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Abstract Self-organized vertically aligned nanostructures grown on metallic
substrates via anodization have attracted significant scientific attention for a wide
range of applications. These nanotubular structures integrate highly controllable
geometry at the nanoscale with fascinating biological and mechanical properties. This
chapter attempts to cover the key electrochemical factors that control the tube geom-
etry and also demonstrate various surface functionalization approaches for modifying
the surface properties of TiO, nanotubes to develop new and pioneering functional
biomaterials for biomedical applications. Furthermore, the anodization parameters
that have led to the formation of nanotubes on various titanium alloys were also
discussed.
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1 Introduction

A biomaterial is any matter or surface derived either from nature or synthesized in the
laboratory that interacts with the biological systems. They are often used or adapted
for a medical application, encompassing a part or whole of a living structure or a
designed medical device that performs, augments, or replaces a natural function [1].
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Biomaterials and medical devices have evolved over the last 50 (or) so years to a $100
billion endeavor [2]. From the past few decades, due to the increase in the participation
of many persons in defense activities, sports, utilization of self-operating machines,
and increased interest in motorcycles has resulted in enormous increase in the number
of accidents, which necessarily led people to opt for orthopaedic implants [3].

In orthopaedics, the biomaterial devices used are commonly called as implants and
are manufactured for a great number in orthopaedic applications. An adequate level
of tolerance of the material with the living organism i.e. biocompatibility is essential
to successfully apply an implant in the human body. Despite the success of tradi-
tional materials, new and innovative biomaterials are being developed continuously
to satisfy the ever increasing demands.

2 Material Choice for Biomedical Implants

The selection of suitable materials for orthopaedic implants relies on the specific
applications. The material used as an implant should have the desired balance of
both physical and mechanical properties necessary to perform as expected in the
human body. Also, the device should be relatively easy to fabricate, consistent, repro-
ducible, and confirm to all technical and biological requirements [4]. Over the past
few decades, a wide range of materials such as metals, ceramics, polymers, compos-
ites and biologically derived materials are commonly used in orthopaedic implants
as the different physical, chemical, and biological properties that these materials
possess can cater to specific applications [5—9]. While traditional materials such as
stainless steel, Co-based alloys, Titanium and its alloys are constantly modified to be
more effective biomaterials, resulting in improved medical devices, new materials
continued to be explored as alternatives [10].

3 Titanium-Based Biomaterials

In the current scenario, titanium and its alloys are extensively used in biomedical
field and have a good record of being used as a successful implant material due
to the metal’s exceptional properties. Titanium- based biomaterials are inert and
proven to be superior in terms of biocompatibility and corrosion resistance than
Co-Cr and stainless steel alloys, hence becoming the material choice by most of
the clinicians, material scientist, surgeons and medical device designers [11]. The
implant applications of titanium included replacement of hard tissue in artificial
bones, joints, cardiovascular implants like prosthetic heart valves, pacemaker cases,
circulatory devices, dental implants, screws and staples for spinal surgery [12]. They
are preferred materials for load- bearing and long term implants and reveal high
mechanical properties and biocompatibility. However, they are bio inert, thus could
not directly bond to living bone tissues [13, 14].
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4 Surface Modification for Titanium Implants

The selection of right biomaterial for a specific biomedical application relies on the
bulk properties of biomaterial such as corrosion resistance, non-toxicity, controlled
degradability, modulus of elasticity and fatigue strength. After implantation, a
sequence of local events such as classic foreign body response and fibrous tissue
capsule formation occurs around the implant [15]. The biomaterial surface act as a
major influencing factor for the above said unfavorable reactions of the body, as the
initial contact of the body is with the surface [16]. Despite many advantageous prop-
erties, Ti-based alloys are poor in bioactivity, as they cannot bond directly with bone
due to fibrous encapsulation and promote new bone formation on the surface at the
initial stage after implantation [17]. Successful implantation of titanium implants
lies in demonstrating excellent osseointegration at the bone-implant surface and
hence it is essential to improve the tissue bonding properties of titanium implants.
The schematic representation of the successful implantation procedure is shown in
Fig. 1(A). The direct contact between the bone and implant Fig. 1(A)—c is essential
for successful implantation procedure. The formation of fibrous tissue can start a
vicious cycle of micromotion and inflammation around the implant surface, which
isolates implanted material from the surrounding bone and finally leads to implant
failure [18, 19].

The surface chemistry and structure of the material are the two essential factors
determining the interactions of the material with the neighboring tissue. Also, it
is evident that the extend of osseointegration and the response of titanium-based
biomaterials depend entirely on its biocompatibility and surface properties [21].
Hence various surface modifications such as mechanical, physical, chemical, elec-
trochemical or biochemical modifications [22-31] are considered at improving the
osseointegration property of the implant surface. The proper surface modification
method not only retains the excellent bulk features of titanium and its alloys, but also
improves specific surface properties required for diverse clinical applications [27].

5 Nanoscale Surface Modification-Formation of TiO
Nanotubes

The exploit of nanostructured materials has been proposed to resolve some of
the problems presently associated with implants. As the modified coated surfaces
obtained from various surface modification techniques are not reliable for long
period due to the relatively higher micrometer level thickness and poor adhesion
of the coated layer to the substrate [32], fracture and delamination occur at the bone-
implant interface. The length scale of the hierarchical structure of the tissue must be
considered, while designing a synthetic material which is intended to efficaciously
replace living tissue in an organism [33]. The whole length scale from the nanoscale
up to macroscale needs to be taken into account. The interactions between the bone
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Fig. 1 (A) Schematic representation of (a) a normal joint, (b) a failed implant and (c) a fused
and osseointegrated implant. (B) Interactions between the bone and the implant surface at different
length scales (macro, micro and nano) (Redrawn from ref [15, 20])

and the implant surface at different length scales are shown in Fig. 1(B). The implant
should provide a good mechanical fixation with bone at the macroscale. The micro-
and submicro features presented on the surface can directly interact with osteoblasts
and mesenchymal stem cells at the microscale. At the nanoscale, cell membrane
receptors, such as integrins, can identify proteins adsorbed on the surface, which
in turn are controlled by the nanostructures on the surface [15]. At the initial level,
bone has a structural hierarchy in the nanometer regime and hence nanostructured
materials are believed to play a vibrant role in orthopaedic research [34]. Modifying
Ti surfaces with the formation of self-organized TiO, nanotubes enhances bone-
bonding characteristics than conventional micro roughened surfaces. Altering the
surface morphology of the titanium to nanoscale by forming nanotube structures
can enhance the surface properties of titanium [35-37]. Also, the large surface area
provided by the nanostructured topography renders available sites for the adsorp-
tion of protein and thus improves the cell-implant interactions [38]. Additionally,
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the structural modification at the nanoscale would mimic the nanostructure of the
natural bone and hence favor a positive cellular interaction with cells [39].

