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Objective. Titanium dioxide (TiO2) incorporation in biomaterials is a promising technology

due  to its photocatalytic and antibacterial activities. However, the antibacterial potential of

different TiO2 crystalline structures on a multispecies oral biofilm remains unknown. We

hypothesized that the different crystalline TiO2 phases present different photocatalytic and

antibacterial activities.

Methods. Three crystalline TiO2 films were deposited by magnetron sputtering on commer-

cially pure titanium (cpTi), in order to obtain four groups: (1) machined cpTi (control); (2)

A-TiO2 (anatase); (3) M-TiO2 (mixture of anatase and rutile); (4) R-TiO2 (rutile). The mor-

phology, crystalline phase, chemical composition, hardness, elastic modulus and surface

free energy of the surfaces were evaluated. The photocatalytic potential was assessed by
Phototherapy

Bacteria

Biofilms

Dental implants

methylene blue degradation assay. The antibacterial activity was evaluated on relevant oral

bacteria, by using a multispecies biofilm (Streptococcus sanguinis, Actinomyces naeslundii and

Fusobacterium nucleatum) formed on the treated titanium surfaces (16.5 h) followed by UV-A

light exposure (1 h) to generate reactive oxygen species production.
Results. All TiO2 films presented around 300 nm thickness and improved the hardness and

elastic modulus of cpTi surfaces (p < 0.05). A-TiO2 and M-TiO2 films presented superior
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photocatalytic activity than R-TiO2 (p < 0.05). M-TiO2 revealed the greatest antibacterial activ-

ity  followed by A-TiO2 (≈99.9% and 99% of bacterial reduction, respectively) (p < 0.001 vs.

control). R-TiO2 had no antibacterial activity (p > 0.05 vs. control).

Significance. This study brings new insights on the development of extra oral protocols for the

photocatalytic activity of TiO2 in oral biofilm-associated disease. Anatase and mixture-TiO2

showed antibacterial activity on this oral bacterial biofilm, being promising surface coatings

for  dental implant components.

© 2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

espite the evidence of excellent dental implant therapy
esults, peri-implant mucositis and peri-implantitis disease
an still occur if pathogenic bacteria accumulate on the
mplant surface and its components, such as abutments [1].

hile peri-implant mucositis is characterized by inflamma-
ory soft tissue infiltrate around the implant, peri-implantitis
resents signs of inflammation combined with bone loss
round osseointegrated implants [2]. According to a recent
eta-analysis study, the overall prevalence of peri-implant
ucosistis can be as high as 43%, while peri-implantitis

revalence is around 22% [3]. Therefore, the importance of pre-
enting biofilm formation on implant structures and dental
mplant components is highlighted, as mucositis can poten-
ially progressing into peri-implantitis if left untreated.

Once dental implant component, such as abutments are
xposed in the oral cavity, their surfaces are immediately
overed with an acquired pellicle and instantly subjected to
acterial colonization [4]. The genera Actinomyces and Strep-
ococcus are the main initial colonizers in oral cavity and a
ommon secondary colonizer associated with peri-implantitis
s Fusobacterium spp. [5,6]. This bacterial colonization is
irectly influenced by the materials surface properties includ-

ng chemical composition, surface roughness and surface
ree energy [7]. Hence, the development of films onto den-
al implant abutments and dental implant surfaces have been
nvestigated as a possible approach to make their surfaces less
rone to biofilm colonization, helping the long-term success
f implant therapy [8].

For this reason, in order to reduce bacterial colonization to
ental implants and their components, some photocatalytic
ompounds, such as titanium dioxide (TiO2), have been incor-
orated to their surfaces [9–13]. When photocatalyzed TiO2

roduces reactive oxygen species (ROS) [14] that promotes the
egradation of bacterial membranes, therefore presenting an
ntibacterial effect [15]. However, this process depends on the
and gap of the materials, which can be different, depending
n the crystalline form. The TiO2 occurs in two main crys-
alline forms: anatase and rutile [16]. The band gap of TiO2

orresponds to about 3.2 eV for anatase and around 3.0 eV for
utile and it can only absorb ultraviolet light (UV) (≤400 nm)
17,18]. Among UV light sources, the UV-A (� = 315–400 nm)  has
een used in some studies [15,19–21] as the longer wavelength
s less harmful to the host cells [15,22,23].
Several methods are used for TiO2 deposition on biomate-

ials such as sol–gel [24,25], spin-coating [12,26], anodization
[9,10,27], atomic layer deposition [28] and magnetron sputter-
ing [11,13,29–31]. Magnetron sputtering is a extensively used
method as it produces films with greater adhesion, hardness
and hydrophilicity [19,30,32,33], and it is also able to generate
isolated phases of anatase and rutile [34]. Therefore, it would
be of great value aggregate the qualities of sputtered films with
the promising antibacterial effect of TiO2.

Even though the antibacterial effect of TiO2 has been inves-
tigated in some previous studies using different deposition
methods [8,11,12,35,36] it is difficult to perform comparisons
between them [35] and, consequently, obtain consistent con-
clusions about the TiO2 application. This is due to the high
variability in the test conditions used for different studies.
In one hand, studies reported that TiO2 has an antibacterial
effect [8–10,27,28,37–40], while on the other hand, different
studies revealed no influence on early biofilm formation [9,36],
highlighting the need for further studies.

