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biofilm on dental implants.

INTRODUCTION

The use of dental implants has been widely recognized in
the global community in line with the increasing of common
dental problems, especially for restoring dentition defects and
anodontia [1]. Although the rate of success of dental implants
for their purpose were duly acknowledged, some limitations
in the long term prognosis of dental implants, such as peri-
implant infection (peri-implantitis), still need to be addressed.
Peri-implantitis, which is caused by colonization of bacteria
infecting the gums and alveolar around the dental implants,
may lead to eventual implant failure and short term longevity
which requires revision surgery [2-5].

Dental implants are typically made from commercially
pure titanium (cpTi) or titanium alloys [6], especially Ti-6Al-4V
[7-9], which are deemed suitable and compatible for biomedical
applications [10]. The alloy of Ti-6Al-4V (90% Ti, 6% Al, 4%
V) offers excellent corrosion resistance and the ability to
deform super plastically due to its low density and good biocom-
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Modification of Ti-6Al-4V through electrochemical anodization method has been investigated on the purpose of generating TiO, nanotube |
arrays (TiNTAs) on the surface of Ti-6Al-4V films. The as-anodized samples were calcined in an atmospheric furnace at various temperatures, |
in the range of 500-800 °C. The evaluation of biofilm inhibition was performed by an in vitro method with Streptococcus mutans as a |
bacterium model. FE-SEM imaging confirmed the successful formation of TiO, nanotube arrays while XRD results implied a phase
transformation from anatase to rutile when the calcination temperature was around 600-650 °C with average crystallite size of 18 nm. |
Calcination temperature is one of determining factors in the adjustment of crystallinity and morphology of TiO,, which in turn affects its |
capability to suppress biofilm formation. This study revealed that the best sample for biofilm inhibition was calcined at 600 °C with a |
crystallite phase of mostly anatase. This sample managed to improve antibacterial activity of up to five times as compared to the unmodified |
Ti-6Al-4V. The output of this study is expected to give some insight on a promising alternative for preventing the formation of harmful |
|
|
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patibility that make it preferable to substitute a complex shape
hard tissue [11]. The spontaneous passivation of this alloy
forms a thin outer layer, predominantly consists of amorphous
or poorly recrystallized TiO, with thickness of 2-5 nm that
protects the bulk material from corrosion and makes it bioinert
[12].

TiO; is found in three main crystallographic forms in the
environment, namely anatase, rutile and brookite. However,
among these three, anatase is arguably the most photocataly-
tically active as compared to the amorphous or unstable phases
of TiO, [13,14]. Due to the non-selective nature of excitons
generated from photoexcitation of anatase, it covers a wide
scope of applications, including bacteria disinfection which
has been an important topic for discussions for the past decade,
particularly that which involves Escherichia coli[15]. The photo-
catalytic process would generate hydroxyl radicals that attack
the cell walls of bacteria, leading to massive fluid extraction
and eventual death. The presence of hydroxyl radicals in the
body is deemed harmless because it would directly attack the
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bacterial cells and typically has fast life-cycle in human body
[16].

From a microbial physiology aspect, oral microbial comm-
unities are classical examples of biofilms [17]. Streptococcus
mutans are the most prevalent species in humans that are comm-
only found in healthy periodontal individuals and are related
to mucosal surfaces; besides it can contribute to the coaggre-
gation of pathogenic bacteria such as Porphyromonas gingivalis
[18]. Oral streptococci, especially Streptococcus mutans, are
thus considered as the pioneer colonizers and might participate
in the process, which can lead to implant failure in the long
run [18].

Some surface modifications of titanium have been studied
including titanium plasma spraying (TPS), plasma sprayed
hydroxyapatite coating, alumina coatings and biomimetic calcium
phosphate coating [19]. Recently, the anodization technique
of titanium leading to the formation of titanium dioxide nanotube
arrays (TiNTAs) on the surface has attracted much attention
[12]. The anodized TiNTAS surface possesses promising potentials
for biomedical application, since they are able to increase the
growth of hydroxyapatite, increasing osteoblast cell adhesion
and desirable functions, and influence cellular behavior to
enhance tissue integration [12]. Antibacterial properties are
also crucial for dental implant materials in order to minimize
the possibility of infection caused by bacteria colonization.
Several studies have been done to optimize the anti-bacterial
properties of Ti-6Al-4V. The anodized Ti-6Al-4V exhibit anti-
bacterial properties with a thin film of anatase under UV treat-
ment [15]. However, the antibacterial properties of thin films
are still being discussed, because the thin film of anatase has
the possibility to exfoliate. Hence, to obtain a stable antibact-
erial film, optimization of TINTAs” morphology and its crystallite
structure is required.

