinct nanostructures by HT processing, which is
achieved using TN'T’s to act as nucleation sites for their growth.
The time-dependent growth of these nanostructures was
confirmed, which opens the possibility to further tune and
optimize their length relevant to the desired biclogical
response (cell growth, proliferation, differentiation, antibacte-
rial response, etc.). A considerable enhancement of HAP-like
mineral deposition from the SBF solution compared to control
is confirmed, which is the critical requirement for Ti implants.
Finally, studies using NHBCs showed strong bone cell
adhesion to this mixed micro to nanostructure and significantly
greater propensity to mineralize compared to the control

surfaces. These results indicate several valuable advantages of
dual micro—nano topographies, which are Important for
orthopedic and dental implants, showing their ability to
provide multiple benefits; they not only support host cell
attachment and bone mineralization, demonstrated here, but
also potentially provide antibacterial protection that will be
explored in further studies. In addition, the AM technology
with the implant design flexibility will allow “on demand” low-
cost production of desired medical implants with customized
shapes and dimensions, specifically for individual needs ready
to use, without the need for mass production, storage and
shelf-life problems, which is not possible with current
processes. Final determination of the effectiveness of these
new types of implants with unique nanostructures requires
further experimental studies to evaluate long-term interactions
with human bone cells, together with their effectiveness against
different bacterial strains.
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Chapter 6

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 pum and interspaces of 12-35
pum 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. lvanova 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.
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and Gallium-Releasing Agents
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ABSTRACT: This paper presents the development of advanced Ti Bloactive Antibacterial

implants with enhanced antibacterial activity. The implants were : - -l Physical
engineered using additive manufacturing three-dimensional (3D) g jib &y ki ~
printing technology followed by surface modification with electro- é n
chemical anodization and hydrothermal etching, to create unique g Vet A

hierarchical micro/nanosurface topographies of microspheres covered Lang-tem
with sharp nanopillars that can mechanically kill bacteria in contact
with the surface. To achieve enhanced antibacterial performance,
fabricated Ti implant models were loaded with gallium nitrate as an
antibacterial agent. The antibacterial efficacy of the fabricated
substrates with the combined action of sharp nanopillars and locally
releasing gallium ions (Ga®") was evaluated toward Staphylococcus
aureus and Pseudomonas aeruginosa. Results confirm the significant
antibacterial performance of Ga*-loaded substrates with a 100% eradication of bacteria. The nanopillars significantly reduced
bacterial attachment and prevented biofilm formation while also killing any bacteria remaining on the surface. Furthermore, 3D-
printed surfaces with microspheres of diameter S—30 pm and interspaces of 12—35 um favored the attachment of osteoblast-like
MG-63 cells, as confirmed via the assessment of their attachment, proliferation, and viability. This study provides important progress
toward engineering of next-generation 3D-printed implants, that combine surface chemistry and structure to achieve a highly
efficacious antibacterial surface with dual cytocompatibility to overcome the limitations of conventional Ti implants.
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KEYWORDS: titanium implants, antibacterial surfaces, osseointegration, additive manufacturing, selective laser melting,
electrochemical anodization, hydrothermal, gallium nitrate

1. INTRODUCTION Regarding implant-associated infection, the most common
and routine approach to eliminate bacteria at the implant site is
based on systemic antibiotic administration (e.g., gentamicin)
prior to, and after, orthopedic surgery. This approach can cause
systemic toxicity, resulting in severe adverse eflects to the
kidneys and liver, especially in elderly patients.” Also, the
formation of bacterial biofilms and insufficient blood supply at
the implant site can inhibit antibiotic activity.” Another
approach is the local administration of antibiotics in the
form of antibiotic-loaded implants or bone cement.” Never-
theless, the presence of antibiotics at high concentrations at the
implant site can interfere with bone cell—surface interactions®

The use of titanium (Ti) medical implants to replace or heal
nonfunctional bone tissues is a common worldwide healthcare
practice due to their biocompatibility, corrosion resistance, and
desired mechanical properties."” Despite their long history of
application, Ti and Ti alloy implants (e.g, dental implants,
screws, hip and knee replacements, rods, etc.) are still far from
ideal and continue to suffer from poor osseointegration and
bacterial infection."** These issues ultimately result in implant
failure, which requires prolonged hospitalization and, in many
cases, surgical replacement of the failed implant. This, in turn,
significantly affects patients’ quality of life, limiting their ability
to work and perform essential daily tasks while adding a
significant economic burden on the healthcare system Received:  August 13, 2021
(~69000$ AUD per patient).* To address the challenges Accepted:  December 16, 2021
of the currently used implants, there is an urgent need for

engineering a new generation of Ti implants that can prevent

bacterial infection while simultaneously supporting bone cell

attachment,””
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W ACS Publications A ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX

121



Chapter 6

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

( a) Ty @ 7 laser ( b) . Biofilm Live bacteria
® 8 = — : e Dead bacteria
SLM | cicroepherss 3D-Ti o Live cells
@® Gaions
3D-Ti
Anoanw'L TNTs
i \—{ ‘ ® No attachment
TNTs-3D-Ti L eeveas "
HT nanopillars. 3+ -
Ga \ jl—fw;-_ 3
—
_> _>
HT-TNTs-3D-Ti oonm

Short-term protection (1-2 weeks)

Long-term protection

Figure 1. {(a) Schematic representation of 3D-printed Ti implant fabrication by selective laser melting (SLM) followed by electrochemical
anodization and hydrothermal processing (HT) to generate a unique surface with microparticles combined with nanopillars able to provide a dual
mode of antibacterial protection. (b) Schematic representation showing these two modes of antibacterial protection achieved by releasing Ga* to
kill surrounding bacteria and sharp nanostructures to kill bacteria in case they encounter the surface. This combination of microsphere and
nanopillars structures was designed based on the rationale to provide balanced antibacterial and osseointegration performances.

and introduces a significant risk of the development of
antimicrobial resistance (AMR) in bacterial pathogens, such as
methicillin-resistant Staphylococcus aurens (MRSA).'"

Owing to the limitations of conventional antibiotic
applications, different surface modification approaches have
been explored to modify implants to provide inherent
bactericidal activity based on changes to their physicochemical
properties (i.e,, surface chemistry, surface charge, topography,
and roughness).”'" Recently, a new and appealing approach
was introduced based on the development of specific surface
nanostructures that mimic the topography of insect wing (e.g,
cicadas and dragonflies) surfaces that are able to mechanically
kill bacteria through disruption of their cell membranes,
creating a new perspective for the design of next-generation Ti
implants.'”'® These nanostructures are eflicient at killing
bacteria that come into direct contact with the surface;
however, they are not capable of inhibiting bacterial infections
within the bone microenvironment surrounding the im-
plant.'""'* As a result, an ideal implant should possess dual
antibacterial activity; eradicating bacterial infection that could
arise in the surrounding tissues during, or after, surgery and
inhibiting any bacterial growth on its surface.”

