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Abstract— Anodic oxidation is an electrochemical method
for the production of ceramic films on a metallic substrate. It
had been widely used to deposit the ceramic coatings on the
metals surface. UV light was used to accelerate the bone-like
apatite formation on the anodised titanium in this study. The
processing was composed of two steps which were UV light
treatment after anodic oxidation, and UV light illumination
during simulated body fluid (SBF). This study aims to study
the mechanism of bone-like apatite formation on the surface of
anodised titanium under UV irradiation. High purity titanium
foils were anodised at 350 V, 70 mA.cm? in electrolytic solution
containing glycerophosphate disodium salt pentahydrate (B-
GP) and calcium acetate monohydrate (CA) for 10 minutes. UV
light treatment was conducted in pH-adjusted distilled water
(pH 1) for 12 hours. Next, SBF was carried out by illuminating
with UV lamp for 1 week. Anodised titanium foils were
characterised by using field emission scanning electron
microscopy (FESEM) and fourier transform infrared
spectroscopy (FTIR). The results showed that bone-like apatite
started to form at concave surface due to the presence of
nucleation site. The surface of anodised titanium was fully
covered by bone-like apatite after soaking in SBF for 4 days.
Denser bone-like apatite was formed after 7 days immersion in
SBF. The mechanism of the growth of bone-like apatite was
illustrated. The FTIR results showed that carbonated bone-like
apatite was formed on the surface on anodised titanium. The
result indicated that the anodised titanium in mixture of f-GP
+ CA possess excellent apatite-forming ability under UV
irradiation.
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.  Introduction

Titanium and its alloys have become one of the popular
biomaterials for implants application due to its properties
such as biocompatibility, promote osseointegration, good
mechanical properties, low modulus of elasticity and high
corrosion resistance [1-5]. A thin and passive titanium
dioxide (TiO,) with 1.5-10 nm thickness will be formed
after titanium metal exposed to atmospheric condition [6].

Naturally, TiO, exist in three crystalline phases which
are anatase, brookite and rutile. Rutile form is the most
common and stable form among all the crystallographic
forms. The band gap for anatase and rutile TiO, are 3.20 eV
and 3.02 eV, respectively [7]. It is reported that the anatase
and rutile form of TiO, are more active in photocatalysis if
compared to brookite form [8].

TiO, is an ideal photocatalyst due to its superior
properties such as high stability, low cost, high
photocatalytic performance and strong oxidation ability [9].
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Recently, UV irradiation has been used to enhance the
osseointegration capability of titanium [10,11]. This is
because of TiO, is an attractive photocatalyst which will
generate electron-hole pairs during UV irradiation. The
electron tends to reduce Ti** to Ti*" and the holes are
trapped by surface H,O to yield hydroxyl groups (*OH). The
*OH groups produced during photocatalysis provide active
sites for bone-like apatite formation [12-15].

A number of efforts have been done to modify the
surface of titanium in order to accelerate the
osseointegration, such as anodic oxidation, alkaline
treatment, gel oxidation and plasma spray. Anodic oxidation
combines electric field driven metal and oxygen ion
diffusion for formation of oxide layer on the anode surface
[3-5]. The oxide layer (TiO,) is formed due to the migration
of O, ions into the titanium interface and migration of the
Ti*" ions from the titanium to the film/electrolyte interface.
The advantages of anodic oxidation are relatively simple,
low cost, enhance the adhension and bonding, improve
crystallinity and increase the corrosion resistance of oxide
layer [6]. After implantation, anodised titanium will form a
bone-like apatite layer on the surface in order to the bond
with living bone. The composition and structure of bone-like
apatite is very similar to the human bone [16].

In this study, the mixture of B-GP + CA was used as
electrolyte. This mixture has been widely used in food
industries as food stabiliser [2]. In term of biomedical
application, it provides phosphorous and calcium ions which
will promote the bone tissue growth and enhance anchorage
of the implant to bone [3]. However, anodic oxidation of
titanium with B-GP + CA requires long time period to form
bone-like apatite on the surface. This is due to the lack of
nucleation site for the growth of bone-like apatite.
Therefore, UV irradiation was proposed in our previous
works in order to activate the nucleation site and accelerate
the formation of bone-like apatite in 7 days [13-15].