Optimization of TINTAs’ crystallite structure and morpho-
logy on the surface of Ti-6Al-4V in terms of thermal treatment
has not been extensively investigated. Therefore, this present
study is intended to investigate the effect of calcination temper-
ature on the morphology and crystallite structure of TiINTAs
as well as their resultant antibacterial properties. Streptococcus
mutans were used as a model of biofilm generated on the surface
of implants in order to evaluate the effectiveness of modified
Ti-6Al-4V in inhibiting biofilm formation.

EXPERIMENTAL

Preparation of specimen: Prior to anodization, titanium
alloy grade 5 (specially made for dental implants with 6% Al
and 4% V) were cut into 40 x 8§ x 7 mm. The samples were
ground through successive grades of silicon carbide paper (CC
1500 CW). Upon grinding, the samples were degreased with
detergent in TELSONIC ultrasonic bed and chemically polished
by a mixture of HE, HNO; and water with volume ratio of
1:3:6. The substrate was then rinsed by deionized water.

Electrolyte solution used in the anodization method was
a mixture of glycerol, water and NH,F (0.5% wt) with 25%
water content. Ti-6Al-4V was assigned as the working electrode
with Pt (3 mm thicknesss) as the counter electrode. The distance
between the two electrodes was maintained at 35 mm. Anodi-

zation process was evaluated in a beaker glass in 60 mL of
electrolyte solution. A fixed potential of 30 V was applied for
2 h atroom temperature with magnetic agitation. The material
was then rinsed with deionized water and dried in the open air
after the anodization process. The drying is followed by atmos-
pheric calcination at various temperature (500-800 °C) for 3 h.
The specimens were then cut into 15 X 8 X 7 mm based on the
test template.

Surface characterization: The surface morphology and
elemental composition of the modified Ti-6Al-4V were charac-
terized by FE-SEM (Hitachi S-4700) at EHT of 20 kV, equipped
with energy dispersive X-ray spectroscopy (EDS). In order to
determine the crystallite structure of specimens, X-ray diffraction
(XRD) characterization was performed. The XRD patterns were
obtained using Shimadzu XRD-7000 with Cu anode tube (A =
0.154184 nm), operated at 40 kV and current 20 mA, with the
range of 20 angle values 20° to 70°. The crystallite size of the
specimen was estimated from FWHM of XRD by Scherrer’s
equation.

Biofilm inhibition test: Biofilm inhibition tests were perf-
ormed on non-anodized and anodized Ti-6Al-4V specimens.
Prior to the inhibition test, Streptococcus mutans Xc (serotype
C) was grown overnight in brain heart infusion (BHI) broth
(Difco Laboratories) at 37 °C in air atmosphere supplemented
with 5% CO, (v/v) for 18 h, until they reached the stationary
phase of bacterial growth. For biofilm assay, the disks were
subjected to ultrasonic cleaning and autoclaving. After immersed
in 200 UL of filter (pore size 0.22 um?), sterilized saliva (collected
from a volunteer with proper documented consent as per medical
guidelines) for 30 min at 37 °C, the disks were washed three
times with phosphate buffer saline (PBS: Sigma-Aldrich; pH
7.0). Ti-6Al-4V and TiNTAs/Ti-6Al-4V were placed on the
bottom of a 24-well plates (Iwaki, Japan) and exposed to bacterial
suspension (2 x 10° cfu/mL) in brain heart infusion (BHI) broth
with 1% sucrose and the bacterium was grown under static
conditions (5% CO, at 37 °C). Following each incubation time
(6, 8 and 24 h), media containing dispersal cells were discarded.
Then, the wells and the disks were washed three times with
150 pL of sterile PBS to remove non-adherent cells. The biofilms
were then stained with 100 pL (1%) crystal violet for 15 min
and washed three times with PBS to remove unbound crystal
violet dye and dried at room temperature. The stains were
released from the biofilms by adding 1 mL of absolute ethanol,
and the wells were incubated on a rocking platform for 20 min
at room temperature. Absorbance was recorded at 590 nm,
using ELISA reader. Each biofilm assay was run in duplicate
in two separate independent experiments. Data are expressed
as means and standard deviations of triplicate experiments by
using Student’s 7-test. A p < 0.05 was considered as a significant
level of bacteria breeding models performed on BHI broth for
the growth of S. mutans Xc (serotype C). As-anodized Ti-6Al-
4V specimens were exposed to UV (ELITE electronic fluore-
scent lights, A = 365 nm) for 10 h in order to activate anti-
bacterial activity of TiNTAs. The UV illumination was done
inside a box equipped with aluminum foil for light reflection.
The irradiated specimens were then sterilized and coated with
saliva proteins that have been previously screened. Similar to
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the Ti-6Al-4V specimens, the 24-well plate was coated with
120 pL saliva proteins on the bottom and then incubated at 37
°C. The Ti-6Al-4V specimens and the 24-well plate were
washed with PBS (pH 7.2).