Several nonconventional antibacterial agents such as silver
(Ag), copper (Cu), gallium IIT ions (Ga®'), and cerium have
been explored as potential antimicrobial agents for Ti-
implantable materials.**'* Recent studies showed that Ga*'
exhibits broad-spectrum antimicrobial activity against drug-
resistant pathogens such as MRSA based on its ability to
substitute iron, thus disrupting iron-dependent oxidation and
reduction reactions required for bacterial DNA synthesis.'” By
contrast, Ag has shown some toxic side effects in in vitro
studies.'™'” Tn addition, Ga®" has been used as an FDA-
approved antitumor and antihypercalcemia ch‘ug.'8 Studies
have confirmed that Ga*' could promote bone cell growth and
prevent osteoclastic activity, thus inhibiting bone break-
down.'”*® Ga* can also enhance collagen synthesis and
bone tissue formation."” These properties make Ga*' a suitable
candidate for preventing and eradicating implant-associated
infections while also promoting bone tissue formation.
Nonetheless, it has not been explored in combination with
other antibacterial mechanisms on Ti implantable materials.

Indeed, most of the current research toward developing
antibacterial strategies for Ti implants focuses on killing
bacteria cither by physical contact with the surface
nanostructures or through chemical means (the release of
surface-attached antibacterial agents), and only a few studies
have focused on their combination.”!

New structural manufacturing technology, called additive
manufacturing (AM) technology (ak.a. three-dimensional
(3D) printing), has been recently explored for the manufacture
of biomedical implants.”*~>* Despite the use of AM in the
development of metal implants still being relatively underutil-
ized, this technology offers many advantages over conventional
fabrication techniques. For example, AM enables design
flexibility with the ability to fabricate customized implants
rapidly on demand with complex and optimized geometry to fit
the requirements of the body and mimic bone porosity. ™"
Selective laser melting (SLM) may be considered as an ideal
AM process for the fabrication of Ti implants with much lower
costs, minimized waste, and lower energy footprint compared
to conventional implant manufacturing based on casting or
machining.”>*” We recently demonstrated the surface
modification of 3D-printed implants possessing an array of
nanopillar surface structures through combined electro-
chemical anodization and hydrothermal etching, which showed
excellent mineralization of bone cells.”®

Herein, we present a comprehensive study on the engineer-
ing of new surface topographies with micro—nano hierarchical
structures on titania surfaces using a low-cost 3D-printing
technology followed by further structural and chemical surface
modifications to advance their antibacterial protection, as
shown schematically in Figure 1. This study aimed to explore
the creation of a new generation of Ti materials possessing a
dual mode of antibacterial action based on the mechano-
bactericidal action of sharp nanostructures and localized
release of Ga®". The rationale of our proposed dual
antibacterial approach is to provide, in the first step, a highly
confident short-term antibacterial protection by the localized
release of highly efficient antibacterial agent to kill any bacteria
present on the implant, thus preventing any bacterial
attachment or colonization over the first few days of the
implant insertion, which carries the most risk for infection. In
addition, long-term protection is provided by the sharp

https://dol.orgf10.1021 /acsbiomaterials.1 01030
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nanostructures on the implant surface, providing an additional
insurance policy by minimizing any bacterial infection during
the life of the implant inside the body. The bactericidal activity
of fabricated 3D-printed implant models with and without
releasing antibacterial agent (Ga®") was evaluated against two
common human bacterial pathogens, S. aureus and Pseudomo-
nas deruginosa, together with the response of osteoblast-like
cells. The results of this study will provide a better
understanding of the development of bioactive surfaces with
dual micro-nanotopography and their impact on both cells and
bacteria. More importantly, this work provides a valuable
contribution toward engineering a new generation of advanced
bone implants manufactured by the SLM technology that is
expected to disrupt existing conventional implant manufactur-
ing technology.

2. MATERIALS AND METHODS

2.1. Fabrication of 3D-Ti Implant Models. Ti6AI4V implant
models {1.5 X 1.5 cm®) were fabricated with an SLM machine (ProX
200 Production 3D Printer, Phenix Systems PXM, equipped with a
270 W laser (1070 nm at 50% power, spot size 70 nm), scanning
velocity: 1800 mm/s) under inert argon atmosphere with a chamber
pressure of 24 mbar. Ti6Al4V alloy powder (Titanium grade 5, TLS
Technik GmbH & Co. Spezialpulver, Germany) was used in the
fabrication process as described previously.” The powder was spread
in the form of which was then selectively melted by a laser beam to
form a 30 nm thick layer. Successive layers were added till the desired
thickness was achieved. After fabrication, the substrates were
sonicated in acetone for 10 min to remove any unattached powder
particles. The resulting samples with microstructured surface will be
referred to as “3D-Ti" throughout this paper.

2.2. Fabrication of Nanopillar Structures on 3D-Ti
(Mechanical Antibacterial Action). To fabricate nanopillars
structures on the surface of 3D-Ti substrates, titania nanotubes
(TNTs) were created on the surface using a temperature-controlled
electrochemical cell designed in our laboratory as described
elsewhere.””?® Briefly, 3D-Ti substrates were placed inside the cell
as the anode while a Ti plate served as a counter electrode (ie.,
cathode). The electrodes were immersed in ethylene glycol electrolyte
solution containing lactic acid (1.5 M), water (5% w/w), and NH,F
(0.1 M) and maintained at 60 °C with an applied voltage of 60 V for
15 min under constant stirring. After anodization, the substrates
(TNTs-3D-Ti) were cleaned by sonication in Milli-Q water for § min
to remove any remaining electrolyte.

The hydrothermal process to make nanopillar structures and
achieve mechanical antibacterial function was performed using an
adapted procedure as described previously.”' ~** Briefly, TNTs-3D-Ti
substrates were submerged in S0 mL of NaOH (1 M) (Chem-Supply,
Australia) placed in a Teflon vessel housed inside a stainless-steel
autoclave. The samples were hydrothermally etched for 4 hat 160 °C.
Afterward, the samples were removed from the oven and allowed to
cool to room temperature, rinsed three times with Milli-Q) water, and
allowed to dry at room temperature overnight. Subsequently, the
samples were annealed inside a tube furnace at 300 °C for 3 h under
atmospheric conditions. These hydrothermally modified substrates
are referred to as HT-TNTs-3D-Ti throughout the text. All prepared
substrates were placed in Milli-Q water for 2 weeks prior to cell and
bacteria studies to ensure the complete removal of any chemicals that
could be adsorbed during their fabrication.

2.3. Gallium Nitrate Loading on 3D-Printed Implants with
Nanopillar Structures (Chemical Antibacterial Protection). To
achieve the chemical antibacterial protection, HT-TNTs-3D-Ti, with
nanopillar structures, were loaded by antibacterial agent Ga®* by
placing 10 L of gallium nitrate solution {10 mg/mL) on the implant
surfaces. The substrates were dried under vacuum for 1 h at room
temperature to eliminate air gaps between the surface nanopillars and
maximize loading. The previous step was repeated 25 times; thus,

each substrate will be loaded with ~2500 yg of gallium nitrate

(equivalent to ~683 jeg of Ga®). These final fabricated models of
drug-releasing substrates were referred to as Ga-HT-TNTs-3D-Ti.