Furthermore, there is no study that has investigated the
TiO2 photocatalytic and antibacterial activities on a mul-
tispecies biofilm composed by 3 peri-implantitis specific
microorganisms, while simulating the oral environment in the
implant abutment area, with a previous acquired saliva pelli-
cle, which is a strong point about our study, since it resembles
the in vivo situation. In addition, no study has correlated the
bacterial adhesion on different crystalline phases of TiO2 films
during the light exposure, which is critically important, since
different TiO2 phases present different effects.

Therefore, in this study we developed TiO2 films with differ-
ent crystalline phases (anatase, rutile and a mixture of both)
onto commercially pure titanium (cpTi) surfaces using mag-
netron sputtering, aiming to evaluate which crystalline phase
would be able to produce more  ROS after UV-A light activation,
and then leading to greater biofilm reduction. Our hypothesis
is that each crystalline phase will have a different antibac-
terial effect against the in vitro biofilm tested. For this, the
physical–chemical, photocatalytic degradation and antibacte-
rial properties of these titanium coatings were analyzed by
using a periimplantitis-associated oral multispecies biofilm
model composed of Streptococcus sanguinis, Actinomyces naes-
lundii and Fusobacterium nucleatum.

2.  Materials  and  methods
2.1.  Experimental  design

CpTi discs (grade II, American Society for Testing of Material)
(MacMaster Carr), 10 mm diameter and 2 mm thickness, were

https://doi.org/10.1016/j.dental.2018.03.011


e184  d e n t a l m a t e r i a l s 3 4 ( 2 0 1 8 ) e182–e195

tal d
Fig. 1 – Experimen

randomly divided and submitted to radiofrequency (RF) mag-
netron sputtering treatment to obtain TiO2 films composed of
anatase (A-TiO2), rutile (R-TiO2) or mixture (anatase + rutile)
(M-TiO2) of crystalline structures (experimental groups). The
control group (cpTi) was not treated. The crystalline phase
analysis (n = 1), morphology (n = 1), chemical composition
(n = 1), hardness (n = 1) and surface free energy (n = 5) of the
films were assessed. The photocatalytic activity was evalu-
ated using the methylene blue degradation technique (n = 3).
For the microbial assay, a multispecies biofilm composed of
S. sanguinis, A. naeslundii and F. nucleatum was developed onto
discs for 16.5 h in a modified fluid universal medium (mFUM).
Afterwards, the early biofilm was exposed to a customized UV-
A light apparatus for 1 h to photocatalyze TiO2 surfaces and
produce ROS. Immediately after that, the number of colony
forming units (CFU) (n = 6) was measured for each specie and
total bacteria, as well as the organization of the remaining
biofilm was assessed by scanning electron microscopy (SEM)
(n = 1) (Fig. 1).

2.2.  Preparation  of  titanium  discs  and  surface  film

CpTi discs were polished using sequential SiC grinding papers
(#320, #400 and #600) (Carbimet 2, Buehler) in an auto-
matic polisher (EcoMet/AutoMet 250 Pro, Buehler). Samples
were ultrasonically cleaned in deionized water (10 min) and
degreased in 70% propanol (10 min) (Sigma-Aldrich) and hot
air dried [41].

TiO2 films were deposited on cpTi discs substrate by RF
magnetron sputtering in a Kurt J. Lesker sputtering chamber
(model KJL—System I) using a Ti-metal target (99.999%) (Kurt J.
Lesker) and Ar + O2 mixture. Before each deposition, the target
was sputtered with Ar for 10 min  to ensure that the target was
cleaned during the film growth process [42]. The main depo-
sition parameters of the films were based on previous studies
[34,43] and the constant and variable parameters are sum-
marized in Table 1. The sputtered samples were individually
stored on dust free small bags before the surface analysis.

2.3.  Surface  analyses
The surface analyses were performed to fully characterize and
to better understand the differences among the surface treat-
ments, since not all of them direct correlates with the biofilm
formation itself.
esign of the study.

2.3.1.  Energy  dispersive  spectroscopy  (EDS)
The elemental composition (% atomic) was obtained by EDS
(JEOL JSM-6010LA) (n = 1) in three different areas of each sur-
face [44].

2.3.2.  X-ray  diffraction
For assessment of the surface crystalline phases, an X-ray
diffraction (XRD) (Rigaku-Ultima 2000+) was employed using
Cu-K  ̨ − � = 1.54056 Å in a radiation operating at 40 kV and
20 mA at a continuous speed of 0.02◦ per second in a fixed
angle 2.5◦ and a scan range from 15◦ to 80◦ (n = 1) [44].

2.3.3.  Scanning  electron  microscopy  (SEM)  and  atomic
force  microscopy  (AFM)
Surface morphology was analyzed by SEM (JEOL IT-300/2015)
(n = 1). The AFM micrographs were measured in a 5 �m × 5 �m
scan area in a tapping mode with a constant force of 42 N/m
and frequency of 320 kHz by an AFM (Park System-NX-10).
Roughness average (Ra) values were obtained in three different
areas (n = 1), and the total surface area of the disc was esti-
mated using specific software (Gwyddion v 2.37; GNU General
Public License).