Ti-6Al1-4V specimens that have been coated with saliva
proteins inserted into the test template (well plate) that had
also been coated with saliva proteins. A 500 UL of BHI broth
that has been overgrown with bacteria incorporated into the test
template, sealed and then purged with 30% CO,. Then, the test
template was incubated at 37 °C. Data were collected after 6,
8 and 24 h after incubation. The supernatant fluid was removed
and the template was separated. Then, Ti-6Al-4V specimens
were then inserted into 1 mL PBS solution in Eppendorf tubes.
The biofilms formed were separated from the materials using
vortex Bio-Rad BR-2000 for 30 s and centrifuged using Thermo-
centrifuge with Legend Micro 17 with 10.000/min speed for
2 min. The supernatant solution caused by centrifugation was
then eliminated. A pellets solution at the bottom of tube was
collected and dried, then dripped with 500 UL crystal violet
for 10 min. Afterwards, excess crystal violet solution which is
not attached to Ti-6Al-4V specimens was eliminated. On the
other hand, attached crystal violet solution was cleaned and
mixed with 400 uL 96% alcohol. The previous 200 uL mixed
solution was poured into the 96-well plate to estimate the optical
density values with ELISA microplate reader. Concentration
of biofilm attached on the base plate can also be read at the
same plate. Total plate count analysis was also performed by
growing bacteria in 5 UL of the solution of bacteria, which
attached on the material.

RESULTS AND DISCUSSION

Surface characterization: The surface morphology of
untreated (non-anodized) Ti-6Al-4V can be seen in Fig. la,
showing a compact surface. After anodization and thermal treat-
ment, the surface porosity is enhanced significantly, indicating
that nanotubular structure has been formed successfully (Fig.
1b). Fig. 1b also shows some spots of rugged surface in the
samples indicated by dark part (red circled). We conjectured
that the dark parts were the structure of -phase material. The
various contours of surface were generated between the structure
of o-phase and B-phase due to the growth of TiO, nanotube
arrays (TiNTAs) and its wall thickening on the o.-phase structure.
It was reported that rugged surface is affected by o- phase as
aresult of the presence of Al and V component in the material.
The o-phase is the phase where the aluminium portion plays a

FE-SEM image of (a) untreated Ti-6Al-4V, (b) TiNTAs B-phase
(red circled) on modified Ti-6Al-4V

Fig. 1.

role as the dominant element in the balance of alloy, while 3-
phase is predominantly induced by vanadium [20].

Fig. 2a-f shows the surface morphology of anodized Ti-
6Al-4V, calcined at various temperatures. The morphology
evolution of the samples is apparent as the calcination temper-
ature increases. For samples calcined at 500-625 °C, the nano-
tubular structure was intact after thermal treatment with similar
morphology and dimension. Increasing the temperature up to
650 °C results in slight agglomeration on top of the nanotubes,
leading to lower pore diameter. This is usually considered disad-
vantageous to photocatalytic process since the technical surface
area becomes lower, interfering the accessibility of disinfection
agents to the bacteria target. Further increase of calcination
temperature destroys the nanotubular alignment in totality. The
presence of TiO, nanotube layer is crucial for antibacterial
activity because it ensures high surface area for the contact bet-
ween hydroxyl radicals generated from photocatalytic process
and the target bacteria.

