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Abstract
Titanium and titanium alloys exhibit a unique combination of strength and biocompatibility, which
enables their use in medical applications and accounts for their extensive use as implant materials
in the last 50 years. Currently, a large amount of research is being carried out in order to determine
the optimal surface topography for use in bioapplications, and thus the emphasis is on
nanotechnology for biomedical applications. It was recently shown that titanium implants with
rough surface topography and free energy increase osteoblast adhesion, maturation and subsequent
bone formation. Furthermore, the adhesion of different cell lines to the surface of titanium implants
is influenced by the surface characteristics of titanium; namely topography, charge distribution and
chemistry. The present review article focuses on the specific nanotopography of titanium, i.e.
titanium dioxide (TiO,) nanotubes, using a simple electrochemical anodisation method of the
metallic substrate and other processes such as the hydrothermal or sol-gel template. One key
advantage of using TiO, nanotubes in cell interactions is based on the fact that TiO, nanotube
morphology is correlated with cell adhesion, spreading, growth and differentiation of mesenchymal
stem cells, which were shown to be maximally induced on smaller diameter nanotubes (15 nm),
but hindered on larger diameter (100 nm) tubes, leading to cell death and apoptosis. Research has
supported the significance of nanotopography (TiO, nanotube diameter) in cell adhesion and cell
growth, and suggests that the mechanics of focal adhesion formation are similar among different
cell types. As such, the present review will focus on perhaps the most spectacular and surprising
one-dimensional structures and their unique biomedical applications for increased osseointegration,
protein interaction and antibacterial properties.
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1. Introduction

Titanium and titanium alloys are one of the most used implant
materials for biomedical applications due to their outstanding
properties, including high biocompatibility, resistance to body
fluid effects, great tensile strength, flexibility and high cor-
rosion resistance [1]. Titanium and its alloys exhibit a unique
combination of strength and biocompatibility which enables
their use in medical applications. For example, a major
challenge in orthopaedic biomaterials is the design of material
surfaces which provide optimal osseointegration and at the
same time promote durability of the implant. From over the
50 years of experience using biomaterials as implant materials
[2] (metals: stainless steel, cobalt alloys, titanium alloys;
ceramics: aluminium and zirconium oxides, calcium phos-
phates, synthetic and natural polymers), titanium and titanium
alloys continue to be considered one of the most attractive
and important materials due to their outstanding properties
such as resistance to body fluid effects, high tensile strength,
flexibility and high corrosion resistance. It is this specific
combination of strength and biocompatibility which makes
them suitable for medical applications [3, 4]. While com-
mercially pure titanium (c.p. Ti) is dominant in dental
implants, Ti-6Al-4V is dominant in orthopaedics. When
considering the desired biomedical application, the alloy
composition has to be considered in order to provide the
required biocompatibility as well as the necessary mechanical
strength. Dental titanium alloys also include Ti-6Al-7Nb, Ti-
6Al1-4V, Ti-13Cu-4.5Ni, Ti-25Pd-5Cr and Ti-20Cr-0.2Si [5].
For permanent implants the Ti-6Al-4V alloy was replaced by
Ti-6Al-7Nb, Ti-13Nb-13Zr and Ti-12Mo-6Zr [4] due to
possible toxic effects or the leaching of vanadium or alumi-
nium. Much research has been carried out in order to select
the optimal surface topography for use in bioapplications [6].
In the last few years, research on materials for biomedical
applications shifted its focus from microtopography to
nanotopography [7-9], and as such the current focus is on
using or testing nanotechnology for biomedical applications.
In a recent study, it was pointed out that titanium implants
with rough surface topography and free energy increase the
osteoblast adhesion, maturation and subsequent bone forma-
tion [5]. Moreover, adhesion of different cell lines to the
surface of titanium implants is influenced by the surface
characteristics of titanium; namely topography, charge dis-
tribution and chemistry [10, 11].

As the focus of biomaterials shifted towards tissue
engineering, complex medical applications and biotechnol-
ogy, the need to define and evaluate the specific interaction
between biomaterials and tissue components arose. In this
respect, Williams [3], after a thorough evaluation of the
biomaterials field at that time, proposed a unified concept of
biocompatibility. This unified concept is as follows: ‘Bio-
compatibility refers to the ability of a biomaterial to perform
its desired function with respect to medical therapy, without
eliciting any undesirable local or systemic effects in the

recipient or beneficiary of that therapy, but generating the
most appropriate beneficial cellular or tissue response in that
specific situation, and optimising the clinically relevant per-
formance of that therapy [3].

Titanium and its alloys are biologically stable or inert
[12], a fact which remains essentially unchanged when
implanted into human bodies. However, titanium has low
wear and abrasion resistance because of its low hardness,
which may lead to the problem of reduced service life of the
implants. This problem can be overcome to a large extent by
applying a suitable surface modification technique [S]. One
key aspect to be considered is that the fate of the implant
material is governed by both the bulk of the material (critical
in determining the biological performance) and the surface
properties (surface chemistry and structure), the latter being a
crucial factor in the interactions of the material with the
surrounding tissue. The bulk material must be able to with-
stand high stress (too high for ceramic and polymeric mate-
rials, but possible for metallic materials). Nevertheless, if the
surface properties of the biomaterial cannot ensure a stable
fixation between the implant surface and surrounding tissue,
leading to a fibrous layer undermining load transmission at
the bone/implant interface, micro movements would be
favoured and result in implant failure [13].

It is then evident that the titanium biomaterial’s response
depends fully on its biocompatibility and surface properties.
Therefore, in order to improve the performance of these
biomaterials in biological systems, their surface had to be
improved [14]. Improvements can be represented by: i)
morphological modifications (increasing roughness, shifting
topography from micro- to nanoscale and tailoring the
nanoscale morphology) caused by mechanical [15], chemical
and physical methods [14—17]; ii) modification with coatings
based on hydroxyapatite, biomimetic calcium phosphate
coatings or with hybrid coatings (organic components and
calcium phosphate minerals), or biomolecule functionalised
coatings; or iii) a mixture between morphological changes
and coatings for a combined synergistic effect. The general
goal is to improve bioactivity, biocompatibility, blood com-
patibility, wear and corrosion resistance of titanium and tita-
nium alloys for their respective application. Of the above-
mentioned methods, nanoscale tailoring of the surfaces pre-
sented breakthrough results; i.e. roughness alone influences
the adhesion of osteoblast cells and their spreading and pro-
liferation on titanium nanostructures [9, 18]. The high surface
energy of nanoscale surfaces ensures an increased initial level
of protein adsorption crucial for regulating cellular interaction
at the implant surface. Cell adhesion is influenced by surface
properties, combined with charge distribution and material
chemistry [19, 20] could further influence cell adhesion. With
the emergence of the tissue engineering and nanotechnology
fields, surface modification of implants was required to
increase tissue adhesion and implant integration, decrease
bacterial adhesion and inflammatory response, or avoid the
foreign body response. Long-term viability of cells is
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Figure 1. Timeline and fabrication methods of TiO,-based nanotubes.

determined by the initial attachment and spreading of the cells
on the implant surface. Chemical, electrical, topographical
and structural modifications of the implant surface at micro-
or nanoscale level were shown to alter cell attachment [21—
29, 30, 31].