2.3.4.  Measurement  of  TiO2 film  thickness
For the TiO2 film thickness measurement, the deposition was
performed in half of an amorphous silica (a-SiO2) substrate
(n = 1), and the step between the untreated and treated area
was  measured in three different areas by a profilometer (Dek-
tak 150-d; Veeco).

2.3.5.  Hardness  and  elastic  modulus
The hardness and elastic modulus were determined by
nanoindentation analysis performed in a Hysitron Triboin-
denter system using a ten-step partial unloads function
(200–5000 �N) applied by a Berkovick diamond indenter. For
each load, ten indentations were performed (n = 1) [45].

2.3.6.  Surface  free  energy
The surface free energy (n = 5) was analyzed in a goniome-
ter (ramé-Hart 10000; ramé-hart instrument co.) using the
sessile drop (15 �L) method through the Owens–Wendt
approach. The Owens–Wendt method (also known as the

Kaelble–Owens–Wendt method) consists in determining com-
ponents of dispersion and polar SFE on the basis of the
Bethelot hypothesis which claims that interactions between
molecules of two substances, present in their surface layer,

https://doi.org/10.1016/j.dental.2018.03.011
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Table 1 – Deposition parameters of TiO2 films prepared by RF magnetron sputtering.

Constant parameters

Target – metallic Ti (99.999%) – 7.62 cm of diameter and 0.6 cm thickness
Reflected RF power — 1 to 5 W depending on deposition
Target to substrate distance: 70 mm
Substrates — cpTi discs
Residual pressure of the sputtering chamber was smaller than 1 × 10−6 Torr.
Ar flux — 40 SCCM

Variable parameters

Crystalline phase O2 flux
(SCCM)

Pressure
(Torr)

RF  Power
(W)

Total time
deposition
(min)

Heater
temp (◦C)

Film tempa

(◦C)

Anatase 1 3.0 ×10−2 120 900 200 120
Mixture 1 1.2 × 10−2 240 660 400 288

−2 280 
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a The temperature on the substrate surfaces was measured by a K ty

re equal to the geometric mean of intermolecular interac-
ions within each substance. To determine the surface free
nergy, two  measured liquids (water and diiodomethane)
hose surface tension and polar and dispersion com-
onents of surface free energy are known were used:
he water (polar component—51 mJ/m2 with total surface

ree energy 72.8 mJ/m2) and the diiodomethane (dispersive
omponent-polar—2.4 mJ/m2, dispersive—48.6 mJ/m2). Their
ontact angles were then calculated using the ramé-hart
ROP image  Standard software (ramé-hart instrument co.)

46].

.4.  Photocatalytic  degradation  assay

he main reason to perform this assay was to establish the
deal UV-A light exposure time and to ensure the greatest
hotocatalytic potential for the studied surfaces. Further-
ore,  this assay was also accomplished to investigate the

ehavior of the surfaces in UV-A light absence. Therefore,
he methylene blue (MB) ISO technique was used to investi-
ate the photocatalytic degradation activity of the TiO2 films
16,47]. The specimens previous sterilized by gamma radiation
14.50 ± 0.05 kGy) [48] were soaked in 2 mL  of standard MB (P.A.-
.I. 52.015, Synth) solution (10 �mol/L) in dark conditions (foil
rapped) for 12 h prior to the test [40] to eliminate reduction

n the concentration of MB via absorption by the specimens.
ubsequently, discs were placed in a 24-well polystyrene cell
ulture plate with 2 mL  of fresh MB  solution (10 �mol/L) in
ach well. The control (cpTi) and experimental (A-TiO2, M-
iO2 and R-TiO2) groups were submitted to two experiments

n = 3 per group), one in the presence of light and another
nder dark conditions (foil wrapped). The light source used
as UV-A 2 × 15 W (� = 350 nm and intensity = 1.62 mW/cm2)

F15T8/Black Light Silvania) perpendicularly fixed 7 cm apart
rom the discs [19] in a customized apparatus.
The degradation of the MB  as a function of irradiation time
15, 30, 60, 90, 120, 180 and 240 min) was measured spectropho-
ometrically (DU 800 — Beckman Coulter) by sampling the
olution and returning the sample after the measurement of
420 600 504

romel/Alumel) thermocouple.

the solution’s absorbance at 664 nm [47]. The photocatalytic
activity of the TiO2 films was calculated using Eq. (1):

Photocatalytic activity(%) = [(co − c)/co] × [c1/co] × 100 (1)

where co is the concentration of the test solution of MB before
irradiation, c is the concentration of MB  after UV irradiation,
and c1 is the concentration of MB after the pre-adsorption test
[16].

2.5.  Microbiological  assay

2.5.1.  Pilot  study
A pilot study was performed to test the viability of bacteria
cells at different UV-A light exposure times (0, 1, 2, 3 and 4 h),
and to determine the ideal light exposure time to bacterial
live. For this, only control surfaces (CpTi) were included to
avoid confusing dead cell results regarding UV-A light or TiO2

films. This study was performed under the same conditions
described below.