Synthesis of titania nanostructures can be achieved by various routes including
template—assisted methods [40, 41], hydro/solvothermal approaches [42, 43], Sol-gel
method [44, 45] and by electrochemical method [46, 47]. Among all these methods,
anodization, a relatively inexpensive and scalable electrochemical process is widely
used for the growth of most spectacular, self-organized 1D nanotube structures.
These nanotubular structures integrate highly controllable geometry at the nanoscale
fascinating chemical and biological properties [48].

6 Formation Mechanism of TiO, Nanotubes

Figure 2 illustrates a typical two-electrode set up for the anodization of Ti substrates.
The metallic Ti/alloy and platinum were used as anode and cathode respectively in
the construction of electrochemical cell. The direct current generated by a DC power
source in this case, drives the anodization process. The electrolyte temperature, pH

Fig. 2 Schematic DC ]
representation of anodization power source

cell "_' I—-

Anode | Cathode
(Ti) |~ 1 _(Pt)
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Fig. 3 Schematic representation of the Ti anodization (a) in absence of fluorides (results in flat
layers), and (b) in presence of fluorides (results in the tube growth) (Redrawn from [48])

and real-time circuit potential and current can be measured during the growth of
metallic oxide layer.

The chemistry that dictates the formation of nanotubes includes the interactions
of the three competing reactions i.e. (i) field-assisted oxidation at the metal surface
(ii) field-assisted dissolution of Ti metal to form titanium dioxide and (iii) chemical
dissolution of generated oxide layer due to the etching by fluorides present in the
electrolyte [48, 49].

Initially, the anodization process generates a stable TiO, layer of thickness ‘t’
due to the transport of oxide and metallic ions across the oxide layer. When the
electrochemical conditions are optimized and a chemical etching source such as
fluoride compound is integrated into the electrolyte, field-assisted dissolution of
the transported metallic ions and chemical dissolution of oxide layer takes place
and this lead to the formation of porous (or) tubular layer [50, 51]. The schematic
representation of the Ti anodization in the presence and absence of fluorides is shown
in Fig. 3.

The following Egs. (1) and (2), (3) represents the oxide layer formation and disso-
lution reactions respectively. The reactions described by Egs. (1)—(3) subsequently
compete with one another leading to the deepening of the pores as a high electric
field is located at the bottom of the pore compared with the tube wall [52]. Finally,
due to the growth of smaller pits at the inter-pore region, vertical tubes start to form
and ultimately lead to the generation of a tubular structure.

Ti + 2H,0 — TiO, + 4H' + 4e” (1)
TiO, + 6F~ + 4HT — [TiF¢]*~ + H,O )

Ti** + 6F — [TiFe¢]*~ (3)
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Fig. 4 Characteristic current-time plot for anodization of Ti substrates with and without fluorides
in the electrolyte and the evolution of corresponding surface morphology in electrolytes containing
fluorides (Redrawn from [48])

A typical anodization current—time plot that develops a nanotube layer is repre-
sented in Fig. 4. The formation of nanotubes can be related to main three key phases
of current—time plot. In Fig. 4, an initial decrease in the current over time (stage
I) observed, is due to the oxide layer formation on the surface. Further, a decrease
in electric field strength is observed as represented in the figure in the absence of a
chemical etching agent in the electrolyte. In the presence of electrolyte, the initial
decay period (phase I) is followed by an increase in current, indicates the interactions
of reactions (i), (ii) and (iii) mentioned above and this results in the formation of a
porous structure. Finally, at stage III, an equilibrium is attained between the rate of
oxide formation and dissolution reactions and as a result, the current value attains a
steady state due to the formation of nanotubes [51].

7 Factors Influencing the Growth of Nanotube Layers

7.1 Effect of Anodization Voltage

In electrochemical anodization, applied potential plays an essential role in modifying
the topography of nanotube structures. The applied anodization potential influences
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the electric field strength experienced across the formed oxide and thus affecting
the ions migration and ultimately the diameter of the nanotubes [53]. A linear rela-
tionship exists between the diameter and the applied potential [54] and also to the
thickness of the barrier layer at the base of the nanotubes [55]. The potential applied
has a direct effect on the rates of oxidation and dissolution reactions that takes place
during the nanotube formation. Cai et al. [56] reported that the nanotube diameter, at
the tube mouth and bottom are directly proportional to the applied potential. It was
also mentioned that anodically grown nanotubular layers will only be generated, if
the applied potential is kept within the range dictated by the chemical dissolution
activity of the electrolyte. If the potential is too low, the induced rates of oxidation
and dissolution occur too slowly relative to the chemical etching performed by the
electrolyte, leading to the formation of pits and not the oxide layer. If the potential is
too high, field-assisted oxidation occurs too quickly relative to the chemical disso-
lution of the metallic substrate, which results in the formation of disturbed oxide
layer rather than the nanotubular layer [57]. Sulka et al. [58] extensively studied
the influence of anodizing potential on the structural parameters of porous anodic
titania including pore diameter, inter pore distance, wall thickness, porosity and pore
density.

To study the effect of applied voltage on the morphology of TiO, nanotubes, Ti
substrate was anodized in an electrolyte of glycerol with 1 weight % NH4F and 20
volume % water for 1 h at different voltages (10, 20 and 30 V) [59]. Figure 5 shows
the HR-SEM images and the corresponding 3D images of the formed nanotubes
at different voltages. The influence of applied electric field in the formation of
nanotubes with varying diameter was visible from the HR-SEM (Fig. 5) images.

Fig. 5 HR-SEM images (top view) and corresponding 3D images of Ti specimen anodized at
different voltages (a, d) 10 V (b, ) 20 V and (c, f) 30 V (Adapted from [59])
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Samples anodized at 10 V exhibits a porous morphology with average diameter
32 nm. No inter-tubular space was observed. Regular and self-organized nanotubes
with diameter approximately 45 and 58 nm for the titanium substrate anodized at 20
and 30 V respectively were observed. Nanotubes were separated with inter-tubular
spaces and the height of the nanotubes was found to be 540 nm.