The present review article focuses on obtaining a specific
nanotopography on titanium via titanium dioxide (TiO,)
nanotubes; for example, by a simple electrochemical anodi-
sation method of the metallic substrate or by other processes
such as hydrothermal treatment and sol-gel template [1, 32—
34]. One key advantage of using TiO, nanotubes in cell
interactions is based on the fact that the morphology of TiO,
nanotubes is directly correlated with cell adhesion, spreading,
growth and differentiation, which were shown to be maxi-
mally induced on smaller diameter (15 nm) nanotubes, but
hindered on larger diameter (100 nm) tubes, leading to cell
death and apoptosis [7-9]. As such, the present review will
focus on perhaps the most spectacular and surprising one-
dimensional structures and some of their unique biomedical
applications as implant materials.

2. Nanostructured TiO, materials: preparation and
morphology aspects

In recent years, research and development in the area of
synthesis and applications of different nanostructured TiO,
materials has greatly increased. The preparation of TiO,
nanomaterials, including nanoparticles, nanorods, nanowires,
nanosheets, nanofibres and nanotubes are primarily cate-
gorised by their different methods of preparation, such as the
sol-gel method, hydrothermal processes and the electro-
chemical anodisation method. Examples of applications of
nanostructured TiO, in dye-sensitised solar cells, hydrogen

production and storage, sensors, rechargeable batteries, elec-
trocatalysis, self-cleaning and antibacterial surfaces and
photocatalytic cancer treatment were reviewed previously
[1, 35, 36]. Recently, however, titanium nanotubes with dif-
ferent surface topographies and morphologies have been used
in many biomedical applications reviewed hereafter.
TiO,-based nanotubes with high specific surface area and
ion-changeable ability have been considered for extensive
biomedical applications. Fabricating methods of TiO,-based
nanotubes comprise the assisted-template method [37-39],
the sol-gel process [40], electrochemical anodic oxidation
[41-47] and hydrothermal treatment [48—60]. The status of
fabrication approaches for TiO,-based nanotubes is presented
in figure 1. The timeline of TiO, nanotube fabrication reveals
that the first mention of nanoporous structures was by
Assefpour-Dezfuly et al in 1984 (electrochemical anodisa-
tion); however, these results have often been overlooked.
Hoyer et al reported TiO, nanotubes obtained by the template
method in 1996. Later reports included the sol-gel process
[40] and hydrothermal treatment [48—60]. Each fabrication
method can have unique advantages, and functional features
and comparisons among these three approaches are also
shown in figure 1 [35, 61]. In the template-assisted method,
anodic aluminium oxide nanoporous membrane, which con-
sists of an array of parallel straight nanopores with uniform
diameter and length, is usually used as a template. The scale
of titanium nanotubes can be controlled by the used tem-
plates. However, the template-assisted method often
encounters difficulties in prefabrication and post-removal of
the templates and usually results in impurities. Regarding
electrochemical anodisation, self-assembled TiO, nanoporous
structures (or nanotubes) were first reported by Assefpour-
Dezfuly et al [41] and later by Zwilling et al [42], Gong et al
[43] and Beranek et al [62]. The method is based on the
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Cathode

Figure 2. Anodisation setup (a), pore-wall-splitting mechanism during anodisation (b), transition from nanopores to nanotubes (c).

anodisation of titanium foil to obtain nanoporous titanium
oxide film [42]. Authors also demonstrated the crystallisation
and structural stability of TiO, [44]. A comprehensive review
associated with the fabrication factors, characterisations, for-
mation mechanism and corresponding applications of TiO,-
based nanotube arrays has been also conducted by Lee et al
[35] and Mor et al [63]. TiO,-based nanotubes synthesised via
hydrothermal treatment are capable of good crystalline forma-
tion and establishment of a pure-phase structure in one step, in
a tightly closed vessel. The types of fabrication methods of
TiO,-based nanotubes are shown in figure 1.

Among the above-mentioned fabrication approaches,
both electrochemical anodic oxidation and hydrothermal
treatment received wide attention owing to their cost-effec-
tive, simple means of obtaining nanotubes, and the feasibility/
availability of widespread applications. With the intention of
a more detailed discussion, this paper highlights TiO,-based
nanotubes synthesised via electrochemical anodic oxidation.

2.1. Growth of TiO, nanostructures by electrochemical
anodisation

TiO, nanotubes are grown by electrochemical anodisation in
aqueous or organic electrolytes with fluoride ions (e.g. aqu-
eous electrolyte with acids-H,SO,4, H;PO,4 [9] etc. or with
salts (NH4),SOy4; NapSO,4 [46, 64]; organic electrolyte with
glycerol or ethylene glycol [65] etc). Usually anodisation
experiments are carried out in a two-electrode or three-elec-
trode electrochemical cell with titanium or titanium alloy as
the anode, platinum foil as the cathode and in the case of a

three-electrode cell with an Ag/AgCl electrode as the refer-
ence electrode. A constant potential is applied using a DC
power supply (nanotubes can also be obtained in galvano-
static mode). In electrochemical anodisation performed in
organic electrolytes, the water content in the electrolyte is the
critical factor that decides whether self-ordered oxide tubes or
pores are formed. This supports the concept that tube for-
mation originates from ordered porous oxide by a ‘pore-wall-
splitting” mechanism. A schematic of the anodisation setup
and of the pore wall splitting to form nanotubes from nano-
pores is presented in figure 2. (Figure 2(b) shows the influ-
ence of water while in (c), the transition from nanopore to
nanotube as a function of increasing the anodization time is
shown from SEM top-view images).

The main significant advantage of anodisation is that one
can produce highly ordered porous TiO, nanotubes which
will have good uniformity, controllable pore size as shown in
figure 3, and will be in amorphous state.

TiO, nanotubes fabricated using the anodisation techni-
que [66-70] will also have large surface areas and high
chemical reactivity. In order to obtain titanium dioxide films
in the form of nanotubes, the anodising parameters and con-
ditions [1, 35] are crucial, since they determine the tube-like
structure of the nanotubes and also the length, diameter and
wall thickness of the nanotubes [70].

2.2. Morphological aspect of nanostructures

Anodisation parameters play a crucial role in both nanotube
array formation and tailoring their nano architecture. Some of
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Figure 3. Top-view SEM images of different diameter TiO, nanostructures obtained in classical ethylene glycol electrolyte: 15 nm nanopores
(a), 15 nm nanotubes (b), 50 nm nanotubes (c) and 100 nm nanotubes (d).

the parameters which have a direct effect on the morphology
of TiO, nanotubes are listed in this section.

2.2.1. Electrolyte composition. The key factor influencing the
TiO, nanostructures is the electrolyte composition. The
nanostructures are usually formed in fluoride-containing
electrolytes by anodising titanium at different voltages, in
aqueous [71-73] or organic [74, 75] electrolytes. Because of
the different viscosity of electrolytes, the electrolyte
composition has an influence on the mobility of ions
present in the electrolyte solution and thus electrical
conductivity. The most frequently used organic electrolytes
are based on glycerol and ethylene-glycol solutions [65].
Nanotubes grown in organic electrolytes tend to be longer and
have smoother walls than those grown in aqueous electrolytes.
Water content in the electrolyte tends to increase the diameter
of the nanotubes [76]. With low water content electrolytes, Wei
et al [77] observed the transition of TiO, nanopores to
nanotubes because in this case the water content was not
sufficient to grow oxide layers of a considerable thickness. The
nanopore dimensions can be modified by fluoride
concentration in the electrolyte [78]. Anodisation can also be
performed in fluoride-free electrolytes, using chlorine-
containing electrolytes [79], but the obtained nanostructures
are not uniform over the whole surface.