Matykina et al. [20] suggested that the growth of nano-
tubes film layer on the 3 phase of Ti-6Al-4V would lead to a
heterogeneous growth and result in a larger diameter of the
growing tubes. From the rightmost column of Table-1, it is
apparent that the more 3 phase exists on Ti-6A1-4V alloy, the
larger outer diameter of the growing tubes become, as visually
confirmed by SEM imaging (Fig. 2a-d). Calcined at 500 °C,
the outer diameter of the nanotubes was around 107.5 + 41.2
while this value was found to be decreasing as the calcination
temperature becomes higher.

TABLE-1
ELEMENTAL COMPOSITION OF
UNTREATED AND MODIFIED Ti-6Al-4V
Elements (Wt%)" Outer tube
Specimen® diameter
Ti Al v (0] size (nm)°
Untreated Ti-6A1-4V!  89.49 6.10 430 0.11 -
Ti-6Al-4V.500 7073 224 117 2587 66-149
Ti-6A1-4V.600 67.08 241 0.84 29.69 54-115
Ti-6Al-4V.625 6227 1.87 1.89 3397 67-105
Ti-6Al-4V.650 6021 278 092 36.09 69-99
Ti-6A1-4V.700 51.56 438 095 43.12 -
Ti-6A1-4V.800 61.81 2.10 0.75 35.36 -

“The right-most number denotes calcination temperature [°C];
"Predicted by EDS; ‘Predicted by SEM; ‘Obtained from reference
method (ASTM E1477)

Table-1 provides the energy dispersive X-ray spectroscopy
(EDS) characterization results, which show that Ti on untreated
Ti-6Al-4V was oxidized as indicated by sharp increase of O
element. Indeed, Al and V could have also been oxidized,
generating a thin layer of stable oxides ALLO; and V»Os. It is
suggested that V,0s thin layer could improve the stability of
Ti-6Al-4V, while Al,O; thin layer may decrease the photo-
catalytic properties of TiO, layer by interfering light absorption.
However, Al,O; layer might also play a role as a support for
the photocatalytic process during operation. On the other hand,
presence of Al,O; and V,Os thin layer might also be beneficial
in affecting the band gap of TiO,, leading to absorption of
light of longer wavelength.
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Fig. 3 depicts the X-ray diffraction patterns of the modified
Ti-6Al-4V samples calcined at various temperatures. In the
cases of samples calcined at 500 and 600 °C, purely anatase
nanotube layer is to be perceived on the plate surface, confirmed
by the characteristic peaks at 26 of around 25.3°, 38.0° and
48°. Increasing calcination temperature up to 625 °C and higher
led to a phase transformation of titania from anatase to rutile,
indicated by the presence of major peaks at 27°, 36° and 55°,
which confirmed the diffraction characteristic of rutile crystallite
phase. It is also observed that the diffraction peak for elemental
Ti decreases with calcination temperature, which imply the growth
of TiO, layer, regardless of whether or not nanotubes are present.
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E Li J b._,& Ti: Titanium
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) |l @
20 30 50 60

40
20 (°)
Fig. 3. XRD pattern of samples, calcined at (a) 500 °C , (b) 600 °C, (c)

625 °C, (d) 650 °C and (e) 700 °C

Fig. 2. FE-SEM image of anodized Ti-6Al-4V that calcined at (a) 500 °C, (b) 600 °C, (c) 625 °C, (d) 650 °C, (e) 700 °C, (f) 800 °C

The anatase-rutile composition as well as the correspon-
ding crystallite size can be estimated using Scherrer’s equation,
(eqn. 1). The anatase-rutile composition is calculated as follows:

i)
x—(1+0.81—] (1)

R

where x is the fraction of rutile phase, 11 and I are the X-ray
spectrum intensity of anatase and rutile (a.u.). Furthermore,
the crystallite size is calculated as follows:

_ 09 5
Bcos6 @
where t is the average crystal size (nm), A is the X-ray wave-
length, B is the width of half-maximum peak (FWHM in radian
unit) [21] and 0 is diffraction angle in degree (°). The results
of the calculation are presented in Table-2.