The influence of potential in the formation of nanotubes in the anodization of
Ti-6Al-7Nb alloy was also studied [19]. The FESEM images of titania nanotubes
obtained by anodisation of Ti-6Al-7Nb for 1 h in an electrolyte consisting of 1 M
H,SO,4 and 0.08 M HF at different voltages 10, 20 and 30 V are shown in Fig. 6a,
c and e. Sample anodized at 10 V show a nanoporous morphology with a diameter
of 35 nm and height 250 nm. Moreover, no inter-tubular space and wall separation
was observed at this voltage. TNT anodized at 20 and 30 V show a very regular and
vertically aligned tubular structure as shown in the FESEM images. Similarly, the
3D image of the TiO, nanotube array generated from FESEM image for the same
from higher magnification are given in Fig. 6b, d and f.

The tubular morphology formed on Ti-6Al-7Nb alloy resembles well-known as
in the case of nanotubes obtained on pure Ti foils. Also, the 2D profile of the TiO,
nanotube layer generated from FESEM image is demonstrated in Fig. 7. These studies

Fig. 6 FESEM images of TiO, nano tubes (left) and 3D images (right) for 10 V (aand b), 20 V (c
and d) and 30 V (e and f) (Reprinted with permission from [19])
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Fig.7 2D profile of TNTs at 10, 20 and 30 V; a pore diameter, b inter tube space and wall thickness
(Reprinted with permission from [19])

indicate that the pore diameter increases with increase in voltage which is in line with
earlier reports on pure titanium.

7.2 Effect of Anodization Time

During anodization the key factor which controls the morphology of nanostructures
is anodization time. In general, identification of critical point is important for the
formation of nanotubes. It has been reported that this critical points occurred within
2-3 min after the initiation of anodization process in the case of 0.5 M HF electrolyte.
It is important to give enough time for nanotube nucleation to takes place on the
substrate surface [48]. As the anodization duration increases, the thickness of the
oxide layer increases. Also, there is an increase in tube length with time, until an
equilibrium reached between the formation and dissolution of titanium oxide. After
this point, the nanotube length becomes independent of anodizing time [60].

It was believed that anodization time influences the tubular morphology. Figure 8
shows TiO, nanotubes fabricated at different times in Ti-6Al-7Nb alloy. The substan-
tial role of anodization time for the transformation of pores to tubes was demonstrated
by Mohan et al. [61] by the anodization of Ti-6Al-7Nb alloy in an electrolyte made
by mixing 50 ml of 0.08 M HF in 50 ml of 1 M sulphuric acid. The color of the tita-
nium oxide layer turned from dark purple to blue, yellow and finally to greenish-blue
during this period. The change in color of the titanium oxide is due to the increase
in the thickness of the oxide layer which results in interference of light.

The current-time transient curve for Ti-6Al-7Nb anodized at a different time at
30 V is given in Fig. 9. The authors explained that the initial drop in current is
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(d) 15 min

Fig. 8 FESEM images of Ti-6Al-7Nb anodized at different time a 12 s, b 5 min, ¢ 10 min, d
15 min, e 30 min, f 45 min and g 60 min (Adapted and reprinted with permission from [61])
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Fig. 9 Current-time transient curve for Ti-6Al-7Nb anodized at different time at 30 V (Reprinted
with permission from [61])

due to oxide formation and subsequent increase in the corrosion current due the
development of porous structure due to the dissolution of oxide layer by fluoride
(F7) ions. Finally, the current reaches a steady-state with the steady growth of the
TiO; nanotubes. It was demonstrated that, the conversion of oxide layer to a tubular
structure begins when the corrosion current starts to decrease.

In aqueous electrolyte, the aggressive condition does not allow the nanotubes to
grow longer than a few wm [56, 62]. However, the anodization usually carried out
from 30 min to 2 h for structural rearrangement and thereby increase the degree of
self-ordering [63]. In the case of organic electrolyte, the growth process is slower
and dissolution phenomena are not as significant as it occurs in water. Hence it was
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possible to obtain nanotubes over 100 wm by extending the anodization time [64].
However, the length of the nanotubes has no noteworthy influence on the biocompat-
ibility of nanotubes as the cells contact initially on the upper surface of the tubular
structure. On the other side, it was reported that the tube length has a great effect on
drug release rate which can be controlled by tuning the aspect ratio of the nanotubes
[65].

7.3 Effect of Electrolyte Composition

The nanostructures are usually formed by a variety of fluoride-containing aqueous
[51, 66] or organic [67, 68] electrolyte by anodizing titanium at different voltages. It
has been reported that the geometry of the formed nanotubes has a direct influence on
the basic electrolyte parameters such as pH, fluoride ion concentration temperature
and water content [48, 61, 69]. The fluoride ion concentration in the electrolyte has an
important role in the self-ordering of nanotubes. The fluoride concentration should
be minimum and sufficient to ensure the growth of nanotubes. The studies have
shown that the typical F~ concentration leading to the self-ordering of nanotubes is
in the range of 0.3-0.5 wt% [70, 71]. The presence of fluoride ions in the electrolyte
selectively etches the surface of titanium during the growth of oxide layer, which
allows the formation of nanotubes. An increase in the concentration of fluoride ions
obtained from the addition of HF or NH4F increases nanotube diameter and length
[72]. The influence of fluoride ion concentration in two different electrolytes 1 M
(NH4),SO 4 and 1 M Na;SO4 on TiO; nanotubes was reported. Nanotubes grown in
organic electrolyte tend to be longer, homogenous and have smoother walls as the
chemical dissolution and fluoride ion transmission rate is relatively low in viscous
organic electrolytes [73, 74].

The water content in the electrolyte plays a vital role in the formation of titania
nanotubes. Water content, the source of oxygen in most electrolytes is used to generate
the initial oxide layer and has been reported to have a direct effect on nanotube
wall thickness and length [48]. Raja et al. [75] reported that, to generate nanotube
arrays on titanium, a minimum water content of 0.18 wt% is necessary in an elec-
trolyte containing NH4F and ethylene glycol. Mohammed et al. [76] reported that,
an increase in nanotube diameter, wall thickness and length, when the water content
increases up to 30% in an HH4F containing electrolyte at a constant potential of
20 V. Various studies [62, 70, 77] reported that the nanotubes formed from low water
content electrolyte results in smooth tube walls, whereas side wall ripples are formed
at higher water content. This could be attributed to the faster etching of the fluoride-
rich layer between the tubes than the growth speed of the tubes into the underlying
substrate.