2.4. surface Characterization. High-resolution images of
fabricated substrates in all steps were obtained using focused ion
beam (FIB)-scanning electron microscopy {SEM) (FEl Helios
Nanolab 600 Dual Beam, Thermo Fisher Scientific, Australia)
operated at 10 kV. The samples were coated with platinum (3 nm)
prior to imaging with SEM. The microsphere’s average diameter and
interdistances were measured from SEM images using Image] {public
domain program developed at the RSB of the NIH). The surface
chemical analysis was performed using energy-dispersive X-ray
spectroscopy (EDX, Oxford Ultim Max Large Area SDD EDS
detector, Oxford Instruments). X-ray diffraction spectra (XRD,
Rigaku MiniFlex 600, Japan, with a tube voltage value of 40 kV and
a tube current value of 15 mA) was obtained to show crystallinity of
the surface micro—nanostructures. XRD spectra were obtained under
ambient conditions at scanning rate of 10°/min using Cug, radiation
for the range of 30—80° Surface roughness was measured by
noncontact laser profilometry (Contour GT-K, Bruker) and the
roughness average (R, — arithmetic mean of the absolute values of all
points of the profile) was recorded. The surface water contact angle
(WCA) was recorded using the sessile drop method at room
temperature with a tension theta optical tensiometer (KSV instru-
ments, Finland) equipped with an automated stage, droplet dispenser
and a digital camera. Milli-Q water (resistivity 18.2 Q) with a drop
size of 2 yl was used. Three different spots for three different
substrates were tested. The images were analyzed using OneAttension
software (Ver 3.2, Biolin Scientific).

2.5. In Vitro Ga* Release Study and Kinetics. Drug-loaded
substrates (Ga-HT-TNTs-3D-Ti) were immersed in 4 ml of PBS
(pH 74) at 37 °C for 5 days. At a predetermined time, 400 uL of
release solution was removed and replaced with fresh PBS to maintain
sink conditions.>*

All collected release samples were stored at 4 °C till analysis.
Inductively coupled plasma mass spectrometry {{CP-MS Triple Quad,
Agilent 8900) was used for quantitative analysis of released gallium
ions. Calibration curve was obtained using ICP standard solution for
gallium with different concentrations. All samples were diluted 100
times with 2% HNO; and then filtered with a 0.22 Millipore filter
prior to analysis. Blank samples were prepared by placing HT-TNTs-
3D-Ti substrates (ie., drug fee) in PBS under the same conditions. All
of the aforementioned experiments were repeated in triplicate, and the
data were statistically treated.

2.6. Antibacterial Assays. 2.6.1. Bacterial Strains and Growth
Conditions. P. aeruginosa ATCC 9721 and . aureus CIP 65.87 were
obtained from American Type Culture Collection and Pasteur
Institute France, respectively. Frozen stocks were refreshed on
nutrient agar at 37 °C for 24 h. Prior to experiments, bacteria were
freshly subcultured on nutrient agar (Oxoid) for 24 h at 37 °C.

2.6.2. Antibacterial Activity of Ga’*-Loaded Impiant Models. To
evaluate the antibacterial activity of Ga-HT-TNTs-3D-Ti, the samples
were challenged against S. aurews and P. aeruginosa bacteria. First, the
samples were sterilized under UV irradiation for 30 min before testing
and placed in a 24-well plate. A single colony of bacteria was re-
suspended in broth medium to reach 0.5 MacFarland Unit {~L15 X
10° colony forming units {CFU)/mL). The suspension of §. aureus
and P. aeruginosa was subsequently diluted 1:100 in TSB and NA,
respectively to obtain a final bacterial concentration of ~1.§ X 10°
CFU/mL. Next, 20 4L of bacterial suspension was added on the
sample’s surface to cover the whole surface. The samples were then
incubated at 37 °C for 5 h. After that, 980 uL of sterilized saline was
added onto the sample’s surface and shaken together for 1 min to
resuspend the viable bacteria remaining on the surface.*® Following
this, 10-fold serial dilution of collected bacterial suspension was plated
onto agar plates (TSA for S. aureus and Cetrimide agar for P.
aeruginosa) and then incubated for 24 h at 37 °C. Afterward, the CFU
were counted on each plate. Drug-free samples (HT-TNTs-3D-Ti)
were also tested in the same way, while empty plastic wells were used
as controls taken as 100% viability. The % bacterial cells viability was
caleulated based on eq 1
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3D-Ti

Figure 2. SEM images showing (a—c) the top surface of micro-smooth 3D-Ti, (d—f) HT-TNTs-3D-Ti with nanopillar structures generated after
electrochemical anodization and hydrothermal processing of 3D-Ti, and (g—i} Ga-HT-TNTs-3D-Ti with gallium nitrate layer covering the surface.
Images confirm the microstructure stability after both electrochemical anodization and hydrothermal etching (HT: hydrothermally treated, TNT:

titania nanotubes, Ga: gallium).

% bacterial cell viability = gFis
c

X 100

(1)

where CFUs is the average number of CFU recorded for each sample
and CFUc is the average CFU for plastic

2.6.3. Antibacterial Activity of the Release Solution. At the end of
the drug release experiment (i.e, 5 days), the release solutions were
collected to evaluate the antibacterial activity of the gallium ions
released from the substrates. The sample solution (0.5 mL) was mixed
with 0.5 mL of bacterial suspension {10* CFU/mL) and left in an
incubator for S h. Then, 200 L of each sample was transferred to a
96-well plate and the optical density (OD) of the bacterial suspension
was measured at 595 nm using a FLUOstar OPTIMA plate reader
(BMG Labtech, Ortenberg, Germany). Each e@erimem was repeated
in triplicate, followed by statistical analysis.‘;ﬁ"

2.6.4. Antibacterial Activity of Surface Nanopillars. Bacterial
suspensions of P. aeruginosa and S. aureus cells (adjusted to an ODgg,
0.1 in nutrient broth (Oxoid)), were made up from freshly
subcultured colonies on nutrient agar plates. The samples were
incubated in 1 mL (sufficient to submerge the samples} of bacterial
suspension in sterile 12-well plates for 18 h at 27 °C in dark and static
conditions. The samples were then washed gently with distilled water,
stained with LIVE/DEAD BacLight (Invitrogen), and imaged using
confocal laser scanning microscopy. Counts of live and dead cells
were quantified using Matlab software, CellC. Images were analyzed
using ICY (Institut Pasteur, France) ver. 2.0.3.0.

2.6.5. Scanning Electron Microscopy (SEM) Imaging. The
morphology of bacterial cells attached on different samples was
assessed using SEM. The samples were gently rinsed with Milli-Q_
H,O after incubation with bacteria, fixed with 2.5% v/v
glutaraldehyde (Sigma), and were then rinsed two times with Milli-
Q water. The samples were then dehydrated with ethanol at different
concentrations (30, 50, 70, 90, and 100% v/v) for 10 min each and an
additional 10 min in 100 v/v% ethanol. Afterward, the samples were
immersed in hexamethyldisilazane (HMDS) (Sigma) for 10 min. The
samples were left to air-dry and then sputter-coated with gold for
imaging. High-resolution images were recorded using the SEM
capabilities of a Raith150 Two direct-write ultrahigh-resolution
electron beam lithography tool (Raith, GmBH) under high vacuum
at an accelerating voltage of 3 kV.