2.5.2.  Experimental  study
The control groups: i. CpTi discs in dark condition; ii. CpTi
discs in light presence, and test groups: iii. A-TiO2; iv. M-TiO2

and v. R-TiO2 were submitted to three independent microbi-
ological assays (n = 6) (Fig. 2). Only control (CpTi) group was
investigated in both dark and light conditions, because of two
factors:

1. No activity of TiO2 in dark conditions was observed on MB
degradation test.

2. It certifies that the dead cells on the other groups were not
a result of UV-A light exposure.

2.5.3.  Acquired  pellicle  formation
This study was approved by the Local Research and Ethics
Committee (50954615.8.0000.5418/2015). To simulate the clin-

ical oral condition in this in vitro study, whole unstimulated
human saliva was obtained for 1 h per day over several days
from three healthy volunteers (with their informed consent)
at least 1.5 h after eating, drinking, or tooth brushing [49].

https://doi.org/10.1016/j.dental.2018.03.011
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One-way ANOVA was used to test the influence of TiO2 on
the surface properties and number of CFU. Two-way repeated
measure ANOVA was used to verify the influence of surface
Fig. 2 – Microbio

The collected saliva was pooled and centrifuged (30 min, 4 ◦C,
27,000 g), and the supernatant was pasteurized (60 ◦C, 30 min)
and re-centrifuged in sterile bottles. The supernatant was
stored at −20 ◦C [49]. Prior to acquired pellicle formation, discs
were sterilized by gamma radiation (14.50 ± 0.05 kGy) [48]. Each
disc was placed in a well of a sterile 24-well polystyrene cell
culture plate and incubated with 2 mL of saliva for 4 h at 37 ◦C
[49].

2.5.4.  Biofilm  assay
Strains of S. sanguinis IAL 1832, A. naeslundii OMZ 745 and F.
nucleatum OMZ  596 were grown on Columbia blood agar plates
supplemented with 5% defibrinated blood sheep (CBA) under
anaerobic incubation at 37 ◦C for 48 h. Loopfuls of CBA-grown
colonies were inoculated into 9 mL  of filter-sterilized fluid uni-
versal medium [50] supplemented with 67 mmol/L Sorensen’s
buffer, pH 7.2 (“modified fluid universal medium”, mFUM)  [49]
and incubated anaerobically at 37 ◦C for 24 h. Next, 1 mL  from
each tube was transferred to a new tube containing 15 mL
of mFUM and incubated at 37 ◦C for 7 h. Then, the optical
density of each culture was independently adjusted to OD550

1.00 ± 0.02 and a mixture of all strains was prepared with equal
volumes of each density-adjusted culture.

The pellicle-coated discs were transferred to a new 24 well
culture plate containing 1.8 mL  of medium mixture of saliva
(60%), mFUM (30%), horse serum (10%) and 225 �L of mixture-
species inoculum. The 24-well polystyrene cell culture plate
was incubated anaerobically at 37 ◦C for 16.5 h [49,51]. After
16.5 h of bacterial adhesion and organization of an early
biofilm, discs were washed two times in saline solution (NaCl
0.9%) and transferred to wells containing 2 mL of NaCl 0.9%
[52]. The 24-well polystyrene cell culture plate was exposed to
UV-A light irradiation for 1 h under the same conditions as of
the photocatalytic test and in microaerophilic conditions due
to the presence of F. nucleatum (anaerobic bacteria). For control,
another group of cpTi discs (control surface) was submitted to
the same conditions, but in the dark (foil wrapped).

2.6.  Biofilm  analysis

2.6.1.  Colony  forming  units  (CFU)
The discs were transferred to cryogenic tubes containing 3 mL

of NaCl 0.9%, where they were sonicated (7 W for 30 s) to
detach cells from the surface. From this cell suspension, an
aliquot of 0.1 mL  was 7-fold serially diluted in NaCl 0.9% and
plated in the following culture medias: Columbia Blood Agar
al assay design.

(CBA) supplemented with 5% (v/v) defibrinated blood sheep
for the counts of total microorganism count; CBA supple-
mented with the antibiotics (CBA Plus) norfloxacin (1 mg/L),
erythromycin (1 mg/L) and vancomycin (4 mg/L) for F. nuclea-
tum; Mitis Salivarius Agar (MSA) for S. sanguinis and Cadmium
Sulfate Fluoride Acridine Trypticase Agar (CFAT) for A. naes-
lundii. CBA and CBA Plus plates were incubated anaerobically
at 37 ◦C for 72 h, while CFAT and MSA plates were incubated
in an atmosphere of 10% CO2 at 37 ◦C for 48 h. After obtaining
the counts, data were expressed as log of colony forming units
per cm2 (log CFU/cm2).

2.6.2.  Biofilm  Organization  by  scanning  electron
microscopy  (SEM)
Additional discs were fixed in Karnovsky solution (PBS; pH 7.2),
followed by dehydration in a series of ethanol washes (60%,
70%, 80%, 90% solution for 5 min  and 100% for 10 min) and were
then allowed to dry aseptically. Afterwards, they were gold-
sputtered for observing in SEM (JEOL-JSM-5600LV) scanned at
15 kV at 500× and 5000× magnification [53].

