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Abstract

A vertically aligned nanotube array of titanium oxide was fabricated on the surface of titanium substrate by anodization. The

nanotubes were then treated with NaOH solution to make them bioactive, and to induce growth of hydroxyapatite (bone-like

calcium phosphate) in a simulated body fluid. It is shown that the presence of TiO2 nanotubes induces the growth of a ‘‘nano-

inspired nanostructure’’, i.e., extremely fine-scale (�8 nm feature) nanofibers of bioactive sodium titanate structure on the top edge

of the �15 nm thick nanotube wall. During the subsequent in-vitro immersion in a simulated body fluid, the nano-scale sodium

titanate, in turn, induced the nucleation and growth nano-dimensioned hydroxyapatite (HAp) phase. The kinetics of HAp

formation is significantly accelerated by the presence of the nanostructures. Such TiO2 nanotube arrays and associated

nanostructures can be useful as a well-adhered bioactive surface layer on Ti implant metals for orthopaedic and dental implants, as

well as for photocatalysts and other sensor applications.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ti and Ti alloys are corrosion resistant, light, yet
sufficiently strong for use as load-bearing and machin-
able orthopaedic implant materials. They are one of the
few biocompatible metals which osseo-integrate (direct
chemical or physical bonding with adjacent bone surface
without forming a fibrous tissue interface layer). For
these reasons, they have been used successfully as
orthopaedic and dental implants [1,2]. To impart
bioactivity to Ti and enhance bone growth, surface
treatments such as surface roughening by sand blasting,
formation of anatase phase TiO2 [3], hydroxyapatite
(HAp) coating, or chemical treatment [4–8] have been
utilized. Kim et al. [8] reported that HAp formation
e front matter r 2005 Elsevier Ltd. All rights reserved.
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from Ti metal surface can be accelerated by the
introduction of sodium titanate layer when titanium
surface is subjected to NaOH treatment followed by
heat treatment. Webster et al. [9,10] reported that a
creation of nanostructure on a ceramic material such as
aluminum oxide with grain/particle size of less than
�100 nm regime significantly improved bioactivity of
implant and enhanced osteoblast adhesion.
Adhesion of cells such as osteoblasts is an important

prerequisite to subsequent cell functions.
TiO2 nanostructures have received considerable atten-

tion in recent years as photo-excited TiO2 also exhibits
strong photocatalytic properties and offers some poten-
tially important technical applications. Titanium oxide
nanotubes can be prepared by various techniques such
as sol–gel method [11], electrophoretic deposition [12]
and anodization [13]. For bio-implant applications, the
adhesion and mechanical integrity of the TiO2 layer are
important. Anodization is preferred to the sol–gel and
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electrophoretic deposition as it provides strongly ad-
herent TiO2 layer that the other two approaches
generally do not produce. While the fabrication of
vertically aligned TiO2 nanotubes on Ti substrate was
demonstrated by anodization process [13], an investiga-
tion of such nanotubes for bone growth studies has not
been reported. Such an aligned TiO2 nanotube structure
would be useful especially since it can be made as a
tightly adherent surface layer on Ti metal surface. The
purpose of this research work is to study the micro-
structural features and the effect of vertically aligned
TiO2 nanotubes and associated nanostructures on in-
vitro HAp formation kinetics and morphology.
2. Materials and methods

Titanium oxide nanotubes were fabricated using the
anodization technique. The anodization process in-
volved is as follows; a titanium sheet (0.25mm thick,
99.5% purity), was procured from Alfa AESAR, Ward
Hill, MA, cut into small pieces (2.54 cm� 1.27 cm),
chemically cleaned/etched for 5min in 5.5 M of HNO3