2.7. Hydroxyapatite-like Mineral Formation in SBF. Simu-
lated body fluid (SBE) was prepared by dissolving KCl, NaCl,
N2HCO,, K,HPO,-3H,0, MgCl,-6H,0, CaCl,, and Na,SO, (Chem-
Supply, Australia) in Milli-Q water with Tris-hydroxymethyl amino-
methane (Tris) at 36.5 °C. pH was then adjusted to 7.4 using 1 M
HCL. SBF ion concentrations (in mM) were as follows: N': 142, K':
5, Mgt 1.5, Ca'% 2.5, CI7: 147.8, HCO;5 : 4.2, HPO2: 1, SO
0.5. Gallium nitrate-loaded substrates were placed in a 12-well plate
while immersed in 3 mL of SBF for 28 days at 37 °C.** After that, the
samples were removed from the solution, gently rinsed with Milli-Q_
water, and allowed to dry at room temperature. Surface microanalysis
was then performed by SEM/EDX imaging.

2.8, Cell Culture, Human osteosarcoma (osteoblast-like) MG-63
cells were obtained from Sigma-Aldrich. The cells were cultured in 75
cm® cell culture (T75) flasks with Dulbecco’s modified Eagle’s
medium with GlutaMAX (Life Technologies, Inc.), supplemented
with 10% fetal bovine serum, 1% penicillin—streptomycin (Sigma) at
37 °C in a humidified atmosphere with 5% CO,. The cells were
passaged for subculture when the cell density achieved 90%
confluency. Prior to cell seeding, Ti samples and glass slides as
positive control groups were sterilized with 70% (v/v) ethanol for 10
min and washed twice with sterile PBS. MG-63 cells were
subsequently seeded on the samples at a density of 2 X 10* cells/
cm? The cell density was calculated using a hemocytometer (Cells).
The cells were incubated with Ga®* free samples at 37 °C in a
humidified atmosphere with 5% CO,.

2.8.1. Cell Proliferation by MTS Assay. After 1, 4, and 7 days of
incubation, the samples (Ga'® free) were gently washed twice with
PBS to remove any unattached cells. The samples were then placed in
a new well plate and immersed in DMEM with 20% (v/v) of the MTS
reagent (Promega, WI) at 37 °C in a humidified atmosphere with 5%
CO, for 1.5 h. During incubation, viable cells reduce tetrazolium salt
into a colored formazan dye. This reaction is mediated by NAD(P)H-
dependent dehydrogenase enzymes in the mitochondrial respiratory
chain. The supernatant from each sample was then transferred to a
new well plate (Sigma) and the absorbance was measured at 500 nm
using a POLARstar Omega microplate reader (BMG Labtech,
Ortenberg, Germany).

2.8.2. Cytotoxicity Assay. Using a CytoTox 96 Non-Radioactive
Cytotoxicity Assay (Promega), the amount of extracellular lactate
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Figure 3. Chemical characterization and surface properties of 3D-Ti, HT-TNTs-3D-Ti, and Ga-HT-TNTs-3D-Ti showing {(a—c} EDX spectra
showing surface chemical composition; (d—f) XRD patterns with peaks corresponding to Ti, anatase TiO,, Na,Ti3O and Ga nitrate; and (g—i)
wetting properties of these surfaces by water contact angle (WCA) (HT: hydrothermally treated, TNT: titania nanotubes, Ga: gallium).

dehydrogenase (LDH) released from the cells incubated on the 3D-
Ti, HT-TNTs-3D-Ti, and contrel surfaces was measured using UV/
VIS spectrophotometry. After 1, 4, and 7 days of incubation, S0 uL
aliquots from the supernatant of each sample were transferred into a
new well plate followed by 50 pL of CytoTox 96 reagent. The plate
was then incubated for 30 min at room temperature and the
absorbance was measured at 490 nm.

2.8.3. Dead/Live Cell Stain. Ti substrates were washed twice using
PBS after incubation with MG-63 cells for 1, 4, and 7 days. Calcein
AM (2 pM) and ethidium homodimer-1 (4 uM) (Life 'T'echnologies,
Inc.) were mixed in PBS to create the staining solution. The samples
were covered with the dye solution for 30 min in the dark at RT. The
samples were subsequently rinsed and immersed in PBS and then
imaged via confocal microscopy (Olympus FluoView FV3000).
Counts of live and dead cells were quantified using Matlab software,
CellC.

2.8.4. Immunocytochemistry and Cytoskeleton Staining. On the
4th day of incubation, the samples with attached cells were rinsed
twice with PBS and then fixed with 4% paraformaldehyde for 15 min.
For permeabilization, the cells were covered in 0.2% Triton X-100 for
15 min. Next, the samples were blocked in 1% bovine serum albumin
(BSA) for 30 min. Afterward, the samples were incubated at room
temperature for 1 h with primary antibody, anti-Vinculin (mouse)
(Sigma-Aldrich) and secondary antibody, anti-Mouse IgG in goat
sernm (Life Technologies, Inc.) at RT for 1 h. Subsequently, actin
filaments were stained with phalloidin (Invitrogen) for 20 min
followed by cell nuclei staining by TO-PRO-3 Iodide (Invitrogen) for
30 min. The cells were imaged using confocal laser scanning
microscopy. Results of at least 10 fields of view per sample were
analyzed with Image].

For SEM imaging, Ti surfaces incubated with cells for 1, 4, and 7
days were gently rinsed and processed for imaging as described above
in Section 2.6.5.

2.9, Statistical Analysis. All of the results presented in this study
are statistically treated and expressed as mean + standard deviation
{SD) of at least three independent experiments. One-way and two-
way ANOVA were used to analyze the data. The level of significance
was set to p < 0L0S for all of the comparisons.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterization of the Fab-
ricated Implant Models. The morphology and structural
details of the fabricated implant medels, 3D-Ti, HT-TNTs-3D-
Ti, and Ga-HT-TNTs-3D-Ti, were analyzed by scanning
electron microscopy (SEM) and are presented in Figures 2 and
S1. The typical microstructured surface of the 3D-Ti substrates
is covered with randomly arranged microspheres with
diameters ranging from 5 to 30 pm (Figure 2ab). The
microsphere size distribution on the surface was measured and
is represented in Figure S1c. Variable interspace distances were
formed between the randomly dispersed microspheres on the
surface ranging from <1 to ~50 gm (Figure $2). During the
SLM process, the laser beam melts successive [ayers of Ti alloy
powders (microparticles) to generate a composite structure
consisting of templates with microparticles attached on the top
surface. The cross section in Figure S§3 shows the
interconnected layers of the microparticles, which were
successively melted during SLM. High-resolution SEM images
(Figure 2b,eh) confirm the firm anchoring of these micro-
particles to the surface. In addition, all samples were used after
extensive sonication in acetone to remove any loosely attached
particles from the surface. The average roughness value (R,)
was 17 + 3 pm, as shown in Figure 54, and other surface
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Figure 4. In vitro drug release profiles of Ga* from Ga-HT-TNTs-3D-Ti showing % cumulative Ga** released and release rate for (a) $ days and
(b) 6 h (burst release) presenting a magnified view of the yellow rectangle shown in (a). SEM images showing the surface of Ga-HT-TNTs-3D-Ti,
(c) after 3 days and (d) after S days of drug release experiment. Gallium nitrate dissolves gradually with the surface significantly exposed after 3
days while almost all gallium nitrate is dissolved within § days. Red arrows indicate gallium nitrate crystals remaining on the surface. (e) SEM image
showing hydroxyapatite-like deposition on the surface of Ga-H'T-TNTs-3D-Ti. (f) EDX analysis of Ga-HT-I'N'I's-3D-Ti showing peaks of Ca and