TABLE-2
CRYSTALLITE SIZES AND CRYSTALLITE
FRACTION OF MODIFIED Ti-6Al-4V

. Crystallite size (nm)” | Crystallite fraction” (%)
Specimen - -
Anatase Rutile Anatase Rutile

Ti-6A1-4V.500 18.08 - 100 -
Ti-6A1-4V.600 17.73 - 100 -
Ti-6A1-4V.625 18.27 18.04 59 41
Ti-6A1-4V.650 18.13 17.86 11 89
Ti-6A1-4V.700 — 17.59 — 100

“Calculated using Scherrer equation.
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The results in Table-2 show that the crystallite size did
not exhibit strong dependence on the calcination temperature.
However, significant effects of calcination temperature can
be seen in terms of the anatase-rutile composition. At 625 °C,
the rutile structure began to rise, contributing 41% of the crys-
tallite structure of the material. Increasing calcination further
led to significant increase of the fraction of rutile. In fact, at
700 °C, the transformation has completed with no remaining
anatase crystallite phase. This observation suggests that the
phase transformation could be associated with the destruction
of nanotubular structures when the calcination temperature is
too high. Based on the assessments of morphology and crystal-
linity, samples calcined at 500, 600 and 625 °C are deemed
suitable for bacterial disinfection process.

Biofilm inhibition test: Biofilm inhibition test was eval-
uated using modified Ti-6Al-4V calcined at 500, 600 and 625
°C via in vitro method with Streptococcus mutans as a model
of implant’s bacteria. Biofilm formation ratio is the ratio between
the concentration of bacteria attached to the modified Ti-6Al-4V
(calcined at 500, 600 and 625 °C) and the bottom well plate
which is used as a test plate. This type of analysis is done to
study the tendency of bacteria in attaching on the Ti-6Al-4V
sample as compared to the control that is modelled on well plate
as a container control. This comparison was performed in order
to show the inhibition ability of biofilm formation by the implant
material.

Fig. 4 shows that all modified samples exhibit bactericidal
activities as compared to the unmodified Ti-6Al-4V specimen.
The presence of TiO, nanotube arrays on the surface may faci-
litate effective inhibition of biofilm formation of Streptococcus
mutans. In particular, modified sample calcined at 600 °C
managed to inhibit film down to around 20% after 24 h. Biofilm
inhibition performance was also evaluated by total plate count
(TPC) analysis (Fig. 5). The results corroborate the previously
mentioned data. It can be concluded from these tests that modi-
fied Ti-6Al-4V calcined at 600 °C is the best sample to inhibit
the biofilm formation. This study confirms the importance of
surface morphology and crystallinity of dental implant materials
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Fig. 4. Ratio of biofilm attached to the modified Ti-6Al-4V (compared to
the bottom of well plate control bacteria) calcined at (a) 500 °C,
(b) 600 °C, (c) 625 °C and (d) unmodified Ti-6Al-4V
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Fig. 5. Total plate count analysis result in 24 h experimental period for
modified Ti-6Al-4V calcined at (a) 500 °C, (b) 600 °C, (¢) 625 °C,
and (d) unmodified Ti-6Al-4V

in order to suppress biofilm formation, thus preventing post-
implant complication due to this biofilm.

In case of TiNTAs/Ti-6Al-4V, the surface morphology
could impair bacterial adsorption. Moreover, in order to survive
on such solid substrate, the bacterium needs to initiate the
formation of a biofilm. For this reason, the additional changes
in bacterial gene expression occurred and these results also
revealed a strong influence of surface composition or the material
roughness as reported earlier [22,23]. The UV activation of
the modified samples plays a significant role in this case. UV
activation is intended to produce a pair of charge carriers (electrons
and holes) as a result of photoexcitation. These charge carriers
are responsible for the formation of surface radicals, such as
hydroxyl radicals and/or superoxide which are crucial for bact-
ericidal activities. These radicals are expected to damage the
cell wall of bacteria and cause its eventual death. In addition,
the presence of stable oxide layer on top of Ti-based material
provides a passivation region which prevents corrosion, hence
increasing material stability [24].

Conclusion

Ti-6Al-4V surface modification has been successfully
performed using anodization method followed by thermal treat-
at various temperatures. The calcination temperature is evidently
influential to both morphology and crystallite structure of
TiNTAs, as well as the resultant bactericidal properties. The
results showed that the anodization and thermal treatment
produces nanotubular alignment of TiO, and converts its amor-
phous structure into anatase crystals. However, when the temp-
erature is too high, destruction of the nanotubular structure is
observed and the anatase structure transforms into rutile. The
optimum temperature is obtained at which the crystallinity is
established with the nanotubular structure remain intact. In
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terms of bactericidal activities, the optimum calcination temper-
ature of 600 °C produces a sample with the best performance
of inhibiting biofilm formation. The optimum sample is capable
of inhibiting biofilm five times more effective as compared to
the unmodified Ti-6Al-4V.
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