2.2.2. Anodisation time. Another important key factor in
controlling the morphology of the nanostructures is
anodisation time. It has been proven that with increasing
time there is an increase in the uniformity of the pore
distribution in the nanostructures [78]. However, this effect is
limited; i.e. for organic electrolytes at a prolonged anodisation

time the nanotubes will be chemically etched, thus resulting
in the presence of nanograss on top of the nanotubes. In such
cases the rate of nanotube growth will be equivalent to the
chemical etching rate, and there will be no improvement
observed in the length of the nanotubes.

2.2.3. Anodisation voltage. In electrochemical anodisation,
the applied voltage also plays a crucial role in tailoring the
topography of the nanostructures. The average tube diameter
was found to increase with increasing anodising voltage [80].
In contrast to other electrolytes, in optimised phosphate/HF
electrolytes, the tube length and diameter can be well
controlled by the applied potential. The increase in the
diameter of nanotubes with increasing voltage represents an
unprecedented level of control in the geometry of anodic TiO,
nanotubes [81] which led to their increased use in applications
(biomedical, photocatalytic etc).

2.2.4. Electrolyte temperature during  anodisation.

Anodisation temperature has been proven to be important in
the determination of the final dimensions of the nanotubes’
surface morphologies and architectures [65, 82]. It has been
reported that the wall thickness of nanotube arrays can be
controlled through different anodisation temperatures ranging
from 10°C to 80°C [83]. The effect of -electrolyte
temperature on wall thickness was first reported by Mor
et al in 2005 [84], who reported that the wall thickness of
nanotubes increased with decreasing anodisation temperature,
while the length of the nanotubes increases with decreasing
anodisation bath temperature from 50 °C to 5 °C. Later, Wang
and Lin [85] claimed that the diameters of nanotube arrays
were smaller in an ice bath condition when anodised in
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organic electrolyte. However, their anodisation process was
only conducted either at room temperature or in an ice bath.
Next, Chen et al [86] reported that the inner diameter of
the tubes increases with increasing electrolyte temperature
from 10°C to 35°C. Furthermore, it was observed that
the tube profile could be improved from the general V-shape
to a U-shape by gradually increasing the -electrolyte
temperature [86].

2.2.5. Inter-electrode spacing. Inter-electrode spacing is an
important factor which particularly affects the electrolyte
conductivity and concentration during the anodisation,
especially when performing experiments in organic
electrolytes. With a decrease in the anode—cathode spacing,
there was a significant change in the TiO, nanotube array
morphologies, particularly observed in inter-tubular spacing,
which increases under a fixed electrolyte condition [87]. As a
result of the combined effect of the electrolyte properties and
high electrical field between the electrodes, the self-
enlargement potential is believed to be a driving force for
nanotube separation.

2.2.6. Metal substrate. For biomedical applications,
nanostructures prepared from titanium alloy often proved to
be more useful because of their high strength and
biocompatibility. In addition, with titanium alloys it is
possible to prepare different morphologies of the
nanostructures, such as nanotubes, nanopores, nanoneedles,
etc, which can have a higher surface area resulting in possibly
better bioapplications. During anodisation, the thickness of
the metal substrate has a high significance because it can
affect the morphologies of the nanostructures [88]. With
thinner titanium foils, it can cause equilibrium between
anodic oxidation and dissolution which will form the
nanotube morphology. For thicker titanium substrates only
chemical dissolution could occur, resulting in the formation of
nanoparticles instead of nanotubes [88].

2.2.7. Improved top surface of nanotubes. In order to
improve the top morphology of TiO, nanotubes, either a
pre-treatment or a post-treatment of the substrate is applied.
The usual substrate pre-treatment includes polishing or
double anodisation [89, 90]. Double anodisation can be
used to grow a open-top and uniform surface nanotubular
layer in the second anodisation (due to the dimples left in the
substrate from the bottom of the nanotubular layers).
Generally, during the anodisation process, the presence
of ethylene glycol [91] and high pH levels of the electrolyte
[92] can result in the deposit of unexpected precipitates on the
top surface of the nanotubes, which either leads to a non-
uniform surface or hinders the filling of the nanotubes with
other functional materials for their use in biomedical
applications. Thus, it was necessary to develop a method to
effectively remove the precipitates/nanograss in order to
obtain clean surface nanotubes, which could facilitate further
modification of nanotube arrays. Researchers [91, 93, 94] also
reported that ultrasonic agitation could be used to remove the

precipitates or unwanted nanograss on the nanotube arrays.
The top surface of TiO, nanotubes was cleaned effectively at
a lower time of ultrasonic treatment and TiO, nanotubes were
well aligned and uniform. However, as the time of
ultrasonication was increased, certain parts of the nanotubes
were broken and no nanotubes were left on the titanium
substrate if the sonication time was further increased [93].
Usually, the reported ultrasonic treatment processes were
performed in water [93] or in diluted hydrofluoric acid [94].
The effect of mild ultrasonication in water for nanotubes with
nanograss on top is shown in figure 4.

2.2.8. Effect of annealing. The effect of annealing on the
crystal structure and phase transition of TiO, nanotubes is
well known [44, 95, 96]. Regonini et al [97] showed that
choosing the appropriate annealing temperature allows the
structure to consist of defined ratios of anatase and rutile with
a reduced contamination of species from the electrolyte or
organic solvents. Titanium oxide nanotubes prepared by
electrolytic anodisation of a titanium electrode have been
systematically heat treated in order to control the conversion
of the as-prepared amorphous structure to nanocrystalline
anatase and rutile. During annealing, fluorine ions are
gradually ejected from the anodic layer and the fluorine
concentration is negligible in samples that are heat treated
above 400 °C. Nanotubes can be subjected to the annealing
process for various periods and temperatures in order to
improve the crystallinity of the nanotubes. Nevertheless, the
higher the temperature, the higher the rutile content, leading
to an increase in the tube wall thickness, decrease in the tube
diameter, sintering of the nanotubular structures, appearance
of cracks in the nanotubular layer, decrease of the contact
angle, etc [97, 98].

3. Functionalisation of nanotubular structures

In different biomedical applications, for a better adhesion of
cells on the nanostructures, it is necessary to improve the
surface of these structures. These nanostructures can be
modified by different methods, such as changing the surface
roughness by linking self-assembled monolayers (SAMs),
antibodies or peptides on the surface of nanostructures.

3.1. Self-assembled monolayers

SAMs are highly ordered structures to which molecules can
arrange upon adsorption on or reaction with a substrate.
Because of the modularity of the organic building blocks,
SAMs can be used to alter the surface properties of various
kinds of substrates independently of the bulk characteristics.
The formation of SAMs on metal or metal oxide surfaces [99]
is commonly employed in the fabrication of model surfaces
with highly controlled chemical properties. The best-studied
SAM systems are self-assembled alkane thioles on gold [99—
104], alkyl phosphates and phosphonates on metal oxide
surfaces [99, 105-107] and SAMs formed via silanisation on
silicon and other oxides [108—114]. The orientation of the
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Figure 4. Top view of the nanotubes before ultrasonication (a) and after ultrasonication (b).

SAMs on the surface can in many cases determine the surface
properties [115-117]. TiO, [118-120] modified by SAMs is
technologically of great interest due to the possibility to adjust
surface properties such as wetting behaviour [121, 122],
protein adsorption [123, 124], cell interaction in biomedical
applications [125, 126] and controlled drug release
[127-129].

Combining such methods of surface modification with
TiO, nanotubular structures could lead to synergistic effects.
Recent works have used carbonyldiimidazole as a SAM for
linking bone morphogenetic protein 2 on the nanotubular
structures [130, 131]. Other suitable linkers include poly-
dopamine [132], amino-functional organisilane [133] and
octadecylphosphonic acid [126].