P after HAP deposition.

roughness parameters can be found in the Supporting
Information. Apart from the microparticles, the peaks and
valley structures of the surface appeared smooth, exhibiting no
nanostructures.

The surface topography of HT-TNTs-3D-Ti with nanopillar
structures fabricated using successive modification steps (i.e.,
electrochemical anodization and hydrothermal etching) are
shown in Figures 2d—f and S5. SEM images show nanopillars

with an average length of S50 + SO nm and an average
interspace distance of 130 + 50 nm. First, electrochemical
anodization was used to generate a titanium oxide (TiO,) layer
in the form of TNTs on the microparticles’ surface (Figure
$3d—f), followed by hydrothermal processing with NaOH at
160 °C for 4 h. During the HT process, the TNT structures act
as a template to promote the nucleation of nanopillar features.
The Ti*' ions, generated from the dissolution of the TiO, layer

https://doi.org/10.1021/acsbiomaterials.1c01030
ACS Biomater. Sci. Eng. XXXX, XXX, XXX—XXX

126



Chapter 6

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

W S. aureus

]

O P. aeruginosa
52 100+
2
E
3
>
£ 501
2
3 No bacteria
o present
} Plastic  HT (drug free) Ga:HT
Samples
Cc
k) ke
* =1 3D-Ti
<204 .
E == HT-TNTs-3D-Ti
B
= 15
3
]
© 101
Q
°
o
E-
<
T 0 /
o S. aureus P. aeruginosa
z

Bacteria strain

3D-Ti

HT-TNTs-3D-Ti

1]

S. aureus

—_ b [0 PBS
E B Ga-HT
c HkEE ok koK

w

3 1004

[7}]

1]

o

£

°

_g 50+

©

E

=

]

c

o

o] |

S. aureus P. aeruginosa
Bacteria strain
d *kk
1004
50+

Non-Viable Bacteria %

Y
S. aureus P. aeruginosa

Bacteria strain

f 3D-Ti

HT-TNTs-3D-Ti

P. aeruginosa

Figure 5. Antibacterial study results showing {a) absence of any viable bacteria in the case of Ga™-loaded samples compared to Ga*-free samples;
(b) significant antibacterial activity of Ga®" after in vitro release for § days against both bacterial strains; {c) attachment of bacterial cells on Ga3™-

free surfaces with a significant reduction of S. aureus and P. aeruginosa attachment on HT-TN'T

s-3D-Ti and compared to 3D-Ti; {d) significant

antibacterial activity of HT-TNTs-3D-Ti against both bacterial strains; and (e, ) representative CLSM micrographs of S. aureus and P. aeruginosa
bacterial growth (top row), 3D reconstructions of the CLSM z-series (bottom row). Scale bars = 10 ym. Values are expressed as mean + SD for at
least three replicates. Statistically significant differences are labeled as *p < 0.05; **p < 0.01; *#¥p < 0.001, ****p < 0.0001 (HT: hydrothermally

treated, TN'T": titania nanotubes).

(TNTs) by NaOH, recrystallize under the effect of high
temperature and pressure forming sodium titanate (Na,Tiy05)
crystals on the underlying surface that continue to grow into
nanopillars.**** Figure 2g—i shows the surface topography of
Ga-HT-TNTs-3D-Ti, created after deposition of gallium
nitrate on the surface of HT-TNTs-3D-Ti. As observed from
these images, the Ga nitrate layer completely covered the
surface nanostructures, confirming the successtul loading of the
antibacterial agent.

The physical and chemical properties of 3D-Ti, HT-TNTs-
3D-Ti, and Ga-HT-TNTs-3D-Ti were characterized using
EDX, XRD, and WCA measurements. EDX spectra of all

samples displayed the typical peaks of Ti, Al, and V, as shown
in Figure 3a—c. In addition, a Na peak could be detected
cotresponding to sodium titanate (Na,Ti;0,) formation in the
case of HT-TNTs-3D-Ti (Figure 3b). After Ga nitrate loading,
a prominent Ga peak was also observed, confirming successful
loading (Figure 3c).

The crystal structure of the Ti samples was assessed by XRD
and through the analysis of the distinct diffraction peaks shown
in Figure 3d—f All samples showed Ti peaks (JCPDS 44-
1294), while anatase TiO, peaks (JCPDS 21-1272) and
Na,Ti;0; (JCPDS 31-1329) peaks were evident after hydro-
thermal processing (Figure 3e). In addition, a peak
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corresponding to gallium nitrate appeared in Ga-HT-TNTs-
3D-Ti confirming the deposition of gallium on surface peaks
(JCPDS 06-0180} (Figure 3£).

The wettability of the surface is a critical feature influencing
the interaction between cells or bacteria and the implant
surface. Previous studies showed that hydrophilicity causes a
significant reduction in bacterial cell attachment to the surface
of implants due to inhibition of hydrophobic interactions,
promoting the repulsion between the surface and bactetia,***
In addition, combining nanostructures with hydrophilicity can
enhance protein adsorption and improve osseointegration.4l
We measured the WCA of the samples as demonstrated in
Figure 3g—i. 3D-Ti possessed a hydrophobic surface with a
WCA of 133 + 1°. On the contrary, the water droplets spread
rapidly (WCA of <5—10°) over the surface of HT-TNTs-3D-
Ti and Ga-HT-TNTs-3D-Ti samples, indicating superhydro-
philic surfaces. The high surface wettability could be attributed
to the presence of an oxide layer on the surface. In addition,
the presence of micro/nano-rough structures on the surface
also increases the wetting properties of hydrophilic surfaces.”