In this research, UV light was used to accelerate the
formation of bone-like apatite on the anodised titanium. The
processing was composed of two steps which were UV light
treatment after anodic oxidation, and UV light illumination
during SBF. This study aims to investigate the mechanism
of bone-like apatite formation on anodised titanium under
UV irradiation.

n. Experimental Method

A. Sample Preparation

High-purity titanium foils with dimension of 25 mm x 10
mm x 0.05 mm were wet hand polished with 1200 grit
abrasive paper (~1 um) to remove native layer, and then
immersed in an ultrasonic bath with acetone. Next, the
titanium foils were rinsed with distilled water and dried
using compressed air. Anodic oxidation was done by using
programmable power supply (Genesys 600-1.3, Densei-
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Lambda, Japan) in 400 ml electrolytic solution. The
electrolyte consist of mixture of B-GP (Sigma, > 98.0%) and
CA (HmbG, > 90.0%). The parameters used for anodic
oxidation is tabulated in Table I. The anodised titanium foils
were cleaned by dipping in distilled water, followed by
drying in air. Subsequently, anodised foils were UV-treated
with a UVA lamp (peak wavelength of 365 nm) in pH-
adjusted distilled water (pH 1) for 12 hours.

TABLE I. PARAMETER USED FOR ANODIC OXIDATION
Parameter Values(s)
Electrolytes Concentration 0.04 M B-GP + 0.4 M CA
d.c voltage (V) 350
Current density (mA.cm™) 70
Duration (min) 10
Temperature (°C) ~25

B. Simulated Body Fluid

Anodised titanium foils were cut into 15 mm x 10 mm x
0.05 mm and immersed in 20 ml SBF (prepared by
following Kokubo’s recipe [17]), kept at 37 °C for 7 days
and illuminated by UVA lamp to evaluate their bioactivity.
The SBF was refreshed every two days so that lack of ions
would not inhibit the apatite formation. After removal from
SBF, the anodised titanium foils were washed with distilled
water and air dried.

c. Characterisation

The microstructure was examined by using FESEM
(JFM-7600F, Joel) at an accelerating voltage of 2.0 kV.
Fourier transform infrared spectroscopy (Spectrum 100,
PerkinElmer, USA) was used to examine the compound and
structure of anodised titanium after soaking in SBF. The
spectra were collected over the range 4000- 530 cm™.

m. Results and Discussion

A. FESEM Observation

The surface morphologies of the anodised titanium after
being immersed in the SBF with UV irradiation for 1 to 7
days are shown in Fig. 1. The summary of surface
morphologies for 1 to 7 days after soaking SBF is tabulated
in Table 1I.

Photocatalysis occurred during the immersion in SBF
with UV irradiation. The *OH groups were produced after
UV reacts with TiO, during photocatalysis. Next, the *OH
groups combined with Ti to form Ti-OH groups. As a result,
the surface of anodised titanium was changed to negatlvely
charge. Negatively charged surface attracted the Ca*" ions in
SBF and combined with Ti-OH groups to form amorphous
caIC|um titanate. After a long soaking time, phosphate ions
(PO,*) were reacted with amorphous calcium titanate and
form bone-like apatite.

Based on the results, it can be concluded that concave
surface on the surface of anodised titanium provides more
nucleation site for the growth of bone-like apatite. This
behaviour is supported by the previous finding [18].
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TABLE II. SUMMARY FOR SURFACE MORPHOLOGIES OF ANODISED
TITANIUM BEFORE AND AFTER SOAKING IN SBF UNDER UV IRRADIATION.
Days Observation/Description Fig.
After Donut-shaped pores were formed due to the local | 1(A)
Anodisation | melting of oxide layer during anodic oxidation.
1 Small amount of bone-like apatite was | 1(B)
precipitated in the concave surface
2" More bone-like apatite was precipitated in the | 1(C)
concave surface.
31 Bone-like apatite started to agglomerate and cover | 1(D)
all the pores on the surface of anodised titanium
4" The entire surface of anodised titanium was | 1(E)
completely covered by bone-like apatite and
cracks were observed. This is due to the stresses
induced by the mismatch between the newly
formed bone-like apatite with the initial
precipitates.
5" The bone-like apatite started to form layer | 1(F)
structure
6" Dense, spherical and island-like agglomerated | 1(G)
bone-like apatite was formed. Cracks were
observed.
7" Denser bone-like apatite and cracks were | 1(H)
observed.