3.2. Surface functionalisation with growth factors

Functionalisation of TiO, nanotubes with growth factors can
also be achieved, using for example bone morphogenetic
protein-2 (BMP-2) [130, 131, 133], epidermal growth factors
[130] and vascular endothelial growth factors [134]. This
functionalisation is not performed directly, but usually via
SAMs. Further information about the influence of growth
factors linked to TiO, nanotubes on the cell interactions will
be discussed in section 4.

3.3. Proteins

Proteins also play an important role in the modification of the
surface of titanium nanostructures [31]. They can act as a
mediator between the nanotube surface and cell membrane for
better cell adhesion [31]. It was previously reported that
osteoblast surface interactions with titanium nanorough sur-
faces ultimately involved an interaction between osteoblasts
and surface-bound proteins or other biomolecules [134]. It
was recently suggested that the contact between osteoblast
membrane and the titanium surface is established in two steps.
Firstly, the membrane of an osteoblast cell makes a non-
specific contact due to electrostatic forces, followed by a
second step where specific binding involving integrin
assembly into focal contacts takes place [135]. Since osteo-
blasts are negatively charged [136], they are electrostatically
repelled by the negatively charged titanium surface as long as
no other attractive forces are present in the system. Recently,

a possible mechanism of osteoblast adhesion to the implant
surface was proposed on the assumption that positively charged
proteins or proteins with positively charged tips, i.e. a quad-
rupolar internal charge distribution attached to the negatively
charged implant surface, serve as a mediator for the subsequent
attachment of negatively charged osteoblasts [10, 31].

3.4. Surface functionalisation via plasma polymerisation

In the last few decades, plasma functionalisation [137] is one
of the techniques which has been well established as a clean,
simple and flexible method for surface modification, having
the capability to alter surface properties (both chemical and
morphological) by providing a range of functional groups
such as amine, carboxyl, hydroxyl, epoxy and aldehyde
groups [138, 139]. To demonstrate that plasma polymerisa-
tion is a suitable method for surface modifications of TiO,
nanotubes, Vasilev et al [140] used allylamine as a common
amine-containing precursor which has been previously shown
to provide a stable and biocompatible amine functional sur-
face for a number of applications such as membranes, cell
adhesion, DNA and protein adsorptions, enzyme immobili-
sations and biosensing [141-144]. Plasma surface modifica-
tion using allylamine as a precursor generated a thin and
chemically reactive polymer film rich in amine groups on top
of the TiO, nanotube surface [140], which was further used
for surface functionalisation by attachment of desired mole-
cules. Both electrostatic adsorption of poly (sodium styr-
enesulfonate) as an example of layer-by-layer assembly and
covalent coupling of poly (ethylene glycol) as an example of
creating a protein-resistant surface were used.

3.5. Nanoparticle decoration

Silver nanoparticles can be easily incorporated into coatings
on titanium or titanium alloys. New strategies in the devel-
opment of antimicrobial coatings include for example the
increasing usage of silver and silver nanoparticles or anti-
bacterial TaN-Ag coatings on titanium dental implant.
Furthermore, the merit and demerit effects of silver nano-
particles on the bio-performance of the biomaterial surface
have also to be considered. These techniques can also be
easily applied to TiO, nanotubes by simple procedures
involving AgNOj3; immersion and UV irradiation [145-147].
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Other examples of nanoparticle decoration of TiO, nanotubes
for biomedical applications could include elements such as
copper, fluorine and zinc. Zinc can be easily incorporated
hydrothermally into nanotubes [148]. Other possibilities
include in situ decoration by anodisation of alloys (e.g. TiAu
alloys [149] and TiPt alloys [150]; these are not yet tested for
biomedical applications, but show highly uniform decorated
nanotubes).

3.6. Anodisation of alloys

There are a number of papers on biomedical alloy anodisation
and characterisation of the obtained nanotubular structures.
Anodised alloys include Ti-6Al-7Nb [95, 151, 152], Ti-6Al-
4V [151], Ti-6Al-4Zr [153], TiNbZr and TiTaNb alloys
[154], TiZr alloys with different Zr concentration in the range
of 10wt.% to 40wt.% [155, 156], Ti50wt.Zr [157-160],
TiNb alloys [161], TiTa alloys [161] such as Ti-25Ta [163],
Ti-30Ta [164] or Ti-35Ta [161], and Ti-25Ta-xZr (x=0, 3, 7,
15) [166].

New biomedical alloys are constantly tested and alloying
elements are used, depending on the desired properties; for
example Ta can act as a f-phase stabiliser and also decreases
the elastic modulus, Zr is also a f-phase stabiliser and pro-
vides solid solution strengthening, increased biocompatibility
and it is antibacterial.

4. Application of TiO, nanostructures in biomedicine

4.1. Nanostructures for hydroxyapatite formation

A key factor in view of the rapid growth of biomedical
implants in bone is fast kinetics of hydroxyapatite (HAp)
formation on implant surfaces from body fluids. A number of
studies [167—170] have shown that HAp formation can be
strongly accelerated on TiO, nanotube surfaces compared
with flat TiO, surfaces, and a strong size effect is also
observed in this case [167].

4.2. Protein interactions with nanotubes and their role in cell
adhesion to TiO, surface

The first important step taking place after implantation (in
blood-contacting, orthopaedic or dental implants) is the
adsorption of proteins from the surrounding tissue. The
amount and type of adsorbed protein further influences the
implant’s success. Gongadze et al [31, 171] proposed a
mechanism for the adhesion of cells to a nanorough titanium
implant surface with sharp edges. The basic assumption was
that the attraction between the negatively charged titanium
surface and a negatively charged osteoblast is mediated by
charged proteins with a distinctive quadrupolar internal
charge distribution. Similarly, cation-mediated attraction
between fibronectin molecules (present in the extracellular
matrix) and the titanium oxide surface is expected to be more
efficient for a high surface charge density, resulting in
facilitated integrin-mediated osteoblast adhesion. Osteoblasts
could be more strongly bound along the sharp convex edges

or spikes of nanorough titanium oxide surfaces where the
magnitude of the negative surface charge density is the
highest. It is therefore plausible that nanorough regions of
titanium oxide surfaces with sharp edges and spikes could
promote the adhesion of osteoblasts. A small-diameter
nanotube surface has on average more sharp convex edges per
unit area than a large one, leading to strong binding affinity
on its surface [31, 171].

4.2.1. Different cellular responses to specific diameter of
nanotubes. Among all other metal implants, the TiO,
nanotube arrays are one of the most promising candidates
of titanium nanostructures for dental implantology. Several
in vitro studies [8, 9, 95, 172-175] have demonstrated that
cells cultured on these nanotubular surfaces showed higher
adhesion, proliferation, alkaline phosphatase activity and
bone matrix deposition. More spectacular is the influence of
nanomorphological features of TiO, nanotubes on the cellular
response, showing that there is a clear diameter size effect and
that diameters of 15-20nm are optimal for increased cell
adhesion and proliferation [175]. Examples of the
nanotubular structures generally used are presented in
figure 2, showing good control over the diameter of such
structures.