3.2. In Vitro Release of Antibacterial Agents (Ga®*
lons). An in vitro release study of gallium ions from the Ga-
HT-TNTs-3D-Ti model implants was performed in PBS at 37
°C for § days; results are shown in Figure 4. The drug release
exhibits a typical two-phase release pattern; with burst release
for the first few hours followed by slower release with zeroth-
order kinetics over the study period (5 days). Burst release was
attributed to the dissolution of the gallium nitrate layer
covering the surface while the slower release occurred because
of the dissolution and release of gallium nitrate entrapped
within the voids between the nanopillars. The burst release
with a high rate of Ga®' release {average ~50 ug/h) is expected
to be beneficial for eradicating any bacterial cells that might be
present in the vicinity of the implant within the first few hours
post implantation, especially those arising from the operating
theater environment, surgical equipment, clothing of medical
and paramedical staff, resident bacteria on the patient’s skin.*
After that, a slow release with a lower rate {~2 pg/h) over a
relatively longer period will provide ongoing critical anti-
bacterial protection in the early stages after surgery when the
majority of infections usually happen. Based on the release
rate, it is expected that the gallium nitrate layer will be
completely dissolved within 10 days. These observed release
characteristics can be described as highly favorable for real
application after insertion of implants which is currently
performed by high dosages of systemic therapy using
conventional antibiotics that is well known to have many
adverse side effects."’

To further explore how the gallium nitrate layer will act
under physiological conditions, Ga-HT-TNTs-3D-Ti samples
were collected at different time points (3 and 5 days) of the
release and were analyzed using SEM. After 3 days, SEM
images showed significant removal of the gallium nitrate layer
and the exposure of the surface nanostructures, as shown in
Figure 4¢,d. It is worth mentioning that the thickness of the
gallium layer can be controlled by changing the number of
loading cycles. This allows control of the localized dosage of
the antimicrobial agent over time to meet the required
therapeutic window after implant insertion and post-surgical
recovery which are both high risk for bacterial infection. At the
end of the release experiment (e.g., 5 days), complete removal
of the gallium nitrate layer occurred exposing the surface
nanopillars as shown in Figure 4d, which would allow the

healthy bone cells to attach and interact with the implant
surface without interference from the deposited gallium layer.
As seen in Figure 4d, only a few crystals are remaining on the
surface that are expected to be totally removed later leaving a
clean surface after ~10 days. Thus, the addition of a Ga**
releasing surface is expected to provide enough local
concentration of Ga®* ions to successfully destroy bacteria by
interfering with bacterial metabolism. It is worth mentioning
that Ga®" ions were previously confirmed to be nontoxic for
other cells and will not make any structural interruption to the
implant surface for cell attachment and integration, thus, this
was not further studied in this work."

3.3. Characterization of In Vitro HAP Depositions.
Many studies have confirmed the in vitro HAP deposition on
the surface of Ti implant materials to lead to a successful in
vive implant-bone cell attachment. ™" Here, we tested the
ability of gallium nitrate-loaded implant models to support in
vitro deposition of hydroxyapatite-like minerals {(HAP) from
SBF for 28 days. SEM images show deposition of HAP for Ga-
HT-TNTs-3D-Ti {Figure 4e}. EDX analysis of the surface also
showed peaks of calcium and phosphorus, as shown in Figure
4f, confirming the formation of HAP.*

3.4. Antibacterial Activity of Ga’*-Loaded Implant
Models (Ga-HT-TNTs-3D-Ti). The antibacterial efficacy of
Ga-HT-TNTs-3D-Ti surfaces toward §. aureus and P.
aeruginosa was evaluated using the plate count enumeration
method after a § h incubation. The bactericidal activity of Ti
surfaces with and without gallium nitrate loading is shown in
Figure 5a. Ga-HT-TNTs-3D-Ti showed 100% eradication of
bacteria compared to plastic and samples without Ga**. These
results indicate that the release of Ga’* could significantly
eliminate all viable bacterial cells surrounding the surface.

The antibacterial efficacy of Ga3* released into PBS was then
assessed. Buffer containing dissolved Ga® was collected after 5
days and then incubated with bacterial suspensions. A
significant reduction (p < 0.0001) in both strains of bacteria
was observed, as shown in Figure 5b, indicating that Ga®* is
effective even after 5 days. Thus, the data presented provide
evidence that Ga®" release over the study period could
successfully secure suflicient antibacterial protection. It is
also worth noting that the release can be modified or triggered
as we showed previously.

3.5. Influence of Micro/Nanosurface Topographies
on Antibacterial Activity. The nanopillar structures on HT-
TNTs-3D-Ti were expected to possess antibacterial properties
based on their ability to kill bacteria by a mechanical mode of
1213 Increasing evidence indicates that the processes of
osseointegration and bacterial infection are related.”” The
concept of “the race to the surface” explains the competition
between the bacteria, trying to attach on the surface to develop
a biofilm, and human cells, endeavoring to interact and adhere
to the implant.” As we explained earlier, the rationale of our
approach is to use this mechanical mode of action to provide
sustained antibacterial activity that will prevent bacterial
colonization and biofilm formation during the life of the
implant in the body. To assess the antibacterial efficacy of the
surface nanopillars, Ga**-free Ti surfaces were selected to avoid
any interference from Ga®*, HT-TNTs-3D-Ti were incubated
with bacteria for 18 h, followed by evaluation of bacterial
attachment and antibacterial activity.

The quantification of bacterial cell viability and attachment,
as calculated from confocal laser scanning microscopy
(CLSM), is shown in Figure 5¢—f HT-TNTs-3D-Ti

action.
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Figure 6. SEM images showing the morphology of S. aureus (a—f) and P. geruginosa (g—1) on different Ti surfaces. Bacterial cells appear healthy on
3D-Ti, in contrast to HT-TNTs-3D-Ti in which bacterial cells appear deformed as marked by red circles. Red arrows in {b) indicate extracellular
polymeric substances (EPS), while the inset represents a higher magnification of . aureus showing EPS on 3D-Ti (HT: hydrothermally treated}.

demonstrated a significantly reduced level of S. aureus
attachment of 35.9 X 10° + 29.4 X 10° cells/mm* compared
to 3D-Ti control surfaces with 164.6 x 10° + 51.8 x 10°
attached cells/mm*. SEM micrographs also revealed the
presence of extracellular polymeric substance (EPS) produc-
tion (Figure 6b) as an indication of biofilm formation, which is
contrary to observations for HT-TNTs-3D-Ti. Bacterial
biofilm is a structured accumulation of bacterial cells
encapsulated in a self-produced extracellular polymeric
substance that protects the bacteria from the host’s immune
system and can inhibit the efficacy of antibiotics. Once a
biofilm is established on an implant surface, it can be very
difficult to eradicate and could eventually result in chronic
inflammation and implant failure.® As a result, it is essential
for the surface to prevent bacterial attachment or kill any
attached bacteria before a biofilm is formed.**

In the case of P. aeruginosa, 3D-Ti and HT-TNTs-3D-Ti
displayed comparable levels of bacterial attachment with 58.2
X 10° + 167 X 10° and 49.7 X 10° + 21.7 X 10° cells/mm?,
respectively (Figure Sc).

The ability of the surface topography to mechanically
inactivate bacteria significantly varied with different surface
topography. The presence of nanopillars on the surface of HT-
TNTs-3D-Ti significantly reduced S. aureus and P. aeruginosa
viability compared to smooth 3D-Ti, as shown in Figure 5d.
The SEM images in Figure 6 show the tendency for bacteria to
settle in the crevices formed between the Ti microspheres.
Moreover, the SEM images conflirmed the nanostructure-
induced membrane damage inflicted on attached P. aeruginosa
bacterial cells, as seen in Figure 6l. Overall, it can be concluded
that HT-TNTs-3D-Ti could significantly reduce the occur-
rence of bacterial attachment and eradicate those bacterial cells
that do attach on implants surface compared to 3D-Ti.