2.7.  Statistical  analysis
Fig. 3 – X-ray diffraction pattern of CpTi, A-TiO2, M-TiO2

and R-TiO2. The letters T, A and R refers to corresponding
peaks of titanium, anatase and rutile, respectively.

https://doi.org/10.1016/j.dental.2018.03.011
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.  Results

.1.  Surface  characteristics

ig. 3 shows the X-ray diffraction patterns of the cpTi and TiO2

lms. The shape of the diffraction peaks reveals that they are

ttributed to titanium (T), anatase (A) or rutile (R) phases, with
he titanium crystalline phase referring to the substrate. It is
mportant to highlight that the different samples presented
ifferent crystalline phases: anatase, mixture (anatase + rutile)

ig. 4 – Morphology and topography analysis of CpTi, A-TiO2, M-
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icrographs obtained in a tapping mode with a constant force 4
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and rutile, suggesting that the cpTi discs were successfully
coated with TiO2 films with different crystalline structures.

The morphology of the cpTi substrate and TiO2 films
formed by magnetron sputtering clearly show different sur-
face topographies between cpTi and TiO2 surfaces (Fig. 4).
Cutting marks from the polishing process are noticeably
visible on the cpTi surface and, even after the sputtering treat-
ment, these marks are still present (Fig. 4), due to the compact
thickness of TiO2 films, which ranged from 312 to 338 nm
(Table 2). Fig. 4a shows that TiO2 films presented rounded
particles smaller than 1 �m and arranged in agglomerates,
which is common in TiO2 nanoparticles [14]. However, no spe-
cific orientation was noticeable for any of the three tested
surfaces. Fig. 4b shows the two- and three-dimensional pro-
files of the surfaces. A-TiO2 and M-TiO2 surfaces presented
greater TiO2 coverage compared to R-TiO2, where fewer par-

ticles were present (Fig. 4b). When observing the 3D profile,
A-TiO2 presented the greater Ra value followed by R-TiO2, M-
TiO2 and cpTi. Different average areas were also noted, where

TiO2 and R-TiO2. (a) Secondary electrons SEM micrographs
d 20 kV electron beam (scale bar = 1 �m)  and (b) AFM
2 N/m and frequency 320 kHz (scale bar = 1 �m).

https://doi.org/10.1016/j.dental.2018.03.011
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Table 2 – Results of elemental chemical composition, thickness measurement of TiO2 films, hardness, elastic modulus
and surface free energy of the surfaces. Data are expressed as mean ± standard deviation.

Parameters Groups

CpTi A-TiO2 M-TiO2 R-TiO2

Elemental composition (at%)
Carbon 6.31 ± 1.02a 2.68 ± 0.79b 2.21 ± 1.12b 2.10 ± 0.89b

Oxygen 3.89 ± 0.93b 57.07 ± 1.00a 59.35 ± 0.99a 59.88 ± 0.68a

Titanium 89.87 ± 0.06a 40.25 ± 0.98b 38.44 ± 0.87b 38.03 ± 0.77b

Thickness (nm) – 338 ± 43a 314 ± 16a 312 ± 14a

Hardness (GPa) 4.00 ± 0.26d 5.00 ± 0.71c 7.00 ± 0.85b 9.00 ± 1.14a

Elastic modulus (GPa) 102 ± 4b 89 ± 6b 122 ± 6a 126 ± 24a

Surface free energy (mN/m)
Polar 8.91 ± 0.01a 4.63 ± 0.01b 4.72 ± 0.04b 3.50 ± 0.01b

Dispersive 36.06 ± 0.03ab 38.94 ± 0.02a 37.83 ± 0.01ab 32.97 ± 0.06b

a 43.57 a a b

ch de
Total 44.97 ± 0.03

Different letters indicate significant differences among groups for ea

M-TiO2 revealed greater area followed by A-TiO2, R-TiO2 and
cpTi (Fig. 4b).

All surfaces presented chemical composition consisting
of titanium (Ti), oxygen (O) and carbon (C). The TiO2 groups
presented higher amounts of O and lower content of C and

Ti when compared to the control, indicating an oxide film
(Table 2).

The TiO2 films increased the cpTi hardness and the rutile
phase presented the greatest values followed by mixture,

Fig. 5 – Photocatalytic activity of CpTi, A-TiO2, M-TiO2 and R-TiO
condition (b), and after 60 min  of UV-A light exposure (a’) or dark
between groups (p < 0.005).
 ± 0.02 42.56 ± 0.01 36.47 ± 0.04

pendent variable (p < 0.05, Tukey HSD test).

anatase and cpTi (Table 2). The elastic modulus was also
higher in mixture and rutile phases compared to cpTi and
anatase phase.

The surface free energy of the studied TiO2 films was deter-
mined as the sum of the dispersive and polar components of

the contact angle (Table 2). CpTi, anatase and mixture surfaces
presented a similar performance, whereas rutile presented
the lowest wettability. This property was measured by contact

2 according to the time of UV-A light exposure (a) or dark
 condition (b’). The bars indicate statistical differences

https://doi.org/10.1016/j.dental.2018.03.011


d e n t a l m a t e r i a l s 3 4 ( 2 0 1 8 ) e182–e195 e189

Fig. 6 – Viability of bacteria cells after different UV-A exposure times or dark times on CpTi surfaces. The bars indicate
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tatistical differences between groups (p < 0.05; Tukey HSD te

ngle in which a low contact angle suggests a high surface free
nergy and consequently an improved wettability. The water
ontact angle measured on CpTi (� = 81◦), anatase (� = 90◦) and
ixture (� = 90◦) showed an intermediate hydrophilicity of the

urfaces while rutile (� = 95◦) tended towards hydrophobicity.