To evaluate this aspect, the water content in the electrolyte was varied by holding
the anodization voltage and anodization time to 20 V and 1 h respectively [69]. A
mixed solution of glycerol and ammonium fluoride with different water contents
10, 20 and 40 volume % was used as the electrolyte. The obtained nanotubes were
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designated as TNTA-10, TNTA-20 and TNTA-40 respectively. The HR-SEM images
of titania nanotubes formed in glycerol, ammonium fluoride electrolyte with different
water contents, its cross- sectional view and the corresponding 3D images of the
nanotubes generated from the HR-SEM images are given in Fig. 10a-1.

By varying the addition of water content into the electrolyte during the anodization
process, the diameter of the nanotubes can be tuned. The morphology of the nanotubes
formed in electrolyte with 1 volume % of water (TNTA-1) was given for comparison,
despite the scanty reports available on the surface morphology of nanotubes formed
at a low percentage of water content. It was observed that, irregular nanotubes with
non-uniform diameter (Fig. 10a—c) were formed on titanium at lower water content.

Fig. 10 HR-SEM images of titania nanotube arrays (top view) (left), cross-sectional view (middle)
and 3D images (right) for (a, b, ¢) TNTA -1, (d, e, f) TNTA -10, (g, h, i) TNTA -20 and (j, k, 1)
TNTA -40 specimens (Reprinted with permission from [69])
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As the water content increases, nanotube length was found to decrease and diam-
eter of the nanotubes increases as evidenced from the HR-SEM images. It was
apparent that, increasing water content increases the self-organization behavior of
formed nanotubes. Highly self- organized nanotube structures were observed in
TNTA-40, with higher water content. The formation of nanotubes with a varying
diameter in electrolyte with different amounts of water is schematically represented
in Fig. 11.

The diameter obtained for TNTA-1, TNTA-10, TNTA-20 and TNTA-40 speci-
mens were found to be approximately 14, 30, 40 and 60 nm respectively. Intertubular
spaces were observed between the nanotubes formed at high water content as evident
from HR-SEM and 3D images. It is well-known that, controlling the tube features
especially the nanotube diameter and inter tubular spacing supports the adhesion,
proliferation and mineralization of cells [60]. Even after the cell adhesion, diam-
eter and spacing between the nanotubes offers an important path for the continuous
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Fig. 11 Schematic diagram of nanotube formation a Cathodic reaction. b Anodic reaction. ¢ Initia-
tion of nanotube formation. d Formed nanotubes with different diameter (Reprinted with permission
from [69])
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fluid flow of culture media, ions, proteins, nutrients essential for healthy cell growth,
increase spaces for the exchange of gas and cell signaling molecules for an overall
improved cell environment. In human body, due to circulation and repetitive loading
and unloading of bones during various activities, the fluid flow naturally occurs in
the interstitial spaces around the bone cells [78—-80].

7.4 Effect of Electrolyte Temperature

Another important parameter that influences the growth of nanotubes is anodization
temperature. In most of the anodization process, the electrolytes are kept at room
temperature to produce the nanotubes. It has been reported that an increase in elec-
trolyte temperature leads to the formation of nanotubes with a larger diameter, shorter
length and thinner walls [48]. The dissolution rates of the nanotubes are affected by
the electrolyte temperature [53]. Prida etal. [81] reported that the growth of nanotubes
is inhibited at lower temperatures (2 °C) in aqueous electrolyte, whereas the temper-
ature range between 0 and 40 °C are reported to be most favorable for the growth of
nanotubes in organic electrolyte [62]. Wang et al. [82] reported that the diameter of
the nanotubes does not depend on the anodizing temperature in aqueous electrolyte,
whereas the nanotube diameter was found to increase at higher temperatures while
using in organic electrolyte. This could be due to the fact that at lower temperatures,
the viscosity increases, which reduces the ion migration especially fluoride ion and
as a result of which etching of TiO, gets slowed down, leading to smaller diameter
tubes.

The influence of electrolyte temperature during the anodization of Ti-6Al-7Nb
alloy was studied and reported [61]. Figure 12(a—f) illustrated the FESEM images
of anodic TiO; nanotube arrays obtained after anodization of Ti-6Al-7Nb for 1 h at
30 V in an electrolyte consisting of 1 M H,SO4 and 0.08 M HF at 5, 10, 25, 30,
50 and 70 °C. The sample anodized at 5 °C (Fig. 12a) revealed a premature porous
structure with an un-dissolved oxide layer on the surface. At 10 °C, a porous oxide
layer with pore diameter ~35 nm covers the entire surface in an irregular pattern as
shown in Fig. 12b. No clear wall separation and inter-tubular space noticed at this
stage.

In Fig. 12¢, TiO, nanotube arrays formation with an average inner pore diameter
of 125 nm, length of ~250 nm, the wall thickness of 30 nm and an inter-tube space
35 nm were observed at 25 °C. Also, the morphology of the nanotubes was smooth
and circular without any defect. FESEM images of samples anodized at 30, 50 and
70 °C (Fig. 12d—f) exhibited regular and vertically aligned tube structure.

The effect of decreased electrolyte temperature on anodization was also studied
by Wang et al. [82]. It was reported that there is a decrease in nanotube diameter and
increase in wall thickness on anodization done in glycerol-based aqueous electrolyte
kept in an ice bath.
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Fig. 12 FESEM images (top view) of samples anodized at different temperatures a 5 °C. b 10 °C.
¢25°C.d 30°C.e50°C.f 70 °C (Reprinted with permission from [61])

7.5 Effect of Electrolyte pH

Acid, salt or alkaline solutions have been widely used as electrolytes for the anodiza-
tion of titanium to achieve a varied range of oxide layer thickness [83]. The dissol-
ubility of the electrolyte and the hydrolysis ability of the oxide layer are influenced
by the p' of the electrolyte [72]. The different p electrolyte has an impact on the
chemical reaction rate of the etching of the porous oxide layer, which results in
the formation of TiO;, nanotubes. Previous reports clearly showed the formation of
nanotubes by anodizing titanium substrate in 60 ml of 0.15 NH4F at 20 V for 1 h
at a pH ranges from 2 to 4 values. At this pH range, the tube length was found to
increase with an increase in pH. While the anodization is done at low p*, the high
concentration of H* ions enhances the dissolution reaction of the oxide layer leading
to shorter nanotube formation. Similarly, at high p! as the concentration of H* ions
decrease the dissolution rate of the oxide layer also decreases, leading to the increase
in length of the nanotubes by increasing the anodization process [84, 85]. An increase
in nanotube length from 1.2 wm to 6.0 wm for electrolyte p" values of 3.0 and 5.0
respectively, after 17 h of anodization was reported [86]. For an acidic range pH
(1-6), an increase in tube length from 3.5 to 5.3 wm under the same voltage and time
conditions. In alkaline electrolyte, with pH 10 and pH 12, the length of nanotubes
obtained was found to be 5.6 and 1.8 pm respectively [60].
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8 Anodization of Titanium Alloys