It was previously reported that there is a clear diameter-
size effect, showing that a diameter of approximately 15 nm
significantly increases the adhesion, proliferation and differ-
entiation of mesenchymal stem cells, whereas tube diameters
of approximately 100nm lead to programmed cell death
(apoptosis) [8, 9, 176]. Different substrate materials such as
TiO, and ZrO,, in different states of crystallisation (amor-
phous and annealed) were used to confirm the size effect of
nanotubes [8], as well as different fluoride contents in the
tubes [8]. Besides this, the size effect was also confirmed for
several types of living cells; i.e. mesenchymal stem cells,
hematopoietic stem cells, endothelial cells, osteoblasts and
osteoclasts. The size effect is explained by the specifically
tailored nanotubular morphology, because the integrin
clustering in the cell membrane leads to a focal adhesion
complex with a size of about 10 nm in diameter, thus being a
perfect fit for nanotubes with diameters of about 15 nm [9].

4.2.2. On the role of electrostatic interactions. There have
been numerous studies showing that the negative surface
potential of metal implants promotes osteoblast adhesion and
consequently new bone formation [178, 179]. Electrostatic
interactions, described within the electric double layer theory,
are considered as a predictor of the osteoblast attachment to
biomaterials [31, 135, 180]. At first glance, the attractive
interaction between the negatively charged surface and the
negatively charged osteoblast membrane surface would seem
impossible unless there is a mediator. The mediators may be
proteins with a quadrupolar internal charge distribution
(figure 5) which facilitate the attraction due to electrostatic
attractive interactions of positively charged domains on the
tips of the surface-bound quadrupolar proteins and the
negative charges of the opposite osteoblast membrane
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Figure 5. Schematic of the adhesion of fibronectins, vitronectins and
proteins with a quadrupolar internal charge distribution at sharp
edges of vertically aligned TiO, nanotubes.
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Figure 6. Schematic figure of the system under consideration. Two
negatively charged surfaces at separation distance d with surface
charge density o. a,, and a, describe the orientation of the macro-
ions, Z is the valence of the point-like charges within a single macro-
ion and L is the distance between the two point-like charges of the
macro-ion.

[31, 135]. The increased negative surface charge density at
the sharp edges of the TiO, nanotube surface (table 1) [31]
may also promote adsorption of vitronectin and fibronectin
(figure 5), and in this way, also the integrin-mediated
adsorption of cells to these titanium regions [31, 171]. A
small-diameter nanotube surface has on average more edges
per unit area in comparison to large-diameter nanotube
surfaces, which may lead to the stronger adhesion of
fibronectin to the small-diameter nanotube surface.

Due to the internal charge distribution, the quadrupolar
proteins exhibit strong orientation in the direction of the
surface normal vector (figure 8) [135]. The adhesion of
negatively charged fibronectin is mediated by divalent
cations [31].

In the previous section, the basic mechanism of
orientation of proteins with a quadrupolar internal charge
distribution near the charged surface (figure 5) was described
in detail. As already explained above, the attractive force

Table 1. The magnitude of the surface charge density at the edge of
the TiO, wall (o.) for different values of the edge curvature radius
(R.) calculated as described in detail in [10, 11, 31]. The values of
the model parameters are: surface charge density far away from the
edge of TiO, wall 0.2 As m™2, the dipole moment of water py=3.1
D, the bulk concentration of salt no/NA=0.15 mol ™! and the bulk
water concentration ng./NA =55 mol ™1,

R, [nm] o, [Asm™2]
1.0 -0.221
2.0 -0.211
3.0 -0.208
o0 -0.200

between the negatively charged surface of TiO, nanotubes
and negatively charged osteoblast membrane is impossible
without the mediation of proteins with quadrupolar internal
charge distribution (figure 5). The attractive interactions
between like-charged surfaces mediated by macro-ions
(proteins) with internal electric charge distribution have
already been observed in the past in different experiments
with negatively charged lipid vesicles [181-184].

The problem of including the internal charge distribution
within a macro-ion (protein) in the theoretical description
of attractive interactions between like-charged surfaces
can be solved by introducing the modified Poisson—
Boltzmann equations [185], and by using different functional
density theories [186—189], self-consistent field theory for
divalent ions [190, 191] or strong-coupling theories [192].
The results of theoretical predictions were also compared with
the results of Monte Carlo (MC) simulations [135, 186—
190, 192].

Based on the results of the above-mentioned theoretical
and MC studies it can be suggested that the main effect of the
charge distributed within the single macro-ion is the contribu-
tion to rotational entropy as a consequence of an additional
rotational degree of freedom of the macro-ion, which is
completely absent in the case of point-like charged particles.
The corresponding free energy expression for the solution of
macro-ions (equation (1)) should therefore also include the
term due to the rotational (orientational) entropy of the macro-
ions. The resulting minimum of the free energy of the system
of two like-charged surfaces with an intermediate solution of
multivalent macro-ions (see for example figure 6) is then
defined by the competition between electrostatic energy, the
translational entropy term and the orientational entropy term of
the free energy. At sufficiently high electrostatic coupling the
macro-ions at the charged surface are predominantly oriented
in the orthogonal direction (figure 7) to the charged surface and
can ‘bridge’ the interaction between two like-charged surfaces
(figure 8) [135, 185, 188, 189].

Figure 6 shows a schematic of a solution of positively
and negatively charged macro-ions having a quadrupolar
charge distribution which are confined by two negatively
charged surfaces. The results of functional density theory
(FDT) MC simulations are briefly presented in order to
explain the physical basis of attraction between two like-
charged surfaces mediated by macro-ions possessing
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Figure 7. Results of MC simulation. Volume charge densities due to
positively and negatively charged macro-ions (“positively charged,
*negatively charged), average orientation of the spherical macro-ions
and the number density of their centres (*) as a function of the
distance from the charged surface for the two values of the charge
parameter P=—-0.5 and P=-2.0. The most probable orientation of
the positively and negatively charged macro-ions is depicted with
their average order parameter (S) calculated in the closest vicinity to
the surface at x=L/2. Full lines show the results of model
predictions, showing excellent agreement with the predictions of MC
simulations.

quadrupolar charge distribution. The FDT [189] is derived
within the Poisson—-Boltzmann mean field approach, where
the rotational entropy of macro-ions is also taken into
account. The free energy of the system with positively and
negatively charged divalent spherical macro-ions (see figure 6)
can be written as [189]:

nj (x)
yrratees f y (0% + f lelnl( ) In
+ 2np — Zni(x) dx—/ Zn(x)—
i=+1 i=+1

L2
x [ f p. (k) In p, (slx)ds]dx )
0
The first term in equation (1) refers to the electrostatic
energy of the system, where w(x) is the reduced potential, /g
is Bjerrum length and e is the elementary charge. The second
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term describes the translational entropy of the macro-ions
with number densities n;(x) (i=+, —) with their bulk values
ng, and Z is the valence of the two point-like charges within a
single macro-ion (see also figure 6). The third term stands for
the rotational entropy of macro-ions, where p(slx) is the
conditional probability of finding a point-like charge of the
single macro-ion at the position s € (x—L/2, x+ L/2), where x
is the coordinate of the centre of the spherical macro-ion.
Variation of the free energy of the system (equation (1))
using the methods of calculus of variation results in an
integro-differential equation for the space-dependent reduced
electric potential [189]:
dzq/

L2
—8nlgZegny Zl— / exp[—iZy (x)
i=+1

— iZy (x + 2s)]dx. (2)

Applying the standard boundary conditions, ensuring the
electro-neutrality of the system, the integro-differential
equation (2) can be solved numerically as described in detail
in [189]. In the above-described theoretical model, the finite
size of the charged macro-ions is taken into account only by
considering the distance of closest approach of the centre of
the macro-ions to the charged surface (L/2). Besides the
equilibrium dependence of the potential y(x), the solution of
the integro-differential equation (2) yields the equilibrium
dependence of macro-ion number density 7(x) and probability
density p(slx). The detailed derivation and solution of the
equation is presented in [189]. The results were tested by MC
simulation of the canonical ensemble of the system under
consideration (figure 6); i.e. of the solution of positively and
negatively charged spherical macro-ions located between two
like-charged surfaces. An excellent agreement between the
predictions of FDT and MC simulations (see figure 7) was
shown in the wide range of the values of the electrostatic
coupling constant [189].