3.6. Influence of Micro/Nanosurface Topography on
MG-63 Viability, Proliferation, and Morphology. Since
the surface is the first site of interaction with living tissues,
many stadies have shown that topography can strongly
influence cell adhesion, proliferation, and differentiation."”*"
However, the influence of the specific dimensions and
geometry of surface topography (e.g, micro- or nanosurface)
on bone tissue formation remains inconclusive due to the lack
of uniformity of fabrication that results in widely variable
surface structures, making it difficult to compare the cell
response to different topographies.”' ~**

The effect of the surface topography of HT-TNTs-3D-Ti
substrata on eukaryotic cell response was tested using human
MG@G-63 osteoblast-like cells. Since we had previously confirmed
that the gallium nitrate [ayer would completely dissolve under
physiological conditions, Ga®' free surfaces (HT-TNTs-3D-
Ti) were used to evaluate the viability and proliferation of cells
at 1, 4, and 7 days of culture, as shown in Figure 7a. On day 1,
no significant difference in cell viability was observed between
HT-TNTs-3D-Ti, 3D-Ti, and the glass control. On day 4, the
cell viability on 3D-Ti was signiﬁcantly higher than HT-TNTs-
3D-Ti. Cell viability on HT-TNTs-3D-Ti increased signifi-
cantly from day 1 to day 4 (p < 0.001) and was further
increased on day 7, where no significant difference was
observed on day 7 compared to 3D-Ti and glass coverslips
(used as a positive control for cellular attachment and
proliferation).

LDH activity in culture media (DMEM) was also measured
as an indication of cell membrane integrity. Figure 7b shows no
significant difference between all tested samples on day 1.
Notably, the amount of LDH released on days 4 and 7 in the
case of HT-TNTs-3D-Ti was less than that released on day 1,

hitps://doi.org/10.1021 facsbiomaterials.1c01030
ACS Biomater, Sci. Eng. XXXX, XXX, XXX—XXX

129



Chapter 6

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

bz
a H
0.8 *k 'E 0.020 oKk *
‘ H
0
0.6 § 0.015
s £
£ 04 g 0.010
< 8
S 0.005
0.2 E
| I 2
0.0 T T = 0.000
Day 1 Day 4 Day 7 &Q Day 1 Day 4 Day 7
c 3D-Ti HT-TNTs-3D-Ti = 3D-Ti
== HT-TNTs-3D-Ti
3 Glass

Day 1

Day 4 " +

e
. -

Cells viability %

Day 1 Day 4 Day 7

n*
100
50

d 3D-Ti

HT-TNTs-3D-Ti

ok ok
m
5 1000
2z
3
<
2z
2 500
s
(=]
2
K
o

el Pl |

Day 1 Day 4 Day 7

Figure 7. Viability and attachment density of osteoblast-like MG-63 cells after 1, 4, and 7 days incubation on HT-T'N'Ts-3D-Ti, 3D-Ti, and glass.
(a) MTS assay showing viability on days 1, 4, and 7; (b) LDH release from MG-63 cells after 1, 4, and 7 days of growth; and (c) representative
images of live/dead staining of MG-63 (live cells, red; dead cells, green). Scale bar = 200 ym. (d) Representative confocal fluorescence images
showing MG-63 cell morphology and focal adhesion points after 4 days incubation. Phalloidin-labeled F-actin (green), Alexa Fluor $94-labeled
vinculin staining for the observation of focal adhesions (red) and TO-PRO-3 nuclear stain {blue) are shown. Scale bars are 20 ym. (e) Cell viability
(quantified by calculating live and dead cell numbers from the confocal images, cell viability (%) = number of live cells/number of total cells x
100% (eq 2}), and (f) cell density. Values are expressed as mean + SD for at least three replicates. Statistically significant differences are labeled as
#p < 0.05; #¥p < 0.01; #*%p < 0.001; and ***¥p < 0.0001 (HT: hydrothermally treated, TNT: titania nanotubes).

which agrees with MTS assay results in which cell viability was
higher on these days compared to day 1.

The cell viability and density were confirmed by live/dead
fluorescent staining (Figure 7¢). The quantified results of MG-
63 cell viability and total cell density are shown in Figure 7e,f.
After day 1, the cell viability percentage (measured as the ratio
between the number of viable cells to the total number of cells)
on 3D-Ti was ca. 25—30% greater than on HT-TNTs-3D-Ti
with no difference observed between all samples on day 4.

Concerning the cell density (number/cm?), Figure 7f shows
a similar trend to the viability data for all surfaces on day 1.
Compared to day 1, the cell density increased on day 4
approximately 2 and 3 times for 3D-Ti and HT-TNTs-3D-Ti,
respectively. By day 7, the density of cells on 3D-Ti increased
significantly but remained constant on HT-TNTs-3D-Ti. The
higher cell density on 3D-Ti could be explained by an increase
in the number of attached cells owing to the formation of more

focal adhesion sites. The quantification of focal adhesion sites
via fluorescent labeling of vinculin (Figure 7d) showed MG-63
cells with a higher number of focal adhesions on 3D-Ti
compared to HT-TNTs-3D-Ti. On average, the cells exhibited
31 + 12 and 9 + 3 focal adhesion points per cell on 3D-Ti and
HT-TNTs-3D-Ti, respectively. The reduction in the number
of focal adhesion sites on HT-TNTs-3D-Ti can be explained
by the influence of nanotopography on integrin expression.
Studies havc shown that nano-rough surfaces reduce integrin
expression.”’ Transmembrane integrins act as a bridge binding
extracellular matrix proteins and linker proteins of focal
adhesions such as vinculin within the cell membrane. In
addition, a reduced number of focal adhesions could result
from fewer anchoring sites due to spaces between the
nanopillars.'™**  Although previous data confirmed the
influence of surface topagraphy on cellular response,”*” it is
difficult to obtain a distinctive comparison between results
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from other studies owing to variations of cell lines, surface
teatures, and chemistry between different studies. In our case,
we suggest that MG-63 cells are still in the proliferative phase
(increasing in number) on 3D-Ti during the period of study
(ie, 7 days), whereas they started to differentiate (not
increasing in number) into a more mature state on the HT-
TNTs-3D-Ti surface by day 758 This explains the signilicantly
higher density of cells on 3D-Ti compared to HT-TNTs-3D-Ti
after 7 days, which confirms that surface topography can
significantly control cellular behavior. These results agree with
previous data showing that MG-63 cells on micro/nano-rough
surfaces exhibit decreased proliferation, increased differ-
entiation with higher levels of late differentiation markers
(osteoprotegerin, vascular endothelial growth factor, and
osteocalcin), compared to microstructured surfaces.”*>
Next, high-resolution SEM imaging was utilized to visually
identify the influence of topographical features of various
surface structures indicative of cell morphology and prolifer-
ation and to investigate the change of cell morphology over
time, as shown in Figure 8. After 24 h incubation, the cells on

3D-Ti

HT-TNTs-3D-Ti

Figure 8. Morphology of MG-63 cells grown on 3D-Ti and HT-
TNTs-3D-Ti. High-resolution SEM images showing the attachment
and spreading of MG-63 osteoblast-like cells {indicated by the red
arrows) at 1, 4, and 7 days of incubation. Scale bars = 10 ym (HT:
hydrothermally treated).