Basically, titanium alloys are classified as «, near-a, a + 8, metastable f, or stable
depending upon the room temperature microstructure [87]. In this aspect, titanium
alloying elements can be classified as a-stabilizers (Al, O, N, C), B-stabilizers (Nb, V,
Ta, Fe Cr, Si, Co, Mn) and neutral such as Zr [72]. Titanium alloys are widely used in
hard tissue replacements in artificial bones, joints and dental prosthetic applications.
Various attractive properties of the Ti-based alloys such as high corrosion resistance,
exceptional mechanical properties and good biocompatibility were the driving force
for the early introduction of o (Cp-Ti) and a + B (Ti—-6Al—4 V, Ti-6Al-7Nb) alloys
as well as the more recent development of modern and orthopaedic metastable
Ti and B stabilized Ti alloys [16, 27]. Several studies reported the formation of
nanotubes on different Ti alloys [61, 88—-94]. Nakada et al. [95] suggested using Ti-
Nb-Ta-Zr (TNTZ) alloy for orthopaedic implants because of its exceptional mechan-
ical properties, biocompatibility and anticorrosion properties. In another study, an
anodized nanotube oxide layer with two size scale structures was reported on Ti-
28Zr-8Nb alloy using buffered electrolyte [96]. The influence of alloy composition
on the formed anodic oxide layer morphology on binary titanium alloys such as
Ti-xTa, Ti-yZr, and Ti—Al was investigated by the researchers [89, 97]. The study
revealed the formation of nanotube arrays on Ti-Zr alloy with a decreased diam-
eter and increased tube length with increasing zirconium content. A tantalum oxide
(Ta,0s5) porous layer with pore diameter ranges from 2 to 35 nm on tantalum metal
can be formed electrochemically in acid-containing HF as electrolyte [98]. Highly
ordered Ta,O5 nanoporous layer have grown on tantalum foils by anodization using
glycerol and NH4F containing electrolyte and it was found that average pore diameter
and thickness were affected by the NH4H concentration [99].

Anodization of CP Ti and titanium alloys (Ti-6Al-4 V, Ti-6Al-7Nb, Ti-13Nb-
13Zr, and B-21s) has investigated at optimized parameter [61]. FESEM images (left
side at lower and right side at higher magnifications) of anodic TiO, nanotube arrays
(TNT) obtained after anodization of CP Ti, Ti-6Al-4V, Ti-6Al-7Nb, Ti-13Nb-13Zr
and B-21S for 1 h in an electrolyte consisting of 1 M H,SO4 and 0.08 M HF at
25 °C are shown in Fig. 13 (a—e). Highly ordered, regular and vertically aligned TNT
structures were observed on CP Ti, Ti-6Al-4V and Ti-6Al-7Nb as shown in Fig. 13a—
c. The metastable § alloy, Ti-13Nb-13Zr given in Fig. 13d showed the formation of
nanostructured dual morphology with varied pore diameters. In the same image,
a high degree of ordering in tubes was visible beneath the small porous structure.
On the contrary, beta alloy, beta-21S in Fig. 13e showed no sign of nanotubular
morphology due to composition of electrolyte solution used, whereas, the electrolyte
with 0.25 M NH4F in ethylene glycol reported the formation of nanotubular structure
[98]. At higher magnification (right side), random structure was observed. Thus,
at various compositions and at fixed parameters such as time (1 h), temperature
(25 °C) and electrolyte composition, titanium alloys exhibit significant properties.
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Fig. 13 FESEM images (top view) of different Ti samples anodized for 1 h at 25 °C. a CP Ti. b
Ti-6Al-4 V. ¢ Ti-6Al-7Nb. d Ti-13Nb-13Zr. e $-21s (Reprinted with permission from [61])
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Due to the presence of the valve metals such as Al, Nb, Zr in the alloy composition,
nanotubular structure with similar morphology were able to form on CP Ti with o
phase, Ti-6Al-4V, and Ti-6Al-7Nb with o + f alloys.

9 Functionalization of Titania Nanotubular Structures

The TiO, nanostructures formed via electrochemical anodization process have been
widely explored as a favorable biomaterial for a wide range of biomedical appli-
cations. Bone cell adhesion, growth and differentiation, prevention of bacterial
adhesion, apatite forming abilities, drug delivery were demonstrated on nanos-
tructured titania surfaces, showing its potential as bone implants [100-102]. For
improved adhesion of cells on the nanostructures, it is essential to improve the surface
functionalities of these nanostructures.

9.1 Surface Functionalization with Inorganic Bioactive
Agents

The surface modification of titania nanotubes is necessary for improving the biocom-
patibility via introduction of new properties and functionalities. The tubular structure
of titanium favours the incorporation of various inorganic bioactive agents to impart
some specific properties. The bioactivity and antibacterial activity of nanotubes can
be improved by the incorporation of antibiotics, growth factors, antibacterial agents,
bone growth enhancement agents and anti-inflammatory agents. Loading of various
inorganic bioactive elements such as silver, strontium, zirconium and zinc were
demonstrated to achieve long term antibacterial activity and osteogenesis induction
[103]. Nanotubes not only facilitate the loading of these agents, but also provide
a means to control the loading capacity and release rate by varying the structural
parameters.