Figure 7 shows the volume charge densities of the centres
of the positively and negatively charged macro-ions and the
number density of their centres (n,(x) + n_(x)) as the results of
two methods; MC simulation and the model for two different
values of the charge parameter P(P=2onlglp/ey). The
separation between two like-charged surfaces d=8nm, the
diameter of the macro-ions L=2nm and the valence of the
point-like charges within the single macro-ion Z=1. As
expected, the positively charged macro-ions are attracted and
negatively charged macro-ions repelled from the charged
surface. It can be seen in figure 7 that for lower values of the
charge parameter P (P =-0.5) the orientation of both kinds of
spherical macro-ions is weaker and positively charged macro-
ions are also less condensed at the planar charged surface(s)
than those for higher value of P (P=-2). For higher values of
the charge parameter P (P =-2) almost all positively charged
particles are condensed at both planar charged surfaces.
Moreover, the positively charged macro-ions are oriented
mainly orthogonally to the planar charged surface(s).

The average orientation of the spherical divalent macro-
ions can be described by the average order parameter S:
S=((3cos” a,—1)/2) (see also figure 6). The value S=0
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Figure 8. Schematic of the proposed mechanism of attraction between the negatively charged TiO, surface and negatively charged cell
membrane surface mediated by macro-ions at a larger distance (left) and the equilibrium distance corresponding to the minimal free energy of

the system (right).

corresponds to completely random orientation of the spherical
divalent macro-ions, while the value S=1 corresponds to the
situation when all spherical divalent macro-ions are oriented
in the direction of the reference axis (in our case in the
direction orthogonal to the charged planar surface). The
average order parameter S increases with the increasing
charge parameter, pointing to a more orthogonal orientation
of the positively charged spherical macro-ions. The orienta-
tion of the macro-ions for two different values of charge
parameter P is schematically shown in figure 8 (left). Note
that the charge parameter P increases with increased
magnitude of the surface charge density ¢ and increased
valence Z. Stronger orientation of the macro-ions in the
orthogonal direction with respect to the charged surface
contributes to stronger attraction between the like-charged
surfaces [188]. Due to the attraction force, both like-charged
surfaces come close together at the distance d ~ L, where the
minimum of the free energy is attained. At equilibrium
distance d ~ L, the positively charged macro-ions are oriented
orthogonally and the negatively charged macro-ions are
depleted from the gap between the two charged surfaces (see
figure 8 (right)). According to the theory, the equilibrium
distance between the two surfaces is approximately equal to
the dimension of the macro-ion [189].

4.2.3. On the origin of the non-zero surface charge density of
TiO, surface. The suggested mechanism of cell adhesion to
nanostructured TiO, surfaces assumes increased surface
charge density at the sharp edges and other highly curved
surface regions, which promotes the adsorption of fibronectin,
vitronectin molecules and proteins with a quadrupolar internal
charge distribution (figure 5) [31, 135, 171]. The TiO,
nanotubes and nanowires are semiconductor materials,
different from a flat titanium surface where a very thin
oxide layer is formed only on the surface, while the bulk
titanium properties remain metallic. In the following we
therefore briefly discuss the possible origin of curvature-
dependent electric charge distribution on the surface of pure
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semiconductor materials such as TiO, nanotubes and
nanowires. The surface of the semiconductor TiO, has a
certain number of surface titanium and oxygen dangling
bonds. Therefore at a physiological pH some of the available
OH" and H" ions in the electrolyte can be chemisorbed to the
TiO, nanostructured surface [193]. In the case of TiO,
nanotubes the chemisorption or adsorption of other ion
species present in the electrolyte being in contact with the
TiO, nanostructured surface may also take place [194]. In
addition, ions present in the electrolyte used for fabrication of
anatase TiO, nanotubes by etching titanium foil [195] can be
chemisorbed or adsorbed on the TiO, nanotube surface. As a
result, the local density of states of the electronic molecular
orbitals of surface titanium and oxygen atoms is different
from the bulk ones, and consequently the distribution of the
electric charge will be different [196]. When the
semiconductor TiO, is in contact with the electrolyte, the
surface of TiO, can be positively or negatively charged in
equilibrium, depending on the pH [197]. The net exchange of
conduction band electrons between TiO, and the surrounding
electrolyte is possible until in the steady state the Fermi
energies of the semiconductor and electrolyte become equal
[198]. As a result, the non-zero TiO, nanostructured surface
charge density is established due to the excess/depletion of
conduction electrons at the TiO, surface which are moved to
(or from) the TiO, surface in order to equilibrate the Fermi
levels at the TiO, surface in the bulk of TiO, and in the
surrounding electrolyte. These conduction electrons (or
valence holes in the second case) are free to move, so they
can be accumulated/depleted at sharp edges of the TiO,
nanostructured surface. At the edges of the TiO,
nanostructured surface the initial value of the surface Fermi
energy (i.e. the Fermi energy before the steady state is
reached) may also be due to their specific structure; i.e. high
curvature of the edge or spike, different from in the other
regions of the TiO, surface. In addition, anions and cations
from the electrolyte could also be adsorbed to the TiO,
nanostructured surface in a curvature-dependent way. All of
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these processes may contribute to the increased negative
surface charge density at the edges and spikes of TiO,
nanostructured material, as schematically shown in figure 5
for the case of a TiO, nanotube wall.

Finally, the TiO, nanostructured surface structure is
attached to the underlying metallic titanium bulk material (foil
in the case of TiO, nanotubes). Therefore the conduction
electrons are transferred from the bulk metallic titanium
(where the Fermi level is higher) to the TiO, nanostructured
surface, for example to the attached vertically oriented TiO,
nanotubes.

In the classical approach, the solution side of the
semiconductor (TiO,) in contact with the electrolyte solution
is traditionally described using different mean-field electric
double layer theories [198, 199], where the above-described
surface-specific properties of TiO, may be captured in one
phenomenological parameter; i.e. in the curvature-dependent
effective surface charge density (table 1) [31, 171]. Using the
classical approach, the accumulation of charge in the
electrolyte at the TiO, surface can be described as a capacitor
(described within the electric double layer theory) whose
capacitance is curvature-dependent. The condition of the
constant electric potential over TiO, then implies the
curvature-dependent surface charge density [31].

In addition to the classical description, different semi-
classical theories such as the Marcus electron transfer theory
[198] or activated complex theory [200] can be used to
theoretically study the electron exchange and the adsorption
and chemisorption of molecules (ions) from the electrolyte
solution to the TiO, nanostructured surface.

The fact that the small-diameter nanotube surface has on
average more sharp edges per unit area with an increased
surface charge density in comparison to a large-diameter
nanotube surface (figure 5) may explain why the observed
osteoblast binding affinity of a small-diameter nanotube
surface is larger than that of a large-diameter nanotube
surface.