.2.  Photocatalytic  degradation  activity

he photocatalytic activities of the TiO2 films were evaluated
n the presence of UV-A light and in dark conditions, based
n the methylene blue (MB) dye degradation as a function of
ime. According to the data showed in Fig. 5a, TiO2 films pre-
ented a photocatalytic activity in light that increased over
ime. Anatase and mixture films showed similar and higher
ctivity compared to the rutile phase and control.

No photocatalytic activity of TiO2 in dark conditions was
oted (Fig. 5b), justifying the non-inclusion of TiO2 surfaces in
ark conditions during the biofilm assay. This was our nega-
ive control, showing that TiO2 films need to be photocatalyzed
n order to produce MB  degradation. The CpTi surface did not
resent any significant photocatalytic activity in both condi-
ions, as expected (Fig. 5a,b).

We  showed that exposure to UV-A light increased photo-
atalytic performance for the TiO2 films proportionally to the
ime. However, it was necessary to check how bacterial cells
ould be affected after the UV-A light exposure using control

urfaces (CpTi) without TiO2 films, to avoid confusing dead cell
s results of UV-A light instead of the surface treatments. This
s important because UV-A damage occurs following the exci-
ation of photosensitive molecules within the cell resulting in
physiological alterations, growth delay and oxidative distur-
bances of bacterial membranes resulting in growth inhibition
[54,55].

Thus, by observing the total biofilm viability (Fig. 6), UV-
A light did not present significant antibacterial effect on the
total CFU counts, even after 4 h of exposure. It leads us to con-
firm that the UV-A light did not have an antibacterial effect on
our multispecies biofilm. However, bacterial CFU counting for
each microorganism, separately, showed that after 2 h of UV-A
light exposure, antibacterial effect was noticed for S. sanguinis
and, after 3 h of UV-A light exposure, antibacterial effect was
noticed for A. naeslundii and F. nucleatum.  This shows that the
use of a single species biofilm might overestimate the effects of
UV-A light, showing how important it is to create a biofilm that
better resembles in vivo complex architecture of oral biofilms.
For this reason, it was decided to use 1 h of UV-A light expo-
sure on the subsequent experiments with the TiO2 films, as
this time showed no antibacterial effect on the total viability
of our complex multispecies biofilm and on each species alone.

3.3.  Antibacterial  action  of  TiO2 films

After 1 h of UV-A light activation A-TiO2 and M-TiO2 films pre-
sented significant antibacterial effect on multispecies biofilm
(p < 0.001) with a reduction about 99% and 99.9% of bacterial
counts, respectively (Fig. 7). R-TiO2 films had no antibacterial

effect on multispecies biofilm (p > 0.05).

By observing SEM images, we could identify images sug-
gestive of F. nucleatum or A. naeslundii (arrows) and S. sanguinis
arranged as multicellular aggregates (asterisk). The bacterial
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Fig. 7 – Colony forming units (Log10 CFU/cm2) of total number and of each species of microorganisms developed on surfaces
s ind
surf
after 1 h of UV-A light exposure according to groups. The bar
HSD test). Note: The dark condition was not applied in TiO2

reduction observed for A-TiO2 and M-TiO2 film was confirmed
by SEM (Fig. 8), where images show a thin and disorganized
biofilm structure with extended areas of titanium or TiO2

film not colonized, when comparing to both control titanium
groups and the R-TiO2 group. Details on 5000× magnification
show the complex structure still present on controls and R-
TiO2, but absent on both A-TiO2 and M-TiO2 film groups.

4.  Discussion

Overall, we  were capable to develop TiO2 films with differ-
ent crystalline phases (anatase, rutile and a mixture of both)
onto cpTi surfaces using magnetron sputtering. This led to
300 nm thick films able to improve the hardness and elas-
tic modulus of cpTi surfaces. The UV-A activation of these
films generated photocatalytic activity proportionally to the
time of exposure and each crystalline phase presented its own
antimicrobial effect on the multispecies biofilm tested, there-
fore our hypothesis that each crystalline phase would have a

different antibacterial effect against the in vitro biofilm tested
was accepted, being M-TiO2 and A-TiO2 the best antimicrobial
films, eliminating 99.9% and 99% of the multispecies biofilm,
respectively.
icate statistical differences between groups (p < 0.05; Tukey
aces since it presented no effect on MB  degradation.