To improve the benefits of TiO, nanotubes, we have incorporated various inorganic
bioactive agents such as Strontium, Zirconium and Zinc ions into titania nanotubes
and investigated its biocompatibility and electrochemical behaviour in stimulated
body fluid environment. Indira et al. [104] reported the incorporation of Zr over TNT
surface via dip coating method. The FE-SEM micrographs and the corresponding
EDS spectra of TNT and Zr-TNT are shown in Fig. 14a—h. The nanotubes have an
average pore diameter of 110 4 4 nm and a wall thickness of 15 4 2 nm respectively
(Fig. 14a and b). The average inter pore diameter is about 128 £ 2 nm. Apparently,
the layer consists of arrays of individual nanotubes with a length of 2.1 £ 0.3 pm
(Fig. 14c¢). The presence of Ti, O and trace amount of F on the TNT surface was
determined from the EDS spectrum.
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Fig. 14 a-h shows the FE-SEM micrographs and the corresponding EDS spectra of TNT and
Zr-TNT (Reprinted with permission from [104])

Cluster like particles was observed over the TNT surface (Fig. 14e) after the
treatment with ZrOCl, solution. The original tubular structure of TNT (Fig. 14f) was
retained even after the incorporation of Zr ions, however, a small decrease (11 +
5 nm) in the diameter was observed. The average pore diameter, wall thickness and
tube length of Zr-TNT were found to be 99 £ 5 nm, 25 & 3 nm and 2.3 + 0.2 um
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respectively. The developed Zr-TNT is supposed to be a good implant material in
bio environment with biocompatibility, improved corrosion resistance and is likely
to be widening the biomedical application of titanium implants with new surface
properties in the nanoscale regime.

Strontium ranelate, is widely used clinically for the treatment of osteoporosis
due to the biological importance of strontium. Administration of a suitable dose
of strontium can promote bone formation and inhibit bone resorption, leading to
enhance bone mass [105]. Indira et al. [106] also reported the fabrication of Sr—
TNTA on titanium substrate by a simple dip-coating method on anodic TNTA. The
FE-SEM micrographs and EDS spectra of the specimens are shown in Fig. 15a-h.
Nanotubes arrays (Fig. 15¢) with an average diameter and wall thickness of 110 £
4 nm and 15 £ 2 nm, respectively were observed after the anodization of titanium.
After deposition, the walls of the tube were covered with Srions. Also, some clusters
of Srions were scattered over the top of TNTA surface. The TNTA (Fig. 15g) retained
the unique nanotubular morphology even after the incorporation of Sr ions, however,
a small decrease in the diameter during the transformation of TNTA to Sr-TNTA,
was noticed, which may probably due to volume expansion during the conversion of
titanium oxide to strontium titanate.

Orthopaedic implant failure has been a major concern for orthopaedic surgeons
over the past decades. Poor osseointegration together with bacterial infection is one
of the major reasons for implant failure. Hence titanium implants having enhanced
osseointegration and antibacterial property to prevent implant-associated infection
are highly desirable for the long term success of implants. To address this problem,
zinc incorporated titania nanotube arrays (Zn-TNTA) were developed on titanium
surface to enhance the biocompatibility and also to ensure antibacterial properties
[59, 107]. Here in this study the incorporation of Zn into TNTA was achieved by
simple dip-coating method. Different concentrations of zinc solution (0.25, 0.5, 1.0
and 1.5 M Zn(OH); solution) were prepared to study the nature of deposition of zinc
into the nanotubes. The samples were designated as NT-Zn (0.25 M), NT-Zn(0.5 M),
NT-Zn(1.0 M) and NT-Zn(1.5 M) respectively. Our observations reveal that uniform
deposition of zinc into the nanotubes can be achieved by dip-coating method. The
dipping and lifting of the TNTA specimens enable the zinc hydroxide solution to
penetrate into and between the nanotubes and get uniformly deposited along the
entire length of the nanotubes.

Figure 16a—d represents the HR-SEM images of NT-Zn (0.25 M), NT-Zn (0.5 M),
NT-Zn (1.0 M) and NT-Zn (1.5 M) specimens. As apparent from the SEM images,
NT-Zn (0.25 M), NT-Zn (0.5 M), NT-Zn (1.0 M) and NT-Zn (1.5 M) exhibit quite
different morphologies. As can be seen in Fig. 16a, for NT-Zn (0.25) M specimen,
the filling of zinc initiates at the pores and randomly deposited at the surface of
the nanotubes. At 0.5 M (Fig. 16b), concentration, a homogenous distribution of
zinc oxide at the tube walls and intertubular spaces were obtained. The nanotube
structures were not masked due to the filling of zinc oxide. However, the diameter of
the nanotubes decreases after the incorporation of zinc oxide. At 1.0 M concentration
(Fig. 16¢), ZnO deposited on the TNTA surface appeared in the form of flakes and
started to mask the nanotubes. The formation of typical ZnO “nanoflowers” was
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Fig. 15 FE-SEM images of (a) untreated Ti, (c) TNTA (e) cross sectional view of TNTA and (f)
bottom view of TNTA and (g) Sr-TNTA and EDS spectrum of (b) untreated Ti, (d) TNTA and (h)
Sr-TNTA (Reprinted with permission from [106])
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Fig. 16 HR-SEM images and corresponding higher magnification images of (a and e) NT-Zn
(0.25 M), (b and f) NT-Zn (0.5 M), (c and g) NT-Zn (1.0 M) and (d and h) NT-Zn (1.5 M) specimens
(Reprinted with permission from [59])
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observed on the TNTA surface at 1.5 M concentration (Fig. 16d) and it fully covered
the nanotube surface which was more clearly visualized in its corresponding higher
magnification image provided in Fig. 16h.

Among the various concentrations studied, homogenous deposition of zinc oxide
was observed at 0.5 M. Uniform deposition of zinc by retaining the tubular nature
of the titania nanotubes is more advantageous for implant applications.

9.2 Surface Functionalization Using Polypyrrole

To tailor the surface properties of TiO, nanotubes and to advance their surface prop-
erties applicable to a wide variety of biomedical applications, an attempt has been
made to synthesis Polypyrrole/Titania nanotube arrays (PPy-TNTA) hybrid on tita-
nium surface [108]. PPy-TNTA hybrid was prepared by normal pulse voltammetry
electrodeposition process in an electrolyte solution containing 0.2 M LiClO,4 and
0.1 M pyrrole. To benefit pyrrole monomer deposition, the pulse width was adjusted
at 0.06 s and the pulse period was controlled at 4 s and 6 s respectively. The HR-SEM
images for TNTA and PPy deposited on TNTA at various pulse potential 4 s and 6 s,
and their corresponding cross-sectional images are demonstrated in Fig. 17a—f. The
morphological differences became apparent, upon comparing the micrographs of the
TNTA and the PPy-TNTA surface.