HT-TNTs-3D-Ti were found to exhibit a more spread
morphology compared to cells on 3D-Ti (Figure 8b). After 4
days of cultivation, cells mainly showing a polygonal shape
were observed on 3D-Ti (Figure 8c). The cells were observed
to interact primarily around the spherical islands. The cells on
HT-TNTs-3D-Ti exhibited an elongated morphology, attach-
ing on multiple spheres simultancously with their extended
cytoplasmic processes and filopodia. This confirms the firm
anchoring of the cells with the surface features together with
the appearance of cytoskeletal stress fibers (actin filaments),
which could eventually be translated into elfective osseointe-
gra’tion,ﬁn On day 7 (Figure 8¢,f), highly spread cells with
numerous filopodia were observed on the 3D-Ti samples while,
in the case of HT-TNTs-3D-Ti, the cells mainly presented
with an elongated bipolar morphology; cell length did not

further extend compared with the cell shape analyzed at the
previous time points.

The presence of randomly arranged microspheres on the
surface, with variable interspace, enabled us to observe the
effect of surface interspaces on cell spreading to estimate the
suitable dimensions to enhance attachment and spreading, We
observed the spreading patterns of the cell and correlated them
to microsphere interspaces. The whole body of the cell was
able to attach between spheres with interspace dimensions
ranging from 12—35 gm as seen in Figures 8a—f and S2. In the
case of microspheres with an interspace distance of less than 12
pm, the cells spread on top of the microspheres (Figure S2e).
On the other hand, if the distance was quite large, the cells
usually spread on the flat surface while extending their
filopodia until reaching the nearest microsphere, as seen in
Figure S2f. [t was also noticed that the microspheres can act as
bridges to allow cell extension, as seen in Figures 8b and S2c,
thus providing more anchorage points to the surface.

Based on these results, we can conclude that both the micro-
and nanosurface features are critical for cell attachment and
proliferation. For example, microspheres with optimum
interspaces were able to provide more attachment for cells.
Both 3D-Ti and HT-TNTs-3D-Ti surfaces could support cell
growth and provide long-term attachment required for
permanent implants (e.g, dental implants, hip and bone
replacements). It has previously been demonstrated that
surfaces with microtopography have 'imfroved bone fixation
and greater pull-out strength in vivo.”** Additionally, recent
findings show that cells (e.g., osteoblasts) respond to surface
nanoscale features that mimic the hierarchical bone micro-
environment to promote bone cell activity and consequently
strengthen cell attachment. Moreover, surface nanotopography
showed excellent biocompatibility through enhancing protein
adsorption, bone apatite formation, and providing sufficient
space for cell anchoring and proliferation.””

Thus, we hypothesize that the formation of hierarchical
surface topography exhibiting both micro- and nanoscale
roughness could enable regulation of cell growth and
development, leading to improved osseointegration, while
simultaneously exhibiting antibacterial activity. Despite the
ability of 3D-Ti to support cell growth, higher bacterial
attachment of both tested pathogens and the ability of S. aureus
to form a biofilm make 3D-Ti a less appealing choice for
implants as schematically represented in Figure S6. By contrast,
HT-TNTs-3D-Ti demonstrated good mammalian cell support
and bactericidal and antibiofouling activity.

4, CONCLUSIONS

In summary, we present a fabrication concept for the next
generation of a unique surface of micro-rough implants where
TNTs were used as the template to generate specific and novel
2D sharp nanopillar structures through combining additive
manufacturing (i, selective laser melting) approach with
scalable and low-cost surface modification techniques; electro-
chemical anodization and hydrothermal processing. The
fabrication of hierarchical micro- to nanotopography 3D-
printed Ti implants (HT-TNTs-3D-Ti) was demonstrated to
achieve combined antibacterial protection based on the
mechano-bactericidal action of sharp nanostructures and
localized release of Ga*'. Short-term antibacterial protection
was provided by loading of antibacterial agent Ga®", which was
shown to have favorable [ocalized drug release kinetics and the
ability to effectively destroy bacteria (100%) in the vicinity of
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the implant over 5 days, providing initial protection from
bacterial infection. Additionally, HT-TNTs-3D-Ti implant
models with a micro—nanostructured surface with sharp
nanopillars showed the successful killing of attached bacteria
while simultaneously preventing their attachment and biofilm
formation on the surface. The combination of these two modes
of antibacterial action is complementary and can be further
tuned by controlling Ga* release, if required. We also
confirmed that both micro- and nanosurface features critically
influence the response of osteoblast-like MG-63 cell response
in which microfeatures with interspaces suitable to accom-
modate cells improved cell attachment.

Thus, we present a new concept for the manufacture of Ti
implants with a dual mode of antibacterial action, while
simultaneously supporting the enhanced attachment and
growth of osteoblasts. This work 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 a
combination of mechano-bactericidal surface topography and
drug-releasing functionality for the development of the ideal
implant that can dually control bone cell response while
effectively inhibiting bacterial infection. Further optimization
and tuning of the antibacterial and bio-integration perform-
ances of the fabricated 3D-printed implant are still required;
however, we have successfully demonstrated their potential to
be translated into the next stage of in vive and dinical studies.
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Figure S1. (a-b) camera image of 3D-Ti and HT-TNTs-3D-Ti plates (c) Size

distribution of microspheres dispersed on top of 3D-Ti as measured from SEM
images, inset showing SEM of 3D-Ti
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Figure S2. High resolution SEM images showing cells spreading on the surface of (a-
¢) 3D-Ti and (d-f) HT-TNTs-3D-Ti. The interspaces between microspheres were
measured using Imagel software from SEM images. Scale bars = 10 um.
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Figure S3: High resolution SEM images showing cross section of 3D-Ti. Microparticles
appear firmly attached as seen in (a). (d-f) High resolution SEM image showing TNTs
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Figure S4. 3D reconstructed interferometer image of 3D-Ti

Rv (maximum valley depth) = 99.04 +43 um
Rt (Maximum peak height) = 69 +12 um
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Figure S5: High resolution SEM images showing nanopillars structures on HT-TNTs-3D-Ti
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Figure S6. Schematic illustration showing effect of surface structures on MG63 cell and

bacteria. HT-TNTs-3D-Ti showed bactericidal activity while bacterial biofilms were formed

on 3D-Ti. Both 3D-Ti and HT-TNts-3D-Ti supported the adhesion of MG-36.
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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 TNTSs), 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 um. 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 TNTSs 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 GJAL 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 um and interspaces
of 12-35 um 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 Ga®" 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
Ga®* 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 (MAQO), 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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