with a few drops of HF (ACS grade, Fisher Scientific,
Pittsburg, PA), rinsed by distilled water and dried at
40 1C. The electrolyte solution for anodization process
consisted of 0.5% by weight of HF in water. A platinum
electrode (thickness: 0.1mm, purity: 99.99%, Alfa
Aesar, Ward Hill, MA) was used as the cathode. The
TiO2 nanotubes were prepared by using a 20V
anodization voltage and for up to 30min of anodization
time at room temperature. The titanium oxide nano-
tubes so produced were then chemically treated with
NaOH solution to explore the possibility of enhancing
the bioactivity of the titanium oxide nanotubes as
observed in the case of metallic Ti exposed to NaOH
[8,14–16]. For chemical treatment, the nanotube samples
were immersed in a 5mol NaOH solution at �60 1C for
up to 60min. The nanotube samples were then heat
treated at 500 1C/2 h to crystallize the amorphous TiO2

nanotubes into the anatase structure.
For evaluation of bone growth on bioactive surface in

terms of HAp formation, the TiO2 nanotube specimens
were soaked for 1, 2, 3 and 5 days, in 20mL of a
simulated body fluid (SBF) solution at 36.5 1C, which
contained ion concentrations nearly equal to those of
human blood plasma [17] with respect to Na+, K+,
Ca2+, Mg2+, Cl�, HCO�

3 ; HPO
2�
4 ; and SO2�

4 concen-
trations. After a predetermined soaking time of 1, 2, 3
and 5 days, the specimens were removed from the SBF
solution, gently rinsed with distilled water, and then
dried at 60 1C for 24 h. Microstructural/morphological
changes of the dried specimen surfaces were examined
by scanning electron microscopy (SEM: Quanta 600,
FEI company), energy dispersive X-ray analysis
(EDXA) in SEM, transmission electron microscopy
(JEOL 200CX operated at 200 kV), and thin film X-ray
diffractometer (DMAX 2000, Rigaku Corp.).
3. Results and discussion

The SEM micrographs showing the evolution of
microstructure during anodization of the Ti sheet
substrate are shown in Fig. 1. It is interesting to see
that various types of substantially different nanostruc-
tures of TiO2 can be synthesized. For a very short
anodizing time of just �1min, TiO2 nanodots are
formed, Fig. 1(a). After 15min of anodizing time,
TiO2 nanowires are produced, Fig. 1(b). On a longer
anodizing time of 30min, the nanowires are transformed
into another geometry of TiO2 nanotubes. The nano-
tubes are grown in a vertically aligned, parallel
configuration as shown in Fig. 1(c). A higher magnifica-
tion SEM (Fig. 2) and a TEM micrograph, Fig. 3,
indicate that the typical dimensions of the hollow
nanotubes grown in this study is � 100 nm outer
diameter, � 70 nm inner diameter, � 15 nm wall thick-
ness, and � 250 nm in height. The nanotubes as
fabricated by anodization was found to be amorphous
as evidenced by the presence of a very diffuse diffraction
pattern in thin film X-ray diffraction analysis carried out
at a glancing angle of 11. Subsequent heat treatment at
500 1C crystallizes the amorphous nanotubes into the
anatase structure as discussed earlier. The formation
mechanism of TiO2 nanotubes was discussed by Mor
et al. [18].
It is well established that the anatase phase TiO2 is

much more efficient in nucleation and growth of HAp
(bone growth) than the rutile phase TiO2 presumably
because of the better lattice match with HAp phase [3].
Annealing heat treatment of the amorphous TiO2

material by continuous heating to �500 1C produces
an anatase crystal structure of TiO2, shown in Fig. 2(b),
which is not much different from the as-anodized
structure of Fig. 2(a). Heating to a higher temperature
in excess of 600 1C generally results in the undesirable
rutile structure and some collapse of the TiO2 nanotubes
structure [19]. A top-view TEM micrograph of the
annealed and anatase-structured TiO2 nanotubes is
given in Fig. 3. The nanotubes, less than �100 nm in
average diameter, have a hollow core and are slightly
separated from each other. Electron diffraction pattern
in the inset shows somewhat regular pattern-like feature
which implies that some crystallographic orientation
relationship exists among the various parallel TiO2

nanotubes.
On exposure of the TiO2 nanotubes to the NaOH

solution to improve bioactivity, it has been found that
an additional, extremely fine, and predominantly
nanofiber-like structure (or in some cases a nanorib-
bon-like structure) is introduced on the very top of the
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Fig. 1. SEM micrographs showing the microstructure during anodiza-

tion of Ti substrate after (a) 1min, (b) 15min, (c) 30min.