4.2.4. Fibronectin binding. In accordance with the suggested
role of electric charge accumulation in the region of highly
curved charged sharp edges of the TiO, nanotube surface,
figure 9 shows strong differences in fibronectin adsorption to
TiO, nanotube surfaces with different diameters and a flat
compact surface [171]. A significantly higher amount of
fibronectin was found on the 15 nm diameter compared to the
100 nm diameter nanotube as well as on compact surfaces
compared to 100 nm diameter nanotubes [171]. However, no
significantly higher amounts of adsorbed fibronectin could be
found on 15 nm nanotubes compared to compact surfaces.
The proposed increased fibronectin and vitronectin
accumulation at negatively charged edges of vertically
oriented TiO, nanotubes can then facilitate the clustering of
integrin molecules, which enables the formation of focal
adhesion complexes and increased cell binding affinity
around the edges of vertically oriented TiO, nanotubes
(figure 5).
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Figure 9. Quantitative assessment of adsorbed amount of fibronectin
after two washing steps. On the 15 nm diameter nanotube surface
significantly higher amounts of adsorbed fibronectin were found
compared to the 100 nm diameter surface (*p =0.0068) as well as on
the flat compact surface compared to the 100 nm nanotube surface
(*p=0.0042). No statistical difference was found between 15 nm
nanotubes and compact surfaces. Quantitative fibronectin adsorption
analysis was evaluated by three individuals (real size of sample:
2x2 cm). Values were each combined to one mean and standard
deviation for each specimen. All data were expressed as means with
standard deviations. The statistical analysis was performed with
Origin Software (version 6.1). The results were verified using
Student’s t-test. A significant difference of the compared data was
assumed for a probability p <0.05. The figure also shows scanning
electron microscope images of 15 nm and 100 nm diameter nanotube
surfaces (adapted from [171]).

Figure 9 also shows electron microscope images of
15 nm and 100 nm diameter nanotube surfaces. Note that the
small-diameter (15 nm) nanotubes are much more closely
packed than the large-diameter (100 nm) TiO, nanotubes. The
inner and outer diameters of the small-diameter nanotube are
approximately 10 nm and 15 nm, and the respective dimen-
sions of the large-diameter nanotube are approximately 80 nm
and 100 nm.

Based on the results presented in figure 9, it can be
assumed that the small-diameter TiO, nanotube surface had a
significantly larger portion of fibronectin and therefore also
integrin binding regions (due to the larger area density of
highly curved nanotube edges) than the large-diameter TiO,
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nanotube surface. Since there is no significant difference in
the binding of fibronectin to the small-diameter TiO,
nanotube surface and the flat titanium surface (figure 9),
one can conclude that the strength of the attractive
interactions per unit area of the edges of the TiO, nanotube
is larger than the corresponding value for a flat titanium
surface. This means that the hollow interior space of the
nanotubes in the case of the 15 nm TiO, nanotube surface,
where the fibronectin and vitronectin cannot be bound, is
compensated by the increased binding affinity at the sharp
edges of the TiO, nanotube walls. For the 100 nm TiO, this is
not possible since the hollow interior space and the space
between neighbouring TiO, nanotubes is too large.

In addition, on the 15nm TiO, nanotube surface, the
extracellular part of integrin molecules (of conical shapes)
could easily bind to the neighbouring nanotubes on the small-
diameter nanotube surface (figure 5), since the interacting
integrin molecules were in contact with the nanotube edges.
This would not be possible on a nanotube surface having a
too large hollow interior space, as in the case of the 100 nm
TiO, nanotube surface. We propose that the fibronectin and
vitronectin binding at the edges of TiO, nanotube walls
enables the local aggregation of integrin molecules (figure 5)
and thus the formation of focal adhesion points. On the
contrary, in the case of the flat titanium surface, the focal
adhesion is additionally enhanced on small-diameter nano-
tubes because the extracellular part of the integrin molecules
is of a similar size, enabling cross-binding over the edges of
the neighbouring nanotubes and over the hollow interiors of
vertically oriented TiO, nanotubes (see also figure 5). Based
on the recently suggested mechanism of protein-mediated
attractive interaction between a negatively charged substrate
surface and a negatively charged cell membrane
[31, 135, 171] as well as on cation-mediated binding of
fibronectin [201] and electrostatic binding of vitronection
(figure 5), we suggest that the accumulation of negative
charge at the highly curved edges of a TiO, nanotube wall
(figure 5) contributes to the locally increased strength of cell
adhesion. Local accumulation of fibronectin and vitronectin at
the edges of the TiO, nanotube wall may in this way induce
the aggregation of integrins and formation of focal adhesion
points (figure 5). Similarly, in the case of the TiO, nanowire
surface the increased number of focal points is also suggested.
The adhesion of a cell membrane on a nanostructured TiO,
surface may be facilitated by the interaction of integrin
molecules during the formation of a focal adhesion, while on
the flat (compact) titanium surface the adhesion is more
homogeneous, which does not facilitate the formation of focal
adhesion points [171].

4.3. Nanotubes for antibacterial activity

Bacterial infection of in-dwelling medical devices is a
growing problem that cannot be treated by traditional anti-
biotics due to the increasing prevalence of antimicrobial
resistance and biofilm formation [202]. Controlled diameter
nanotubes (amorphous or crystalline) presented significantly
changed responses of both Staphylococcus epidermidis (S.
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epidermidis) and Staphylococcus aureus (S. aureus)—
pathogens relevant for orthopaedic and other medical device-
related infections [202, 203]. It is clear that a similar trend
exists also for bacteria, in that larger-diameter nanotubes
decrease the number of live bacteria (S. aureus and S. epi-
dermidis) as compared to smaller-diameter (20 nm) nanotubes
or titanium [19]. A further study [204] pointed out that
regardless of the sterilisation technique used, smaller-dia-
meter nanotubular layers (20 nm) are better at reducing bac-
teria growth when compared to larger-diameter nanotubular
layers (80 nm). When using titanium alloys containing ele-
ments which could inhibit bacteria (e.g. zirconium), such as
Ti5S0Zr alloy [158], smaller-diameter nanotubes showed
increased antibacterial effect against E. coli.

4.4. Nanotubes in dental and orthopaedic implants

As reported in previous in vitro studies, the topography of the
TiO, nanotubes improved osteoblast proliferation and adhe-
sion compared to normal titanium surfaces [8]. The increased
in vitro cellular activities for TiO, nanotubes also translated to
in vivo bone bonding [205]. Nanotubular surfaces sig-
nificantly improved bone bonding strength as much as nine-
fold compared with grit-blasted surfaces [206], and histolo-
gical analysis revealed greater bone implant contact and
collagen type I expression, confirming the better in vivo
behaviour of TiO, nanotubes. In vitro tests performed on
nanotubes obtained on different alloys such as Ti-6Al-7Nb
[95, 207] suggests their use in orthopaedic cellular therapy.
Covalent immobilisation of different biomolecules can be
used as a tool for the differentiation of mesenchymal stem
cells (MSCs) to specific cells. For example, immobilisation of
epidermal growth factor [130, 207] enabled cells seeded onto
100 nm nanotubes to attach and promote proliferation,
whereas immobilisation of BMP-2 [208] on different diameter
nanotubes led to higher osteocalcin and osteopontin levels on
the 30nm diameter TiO, nanotube. When BMP-2 was
covalently immobilised via carbonyldiimidazol [131], differ-
ent MSC differentiation was observed; namely, enhanced
osteogenic differentiation on 15 nm nanotubes [131].

Comparing bladder stents coated with 20 nm and 80 nm
diameter nanotubes to normal titanium bladder stents, the
20 nm diameter nanotubular titanium stents enhanced human
urothelial cell adhesion and growth for up to 3 days in culture.
It follows that nanotubular structures could be further
explored for bladder stent applications [209, 210]. TiO,
nanotubular surfaces also appear to be a promising interface
material for the long-term success of blood-contacting
implants [211-214].