4.1.  Effect  of  TiO2 on  the  surface  properties  of  cpTi

All TiO2 films presented higher hardness compared to cpTi
surface in addition to a higher elastic modulus found in mix-
ture and rutile phases. Among them, rutile phase presented
the highest values of both hardness and elastic modulus,
and it can be attributed to the rutile crystal structure. The
higher temperatures during deposition process reflects in the
anatase–rutile phase transition enhancing the crystal quality
[56], being rutile a more  stable phase of TiO2 [14]. Further-
more, rutile structure is composed by octahedrals connected
in its edges, while anatase connects by its vertices, thus rutile
presents a denser structure than anatase [57]. This greater
mechanical performance of all TiO2 films compared to cpTi
surface is an important finding, since abutments are usually
exposed to severe conditions in the oral cavity, such as in
biofilm development and abrasive forces during hygiene pro-
cedures, such as tooth brushing.

With respect to the biological response to dental implants,
the surface wettability is one of the most important parame-
ters influencing the osseointegration process [58]. Hydrophilic
surfaces seems to be more  favorable to interact with biological
fluids, cells and tissues than hydrophobic ones [58]. Rutile (110)

presented a hydrophobic tendency, due to its oxygen vacan-
cies which did not lead to the H2O dissociation on the TiO2

surface, reflecting on a poor water wetting ability [57].

https://doi.org/10.1016/j.dental.2018.03.011
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Furthermore the initial adherence of microorganisms is
nfluenced by the surface roughness of an implant material
59]. However, all surfaces on this study, even after TiO2 films
eposition, presented roughness values lower than 0.2 �m,
hich is considered a threshold surface roughness for bac-

erial adhesion, below which biofilm adhesion cannot be
educed further [59].

.2.  Photocatalytic  activity  vs.  antibacterial  effect  of
iO2 films

he exposure to UV-A light increased photocatalytic perfor-
ance for the TiO2 films proportionally to the time. A-TiO2

nd M-TiO2 films presented the greater photocatalytic activity
Fig. 5), which positively reflected on their higher antibacterial
ffect. This can be attributed to the presence of anatase phase
nd its large band gap (3.2 eV) promoting high energy to cre-
te electrons and holes, and consequently to form more  ROS,
hen compared to rutile [9,43,48,49].

Although A-TiO2 and M-TiO2 presented similar photocat-

lytic activities (p = 1.00) on MB  degradation, their antibacterial
ffects were different (p < 0.05). M-TiO2 presented the great-
st antibacterial effect, probably as a result of its robust
lectron–hole separation and the presence of type II band

ig. 8 – SEM micrographs of biofilms formed on CpTi-dark, CpTi-
agnification (scale bar = 50 �m).  (*) = multicellular aggregates, (a
 0 1 8 ) e182–e195 e191

alignment, which can reduce the recombination of electrons
and holes, promoting more  ROS [25,60]. Additionally, it is
important to highlight that M-TiO2 revealed a 3 times bigger
area than control and 1.5 times bigger area than anatase sur-
face (as previously shown on Fig. 4), which could lead to a
higher production of ROS and therefore generating degrada-
tion of bacterial membranes in a higher rate than A-TiO2, thus
explaining its higher antibacterial effect [14].

It is interesting to notice that R-TiO2, which presented
the lowest photocatalytic activity, had no antibacterial effect
on multispecies biofilm (p > 0.05), and even with slightly
hydrophobic surface, it still had no effect on biofilm reduc-
tion, as it presented CFU counts similar to control groups.
This result highlights the directly relation of the pho-
tocatalytic activity percentage and the achievement of a
significant antibacterial effect. In 1 h of UV-A light, A-TiO2

presented a photocatalytic activity around 7.2%, M-TiO2

around 8% and, finally R-TiO2 presented only 4% (which
did not present antibacterial effect). It leads us to con-
clude that in order to promote significant antibacterial

effect, it is necessary a photocatalytic activity percent-
age above 7%. Furthermore, bacterial adhesion in TiO2

surfaces without UV-A light activation did not show any

light, A-TiO2, M-TiO2 and R-TiO2 at 500× and 5000×
rrows) = Spindle-shape rods.
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antibacterial effect on S. sanguinis and A. naeslundii biofilms
[36], highlighting the importance of UV-A light activa-
tion.

A recent study compared the antibacterial effect of dif-
ferent crystalline phases of TiO2 pre-treated with UV-A and
UV-C lights in a single biofilm of S. sanguinis [9]. Even though
the moment of light exposure (pre-treatment before biofilm
growth) was different than the one used here (after biofilm
growth), the results found in this article [9] are in agreement
with those found in our study. They showed that the group
comprising primarily by anatase phase (UV-A pre-treated)
and the mixture of anatase and rutile group (UV-A/UV-C
pre-treated), showed a 50% bacterial reduction when com-
pared to control. In our study, the UV-A treatment for 1 h
after biofilm formation presented 99.9% bacterial reduction
for the mixture of anatase and rutile group and 99% for the
anatase phase TiO2 film. Thus, we  believe that these two
studies can be considered complementary, where the previ-
ous one showed the efficacy of UV exposure before implant
insertion, to avoid initial biofilm formation in the initial heal-
ing phase right after implant placement [9]; and the current
one refers to a post-insertion period of implant, on a late
maintenance visit for dental prosthesis cleaning and disin-
fection, therefore being a promising complementary extra
oral hygiene procedure for peri-implant mucositis and peri-
implantitis patients.