Fig. 2. SEM microstructure of TiO2 nanotubes; (a) as-anodized (b)

after annealing.

Fig. 3. Top-view TEM micrograph of the annealed TiO2 nanotubes.
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TiO2 nanotubes as shown in Fig. 4(a). These nanofibers
are most likely to be the sodium titanate compound
similar to that reported in the case of the reaction
product on exposure of metallic Ti to NaOH. The
preferential occurrence of nanofibers at the top of
nanotubes is presumably because of the nanotube
contact with NaOH solution above and also possibly
due to the surface-tension-related difficulty of NaOH
solution getting into nanopores within and in-between
TiO2 nanotubes. Compositional analysis by EDXA in
SEM, Fig. 5, indicates the presence of Na, Ti and O
after the exposure of TiO2 nanotubes to NaOH, thus
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Fig. 4. Nanostructure of TiO2 nanotubes; (a) SEM micrograph

showing the sodium titanate nanofiber structure on nanotubes, (b) a

schematic illustration of the formation of nano-inspired nanostructure.
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Fig. 5. EDXA analysis data showing the presence of Na, Ti and O in

the sodium titanate nanofiber structure.
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supporting the formation of sodium titanate. The
presence of Au and Pd peaks is due to the sample
metallization for SEM analysis via sputtering deposition
from an Au–Pd alloy target. The sodium titanate (which
is likely to have a composition of Na2Ti5O11 or
Na2Ti6O13 [14]) so introduced exhibits an extremely
fine-scale nanofiber configuration with a dimension of
�8 nm in average diameter and � 502100 nm long.
What is noteworthy is that the nanofibers appear to
form on the upper edge of the nanotube wall, as is
schematically illustrated in Fig. 4(b). This is experimen-
tally confirmed by SEM of Fig. 4(a) and TEM of Fig. 6.
The growth of even finer-scale structure from a given

nanostructure as demonstrated in this work can be of
significant interest for basic materials development for
nanotechnology, since such a concept can be utilized as
one of the novel and efficient ways of creating extremely
fine nanostructures in many different materials. It is
believed that the nanofiber-shaped sodium titanate
phase is formed in such a fine scale because of the
physically confined geometry of the host structure, TiO2

nanotubes. Since the nucleation and growth of the
sodium titanate phase occurs on TiO2 which has the
ring-shaped end material facing outward with the tube
wall thickness of only � 15 nm; the sodium titanate
phase growing from the host surface is likely to be in the
order of or less than this dimension, as is actually
observed. We tentatively call such a mechanism as
‘‘Nano-inspired Nanostructure’’. The process of form-
ing nano-inspired nanostructure can also be viewed as a
hierarchical construction of nanostructure, which can be
important for nanostructural engineering, for example,
for creation of catalyst structures with ultra-large
surface area.
The formation of bone-growth-related material such

as the calcium phosphate mineral, HAp (Ca10
(PO4)6(OH)2), is an important issue for orthopaedic
and dental implants. Bone is a calcium phosphate-based
mineral which contains �70% HAp-like material with
Fig. 6. TEM micrograph showing the sodium titanate nanofiber

structure.
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Fig. 8. EDXA spectrum showing the presence of Ca and P in the HAp

phase.
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the remainder consisting mostly of collagen. In order to
enhance the formation of such calcium phosphate
minerals, the effects of nanostructure formation are
investigated in this work by exposing the nanostructure
of Figs. 4 and 6 to a simulated body solution, and the
morphology and kinetics of HAp growth have been
studied.
Sodium titanate which is amorphous in the NaOH