4.5. Nanotubes in drug delivery applications

Current orthopaedic implants have functional lifetimes of
only 10-15 years due to a variety of factors, including aseptic
loosening due to poor osseointegration (or a lack of prolonged
bonding of the implant to juxtaposed bone), infection and
dislocation [215]. To improve the properties of titanium for
orthopaedic applications, it is possible to coat the nanotubular
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structures with infection-reducing drugs (penicillin/strepto-
mycin) and inflammation-reducing drugs (dexamethasone) by
simple physical adsorption or deposition from simulated body
fluid, with drug elution times of up to 3 days for the latter
[216]. Kulkarni et al reviewed different surface modification
methods of titanium nanostructures [217] for biomedical
applications. Shrestha et al [129] showed that TiO, nanotubes
can be filled with magnetic Fe;O, particles and thus be
magnetically guided to desired locations. Such structures can
be used directly for photocatalytic reactions with cells or
tissue, such as site-selective killing of cancer cells. UV light
can also be used for killing cancer cells via the use of
nanotubes but the need for direct access of UV light to the
TiO, nanotubes is a definite disadvantage. More recent works
[127, 218, 219] focused on the application of an amphiphilic
nanotubular structure consisting of nanotubes that provide a
hydrophobic cap (using a monolayer coating) that does not
allow body fluids to enter the nanotubes unless the cap is
opened by a photocatalytic interaction. Based on the same
idea, drug-loaded nanotubular layers can be capped with
biopolymers [220].

4.6. Toxicity of TiO, structures

One aspect often ignored concerns the toxicity of TiO,
nanostructures. Toxicological data should take into account
potential adverse effects after local and systemic exposure.
Titanium generally appears to be benign and well tolerated by
the tissue [221]. Until 2006, TiO, was listed within Group 3
(not classifiable as to its carcinogenicity to humans) of the
classification by the International Agency for Research on
Cancer (IARC) [222]. Since 2006, IARC has classified TiO,
as possibly carcinogenic to humans (Group 2b) based on
sufficient evidence in model animals but inadequate evidence
from epidemiological studies [223]. Size, crystal structure and
surface properties may affect the response, involving a sec-
ondary genotoxic mechanism with chronic inflammation and
oxidative stress [223]. The latter occurs when reactive oxygen
species (ROS) disrupt the balance between the oxidative
pressure and antioxidant defence. ROS (hydroxyl radical,
superoxide, etc) could be produced by photo-activation, cer-
tain chemicals or by interaction between particles and cellular
components. Studies indicate that TiO, nanoparticles in the
anatase phase are capable of producing greater ROSs than
those in the rutile phase [224].

One of the complications of nanotoxicology is that the
toxicity of a specific nanomaterial cannot be predicted from
the toxicity of the same material in a different form. For
example, nanoparticles can originate from various devices
implanted into the human body; i.e. orthopaedic implants
[225, 226]. Metal components are subjected to mechanical
wear, surface corrosion or a combination of both, and produce
solid particulate wear debris and soluble forms. Prosthesis-
derived metal wear products are released to the local pros-
thesis environment; i.e. synovial fluid and periprosthetic tis-
sue. Free or phagocytosed wear particles are transported
within the lymphatic system and can be found in distant
organs [227]. The size of metal particles varies depending on
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the site of origin and mode of wear [228-230]. The smallest
particles were identified for CoCr alloy, originating from the
bearing site, where particles from 40—-120 nm for the needle-
like shape and up to 90nm for the globular shape were
formed [228]. In contrast to CoCr particles, titanium particles
originating from non-bearing sites are present mainly as
micron-sized flakes or globule shapes [229, 230]. Released
particles provoke the biological inflammatory response of
phygocytosis and pinocytosis, which may lead to bone
resorption and eventually to bone loss [225, 226]. In the case
of extensive metal particle production, a cell-mediated type
IV immune reaction may occur, presumably due to the for-
mation of metallic byproducts with serum proteins to form
hapten [226]. The mechanism of cell damage appears to be
different after exposure to wear particles of different sizes,
composition and morphology [225]. The adverse effects of
different types of metallic particles on cells relevant to bone
are dependent on the debris/particle dose, which is dependent
on the size and shape of particulate debris [231]. For an equal
mass to volume of debris, smaller particles (nano-sized)
produce a greater inflammatory response than larger particles
(micro-sized) [232]. Among the different alloys, CoCr alloy
particles produce greater toxicity than titanium-based particles
and caused decreased viability and proliferation of human
osteoblasts, fibroblasts and macrophages of >50% at a dose of
only 50 particles per cell [232].

Some industrial nanoparticles are suggested to provoke
diseases and pollute the environment [233]. The use of TiO,
nanoparticles in humans should be investigated further with
regard to their cytotoxicity. Until now, only a few studies
have analysed the cytotoxicity of nanoparticles in this respect
and further studies are required. In 2010, Feschet-Chassot
et al used the ciliated protozoan T. pyriformis to predict the
toxicity of TiO, nanotube layers towards biological systems
[177]. Titanium surfaces do not show any characteristic
in vitro toxicity effect in a biological system [234]. Different
bone marrow cells display different susceptibility towards
genotoxicity mediated by nanoparticles of TiO, (21 nm) and
silver (200 nm) [235]. Neither caused cytotoxicity to bone
marrow red and white cells. Polychromatic erythrocytes were
the main target of both nanoparticles, whereas a negative
response has been shown in bone marrow reticulocytes and
leukocytes. The impact of silver nanoparticles on the DNA of
bone marrow polychromatic erythrocytes was markedly
higher and significantly longer than that of TiO, nanoparticles
[235]. By decreasing alumina and titanium particle diameters
into the nanometre range, the negative effects of particle size
on osteoblast viability and cell density were decreased [236].
That is to say, viable osteoblast density was greater when
cultured in the presence of either nanometre-sized aluminium
oxide or titanium oxide particles.

Different cells react differently on nanoparticles. For
example, anatase TiO, nanoparticles exert a cytotoxic effect
on pre-osteoblasts and fibroblasts, but pre-osteoblast cells
were sensitive to lower concentrations of particles [237]. For
both cell types, TiO, nanoparticles did not impede cell
adhesion but provoked a decrease in cell size, an increase in
cell granularity and DNA fragmentation. Based on the
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published studies the effect of nanoparticles on cytotoxicity is
still not fully understood and the use of materials containing
nanoparticles and their potential health implications should be
monitored.

5. Conclusions

Titanium nanostructures continue to be one of the most pro-
mising biomaterials used for biomedical devices. In this
review, an overview of titanium nanostructures mainly pre-
pared by a hydrothermal method and electrochemical anodi-
sation for surface modification is presented, also considering
the current shift of research from the micrometre to nanometre
scale. One of the most promising recent emerging methods to
obtain nanometre-scale surfaces is discussed; namely elec-
trochemical anodising leading to nanotubular structures with
a controlled diameter in the range of 15-250nm. In this
respect, general aspects of electrochemical anodisation are
presented, as well as the use of such nanostructures in the
biomedical field: cellular interaction, protein adhesion,
orthopaedic and dental implant applications, bladder stents
and blood-contacting applications or drug-delivery applica-
tions. With the current surface engineering development,
cutting-edge morphologies in the nanometre scale can be
tailored for specific biomedical applications. Visualising
biointerfaces and biomaterials with nanometre precision in the
three-dimensional scale may reveal new fundamental infor-
mation on material properties and bone response, thus
enabling better design of biomaterials in the future.
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