Nucleation site of bone-like apatite is the easiest to
nucleate on the concave surface, followed by smooth surface
and convex surface. This is due to the concave surface has
negative charges and providing numerous nucleation sites
for the growth of bone-like apatite. Thus, the bone-like
apatite prefers to be formed in the concave surface. Apart
from that, concave surface has high hydrophilicity and
greater surface energy which will induced the formation of
bone-like apatite. Once the nucleation site of bone-like
apatite is formed, they can grow spontaneously by
consuming the calcium and phosphate ions in the SBF.
More Ti-OH groups were formed at the concave surface
after UV light treatment and resulted the negative charges
surface. As mention prewously, the negatlve charged
surface will attract the Ca®* ions and PO,> in the SBF to
form bone-like apatite. This is the reason why bone-like
apatite was precipitated in the concave surface at initial
stage. Even more, calcium and phosphorus-containing oxide
layers is able to release calcium and phosphorous ions
during immersion in SBF and accelerate the formation of
bone-like apatite.

B. FTIR Analysis

The FTIR spectrum of anodised titanium after soaking in the
SBF for 1 to 7 days is shown in Fig. 2. Based on the FTIR
spectrum, after soaking in SBF for 1 to 4 days, anodlsed
titanium only contains phosphate (PO,*) at 1015 cm™. This
results indicated that low crystalline and small amount of
bone-like apatite was formed on the surface of anodised
titanium. The carbonate (C032 absorptlon bands Were
observed at 1238 cm™, 1451 cm™, 1541 cm™, and 1651 cm™

after soaking in SBF for 5 days Apart from that, the broad
band centered at 2922 cm™ and sharp peak at 1728 cm™
were attributed to residual H,O during the formation of
bone-like apatite. After soaking in SBF for 6 days, more
carbonated absorption bands were detected Meanwhile, the
phosphate absorption band at 1015 cm™ became sharper. In
addition, the characteristic absorption bands at 1102 cm™

and 960 cm™ were detected and it suggest the presence of
hydrogen phosphate (HPO,? 2 in the apatite. The phosphate
absorption band at 1015 cm™ became sharper after soaking
in SBF for 7 days. The results indicated that anodised
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Fig. 1. Surface morphologies of anodised titanium (A) before soaking in SBF; and after soaking in SBF under UV irradiation for (B) 1 day; (C) 2 days;
(D) 3 days; (E) 4 days; (F) 5 days; (G) 6 days; and (H) 7 days

titanium in mixture of B-GP and CA with UV irradiation
during SBF is able to induce the formation of carbonated
apatite.

Cc. Mechanism of Bone-like Apatite
Formation

Fig. 3 shows the mechanism of bone-like apatite
formation under UV irradiation illustrated by schematic
diagram. The suggestion mechanism as follow:

1. Fig. 3(A): Small amount of bone-like apatite precipitated
at concave surface

2. Fig. 3(B): Bone-like apatite started to agglomerate and
became larger

3. Fig. 3(C): Bone-like apatite from difference concave
surface combined and formed a flat layer. Cracks was
observed due to the stresses induced by mismatch between
the newly formed bone-like apatite with the initial
precipitates.
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4. Fig. 3(D): Denser bone-like apatite was formed after
continuously immersion in SBF

iv. Conclusions

In conclusion, UV light is a promising method to
accelerate the growth of bone-like apatite. UV pre-treated
anodised titanium showed remarkable bone-like apatite
formation on their surface in SBF with UV irradiation after
7 days. Bone-like apatite started to precipitate at concave
surface, where there provides nucleation site for the growth
of bone-like apatite. The surface of anodised titanium was
fully covered by bone-like apatite after 4 days immersion in
SBF. Cracks were observed due to the stresses induced by
the mismatch between the newly formed bone-like apatite
with the initial precipitates. At the same time, FTIR results
confirmed that the carbonated bone-like apatite was formed
after immersion in SBF with UV irradiation. Combination of
anodic oxidation, UV pre-treatment and UV irradiation
during SBF provides a novel route to increase the formation
of bone-like apatite on titanium implant.
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Fig. 2. FTIR spectra of anodised titanium after soaking in SBF under UV irradiation (A) 1 day; (B) 2 days; (C) 3 days; (D) 4 days; (E) 5 days; (F) 6
days; and (G) 7 days.
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Fig. 3. Schematic of bone-like apatite formation in SBF under UV irradiation (A-D).
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