As evident from the images, at a pulse potential 4 s, the in-filtered PPy initially
fills the Intertubular space between the nanotubes and then partially covered at the
surface of the nanotubes. Further the pores of the TNTA were increasingly filled with

Fig. 17 HR-SEM images (a, b, c) and corresponding cross-sectional images (d, e, f) of TNTA, PPy
-TNTA at 4 s and PPy-TNTA at 6 s (Reprinted with permission from [108])
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Fig. 18 3D images of a pair of a TNTA. b PPy/TNTA at pulse potential 4 s and ¢ PPy-TNTA at
pulse potential 6 s specimens (Reprinted with permission from [108])

PPy with an increase in pulse potential to 6 s. Moreover, a densely packed polymer
film with spherical morphology was observed on the nanotube surface.

The 3D images obtained from HR-SEM images for a pair of nanotubes of TNTA
and PPy-TNTA at pulse potential of 4 s and 6 s respectively are given in Fig. 18a—
c. The deposition of polypyrrole initially into the spaces between the tubes, then
inside the tubes, and if prolonged on the surface of the nanotubes can be achieved
by electropolymerization under controlled pulse potential conditions.

The results of the above study indicated that the improved surface properties of
PPy/TNTA pave the way towards the employment of the newly developed hybrid
material as a viable substitute in biomedical field, especially in the field of orthopedic
implants.

9.3 Surface Functionalization Using Plasma Nitriding

Now a days, pure titanium and o + P type Ti-6Al-4V alloys are commonly used as
structural and/or functional biomaterials for replacement of hard tissues in devices
such as artificial hip or knee replacements and dental implants [109]. The proper-
ties such as excellent corrosion resistance in the body fluid medium, no adverse
tissue reactions, high mechanical strength, low modulus, low density and good wear
resistance are expected to be possessed by an ideal biomaterial for implant applica-
tions. The tribological properties of titanium alloys can be enhanced using surface
modification. It is possible to obtain surface layers consisting of titanium nitrides
through physical and chemical vapour deposition, laser treatments, ion implantation
and thermal nitriding [110]. The high hardness and low coefficient of friction of Tita-
nium nitride (TiN) coatings allow the improvement of wear resistance of the substrate
materials and hence widely used in many industrial coating technologies. The corro-
sion resistance properties of substrate material in many aggressive environments can
be improved by TiN coatings [111]. The nitriding behaviour of pure titanium and its
most popular alloy Ti-6Al-4V has been well documented [112-119] and the results
of these studies show that effective nitriding takes place at temperatures close to the
beta transus temperatures.
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Fig. 19 FESEM images of TNT (a) and TNT + PN (b) (top view) inset water contact angle,
(c) and (d) 3D images at higher magnification obtained from FESEM image and 2D profile of the
nanotubes (e) and (f) (Republished with permission of the Royal Society of Chemistry, from Mohan
etal. [120])

Mohan et al. [120] reported the effect of plasma nitriding on the structure and
biocompatibility of self-organised TiO, nanotubes on Ti—-6Al-7Nb alloy. Figure 19a
shows the FESEM image of TNT obtained after anodisation of Ti-6Al-7Nb for 1 h at
20 V. The FESEM image of TNT plasma nitrided at 800 °C (TNT +PN) was shown
in Fig. 19b. The 3D image of the TNT and TNT + PN obtained from FESEM image,
respectively are given in Fig. 19c and d. The 3D images evidenced the formation of
highly ordered tubes on Ti-6Al-7Nb. Similarly, Fig. 19e and f shows the 2D profile
of the TNT and TNT 4 PN obtained respectively from FESEM images. FESEM
images of the TNT and TNT + PN revealed that the arrays have very regular and
vertically aligned tube structure. For TNT and TNT + PN samples, the nanotubes
have diameters of approximately 100 and 80 nm and an average inter-tube distance
of approximately 30 and 35 nm respectively as demonstrated in figure. The height
of the TNT is approximately 250 nm. These results indicate that there is no much
change in tubular dimensions after nitriding.

Nanohardness measurement was carried out on substrate, plasma nitrided
substrate, TNT and TNT + PN samples at 0.5 mN load to study the effect of nitriding
in improving the hardness of the specimens Five indentations were taken at different
sites to check the uniformity of the coating hardness. Figure 20a and b shows the
FESEM images of samples after NHT on TNT and TNT + PN samples respectively.
The 3D image of the TiO; nano tube array generated from FESEM image for the
same are shown in Fig. 20c and d. Similarly, Fig. 20e and f shows the 2D profile
of the nano indentation on TiO, nanotube array obtained from FESEM images after
NHT. After plasma nitriding, the hardness ofTi-6Al-7Nb has increased to 15.5 GPa
than the substrate value of 9.2 GPa. Similarly, the hardness of the TNT and TNT
+ PN was 1.4 and 2.2 GPa, respectively. The nanoindentation studies showed that
the mechanical properties of the TNT + PN are better than that of TNT. Nitriding
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Fig. 20 FESEM images after NHT for TNT and TNT + PN samples. a and b 3D images obtained
from FESEM image. ¢, d, e and f 2D profile of the nano indentation on TNT and TNT + PN
(Republished with permission of the Royal Society of Chemistry, from Mohan et al. [120])

of nano tubes helps in increasing the hardness of the TiO, nanotubes that enhances
formation of calcium phosphate phases.
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9.4 Functionalization Using Tetrahedral Amorphous Carbon
(Ta-C)

Diamond-like carbon (DLCs) with “higher sp contents are termed as tetrahedral
amorphous carbon (ta-C) and their hydrogenated analogue, ta-C:H [23, 121-127].
Tetrahedral amorphous carbon (ta-C) is extensively used as a coating material
because of its properties such as high hardness, chemical inertness, superior wear
resistance and low coefficient of friction comparable to diamond [128]. It has been
demonstrated that the exceptional mechanical behavior of ta-C is mostly determined
by its high percentage of sp® hybridization [129]. These properties make it ultimate
for wear resistance on automotive components, cutting tools, aerospace components
and biomedical applications. Mohan et al. [ 130] fabricated nanotubes on Ti-6Al-7Nb
alloy by anodisation and filled tetrahedral amorphous carbon (ta-C) into nanotubes by
cathodic arc evaporation method and characterized them for their nanoscale features”.