treated state is well known for accelerating HAp
formation in SBF solution as well as in animal body
[20–22]. In this work, the TiO2 nanotube surface covered
with ‘‘Nano-inspired Nanostructure’’ of sodium titanate
was subjected to the SBF solution. The SEM micro-
structure of the sample after the SBF soaking for 1 day
(SBF soaking for longer periods of 2–5 days results in a
complete coverage of the sample surface) is shown in
Fig. 7. It is seen that the sample surface is basically
covered with HAp-like structure, with the EDXA
spectrum in Fig. 8 clearly showing the presence of Ca,
P, and O, the essential ingredients of HAp. X-ray
diffraction analysis also gave similar results. The
formation of HAp in the TiO2 nanotube surface
containing sodium titanate nanofibers is significantly
accelerated as compared with the same TiO2 nanotube
surface but without the sodium titanate nanofibers. In
the latter case, it took �7 days for formation of
detectable amount of HAp, as compared with just 1
day for the sample covered with sodium titanate
nanofibers. As is evident from Fig. 7, the HAp formed
is by itself nanostructured with a nanofiber morphology
resembling that of the sodium titanate. The nanofiber
feature size of the HAp phase formed is �25 nm average
diameter. It appears that the nanofiber HAp (Fig. 7)
nucleated and grew from the nanofiber sodium titanate
precursor (Fig. 4). The �25 nm average diameter of the
nanofiber HAp is somewhat coarser than its precursor
sodium titanate (� 8 nm) as might be anticipated for the
extended (1 day) exposure to SBF. The nanofiber HAp
Fig. 7. SEM microstructure of the nanoscale HAp phase formed on

chemically treated TiO2 nanotubes.
obtained in this work is, to the best of our knowledge,
the smallest feature HAp reported so far.
HAp can be formed easily in the presence of sodium

titanate by the ion exchange between Na+ on the host
structure and Ca2+ in the SBF solution [23]. It is likely
that several factors play a critical role in HAp formation
on the surface of implant materials in SBF solution,
such as the surface area and roughness [24], electrical
charge [23] of the host substrate as well as the
concentration [25] and pH [26] of the SBF solution.
Further research is needed to obtain more detailed
understanding of the effect of nanostructured host
material on kinetics, morphology, and other specific
details of HAp formation.
According to Webster et al. [9,10], an introduction of

nanostructure significantly improves osteoblast adhe-
sion. Adhesion of cells such as osteoblasts is a crucial
prerequisite to subsequent cell functions such as synth-
esis of extracellular matrix proteins, and formation of
mineral deposits. Our experimental observation of
enhanced HAp formation on nanostructured TiO2 is
therefore basically in agreement with the trend that
Webster et al.’s results indicated from the view point of
overall enhanced bone formation, although the exact
relationship between the enhanced osteoblast adhesion
and the enhanced HAp formation is yet to be fully
understood. The base nanostructure in our work is
about one order of magnitude smaller in feature size
than in Webster et al.’s work. It would be interesting
how such an extremely fine nanostructure influences the
cell behavior. The effect of such a structure on the
behavior of osteoblast cells in our samples is currently
being investigated. The preliminary results seem to
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indicate that the enhanced osteoblast adhesion and the
enhanced HAp formation occur simultaneously. The
detailed results will be reported in future publications.
4. Conclusions

A vertically aligned nanotube array of titanium oxide
on the surface of titanium substrate has been prepared
by anodization, which was then treated with NaOH
solution to make them bioactive. It is shown that the
presence of TiO2 nanotubes induces the growth of a
‘‘nano-inspired nanostructure’’, i.e., extremely fine-scale
nanofibers of bioactive sodium titanate structure on the
top edge of the � 15 nm thick nanotube wall. In-vitro
immersion of the nanotube structure in a simulated
body fluid induced the nucleation and growth of nano-
dimensioned hydroxyapatite (HAp) phase. The kinetics
of HAp formation is significantly accelerated by the
presence of the nanostructure. Such TiO2 nanotube
arrays and associated nanostructures can be useful as
well-adhered bioactive surface layers on Ti implant
metals and alloys for orthopaedic and dental applica-
tions.
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