FESEM image of an anodic TiO, nanotube array (TNT) obtained after anodisation
of Ti-6AI-7Nb for 1 h at 30 V is shown in Fig. 21a. In this image, high degree of
ordering of tubes can be seen. Figure 21b—f “shows the FESEM images of TNT filled
with tetrahedral amorphous carbon (ta-C) for 0.5, 1, 2, 5 and 10 min, respectively.
As can be seen from Fig. 21b, in 0.5 min, filling of ta-C takes place in inter-tubular
space and pores. After 1 min, ta-C filled into inter-tubular space and pores formed
network like growth of carbon can be seen from Fig. 21c. In Fig. 21d, 2 min filling,
shows nodular like structure. Similarly, after 5 min in Fig. 21e, uniform spherical
shape morphology can be seen which has covered the tubular pores and porous space.
Further increase in deposition time to 10 min, the formed spherical morphology fuse
together and completely covers the TNT which can be seen in Fig. 21f. From the
figures, it can be seen that the gradual filling of the TNT by ta-C is taking place with
increasing deposition time. The roughness values decrease due to an increase in the
filling time resulting in a smoother layer. To demonstrate the filling rate of nanotubes
3D analyses was carried out on TNT and ta-C filled TNT samples. Figure 22a—f
shows the 3D images obtained from FESEM images for single nanotube of TNT and
ta-C filled TNT samples at 0.5, 1, 2, 5 and 10 min, respectively”.

9.5 Loading of Quercetin and Chitosan into Nanotubes
Jfor Drug Delivery

Many researchers have investigated titanium nanotubes based drug-releasing
implants (DRIs) in medical fields, such as “orthopedic implants, dental implants,
vascular (coronary) stents, bone tissue engineering and localized cancer ther-
apy” [33, 131, 132]. “Several therapeutic agents such as antibiotics, antifungal,
anti-inflammatory, anticancer drugs, bone proteins, peptides, enzymes, vitamins,
hormones, genes, antibodies, neurotransmitters, drug nanocarriers and nanoparti-
cles have been applied in order to employ a wide range of therapies into titanium
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Fig. 21 FESEM images of TNT (a) and ta-C filled TNT samples at (b) 0.5 min, (c) 1 min, (d)
2 min, (e) 5 min and (f) 10 min (Republished with permission of the Royal Society of Chemistry,
from Mohan et al. [130])

nanotubes based implants [132—134]. The critical parameters required for clinical
applications such as desired kinetics, drug release rate and concentration for different
localized drug delivery therapies are successfully delivered by titanium nanotubes
as demonstrated by in vitro studies”.

Local drug delivery develops into a prospective to conquer the drawbacks of
conventional systemic administration by transporting out straight and local delivery
of drugs from implants with nanopores/nanotubes. Local drug delivery systems
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Fig.22 3D images obtained from FESEM images for single nanotube (a) TNT and ta-C filled TNT
samples at (b) 0.5 min, (c) 1 min, (d) 2 min, (¢) 5 min and (f) 10 min (Republished with permission
of the Royal Society of Chemistry, from Mohan et al. [130])

(drug-releasing implants) is capable of application in several areas, such as mini-
mize the inflammatory reactions, bone infections treatment, progress and support of
bone healing, osseointegration enhancement, and narrow treatment of bone cancers.

The TNT formed on Ti-6Al-7Nb (30 V) was filled with biopolymer chitosan
[135]. 0.2 ml of chitosan was filled on the top of the quercetin filled nanotubes at
various concentrations 0.5, 1 and 2% 0.10 mg of quercetin was dissolved in 0.2 ml
of ethanol and incorporated into nanotubes by top filling method. FESEM images of
the TNT filled with chitosan with different concentrations are shown in Fig. 23.

The filling of TNT with polymer was verified using 3D analysis. The 3D images
of the polymer filled TNT obtained from the FESEM images are shown in Fig. 24.
As can be seen from the figures the filling of chitosan has taken place gradually
into the TNT. In case of 0.5%, filling of chitosan takes place in inter-tubular space
and pores. In 1%, chitosan filled into inter-tubular space and pores formed regularly
arranged pit like morphology. Similarly, in 2% chitosan filled TNT, uniform smooth
morphology can be seen which has completely covered the tubular structure.

Figure 25 show the 3D images obtained from FESEM images for single nanotube
of chitosan filled TNT samples at 0.5, 1 and 2%, respectively. Similarly, 2D profiles
for the same are also given in the figure. After chitosan filling at various concentra-
tions, the height and diameter of the nanotube decreases with a progressive filling
of chitosan into TNT. The thickness of the chitosan filled at various concentrations
was found to be 0.6, 1 and 3 wm for 0.5, 1 and 2% chitosan, respectively. Hence,
thickness increased with an increase in chitosan concentration.
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Fig. 23 FESEM images of TNT filled with bio-polymer (chitosan) at different concentrations
(Reprinted with permission from [135])

As-received TNT
¥

Fig. 24 3D images of polymer filled TNT obtained from FESEM images (Reprinted with
permission from [135])
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Fig.25 3D and 2D profiles of polymer filled TNT obtained from FESEM images (Single nanotube)
(Reprinted with permission from [135])

The authors also investigated the drug release from the drug-loaded nanotube
samples by immersing in 30 ml of Hanks’ solution. Drug release profiles of TNT
loaded with quercetin are presented in Fig. 26 shows the overall releases.

Drug release studies in Hanks' solution —*—Quercetin
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Fig. 26 Drug release graph of quercetin from TNT in Hanks’ solution for 192 h (Reprinted with
permission from [135])
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10 Conclusions

Titania nanotube structures have received utmost attention in the medical domain due
to its unique properties. An ordered nanotube with controllable morphology can be
fabricated on titanium and its alloys by electrochemical anodization process. In this
chapter, an overview of the formation of TiO, nanotubular structures on Cp-Ti, Ti-
6Al1-4 V, Ti-6Al-7Nb, Ti-13Nb-13Zr and f21S were discussed. The surface function-
alization of nanotubes with the incorporation of various organic/inorganic bioactive
agents such as polypyrrole, Zirconium, Strontium and Zinc were successfully imple-
mented. The versatility of surface modification of Ti-6Al-7Nb via plasma nitriding
for building new properties on titania nanotubes was demonstrated. The filling of
nanotubes with ta-C using cathodic arc evaporation method is a promising surface
modification to enhance the mechanical properties of titanium alloys. The drug and
polymerloaded TNT can be used for the treatment of post-operative infection, inflam-
mation and quick healing with better osseointegration. The various surface function-
alities on nanotube surface discussed in this chapter have great potential to improve
the properties of titanium and thus making it an attractive biomaterial and pave the
way for the development of new biomedical devices with multiple functions.
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