Even though some other papers have discussed the antimi-
crobial effect of TiO2 films [19,20,27,28,39,40], most of them
used only one single specie bacteria/fungal for biofilm forma-
tion [12,37,38,40,61], which does not completely resemble the
oral environment, and as we showed here, could be overes-
timating the antimicrobial effect, as it used a single specie
biofilm model. It is well known that interspecies bacterial
interactions and spatially organized biofilms are highly asso-
ciated with bacterial tolerance to oral antimicrobial products,
highlighting the importance of using multispecies biofilms for
antimicrobial studies.

Furthermore, this is the first study using the TiO2 photo-
catalysis, to show an antibacterial effect on a multispecies
biofilm formed over saliva acquired pellicle, which closely
resembles the complex biofilm structure found in the oral
cavity. Most of the studies did not coated the discs with the
acquired pellicle [29–31,40] which seems to have some influ-
ence on the TiO2 photocatalysis effect. Westas et al. studied
the influence of acquired pellicle in the TiO2 antibacterial
effect after 24 h of UV light exposure, showing that the TiO2

antibacterial effect in Streptococcus oralis was higher in pelli-
cle coated discs compared to uncoated discs [12]. This can be
explained by the fact that UV light is able to promote some
decomposition of acquired pellicle layer [11,12,54]. A signifi-
cantly reduction in adsorbed mass and protein signals and an
increase in substrate signals in the pellicle layer were noted
in anatase surfaces after UV activation [11]. When using arti-
ficial saliva, even in visible light presence (400–410 nm), the
pellicle decomposition has been shown [62]. Even though, the
period of UV light exposure can lead to pellicle degradation,

the UV pre-activation seems to not be harmful to pellicle for-
mation and decomposition in anatase or titanium surfaces
[11].
 ( 2 0 1 8 ) e182–e195

4.3.  Clinical  implications,  limitations,  and  future
perspectives

Our results support the antibacterial potential of different
crystalline phases of TiO2 in a relevant model of multispecies
bacterial biofilm, formed over saliva acquired pellicle, which
closely resembles the complex biofilm structure found in the
oral cavity. Rutile-TiO2 film was the only film that did not
present any antibacterial effect on this oral biofilm model,
while anatase and mixture-TiO2 films present a statistically
significant biofilm reduction, being able to reduce all 3 species
present in this multispecies biofilm.

Although TiO2 film was not able to completely eliminate
the multispecies biofilm formed on the titanium surface,
anatase and mixture treatments showed a more  porous and
disorganized biofilm structure, these TiO2 surfaces present
extended areas without biofilm coverage and no tridimen-
sional colony structure, as observed for control groups and
rutile. Clinically this would mean that during a maintenance
visit where the prosthesis is removed for cleaning, while the
dentist works on the patients mouth, the prosthesis can be
under UV-A exposure for 1 h, and after that the remaining
biofilm could be easily removed by other oral hygiene pro-
cedures, such as brushing, or debridement procedures using
plastic instruments, or air abrasive system and rubber cups,
which has been previously showed to left the anatase sur-
faces intact [63]. Thus, considering that the elimination of the
biofilm from the implant surface is the prime objective when
treating peri-implant mucositis [64], TiO2 could be a promis-
ing complementary method for biofilm control, especially in
hard to reach areas in the prostheses.

Even though promising, results gathered in this labora-
tory are preliminary and therefore should not be immediately
transferred to a clinical setting. Although the UV-A  is the least
harmful type of the UV light [23], it is still harmful to the
patient’s tissues and cells [23,55,62]. For this reason, results
obtained from studies using longer UV-A exposure times, such
as 24 h [12,29–31], would not be able to be applied in the
patient’s oral cavity.

In our study, sputtered anatase and mixture-TiO2 films pro-
moted at least 99% CFU reduction within only 1 h of UV-A
light and >7% photocatalytic degradation activity, which is
a great improvement when compared to 24 h exposure from
previous studies, but still not clinically acceptable. For this rea-
son, we  suggest that the UV-A light can be applied straight
to the implant components attached to the prosthesis out of
the patient’s mouth before placement, or after removal during
maintenance and cleaning visits.

Additionally, the findings and methodology developed on
this study can help to change the bandgap of TiO2 and enable
its activation by a visible light in the future [13], as long
as a minimum of 7% photocatalytic degradation activity is
achieved, as this seems to be our threshold percentage to
achieve significant antibacterial effect. In this context, we
hope that this percentage can soon be achieved with longer
wavelengths, in order to still generate photocatalytic attack of

biofilms, but also enhance the clinical acceptance of this treat-
ment, extending its use for intra oral areas. This was recently

https://doi.org/10.1016/j.dental.2018.03.011
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ighlighted by other authors, as an area of great interest in the
eld of implantology [65].

Moreover, because there is still considerable variability in
he test conditions used in previous studies, as it has been
ighlighted by previous authors [35], it would be useful for

uture studies to have a standardized methodology as we used
ere, and for that, we propose the following steps: (1) Establish
he accurate light exposure time, light intensity, wave  length
nd light distance to promote the greatest antibacterial effect
through Methylene blue degradation test); (2) Promote the
uman acquired pellicle formation prior to bacterial adhesion,
imulating the oral cavity condition; (3) Perform the tests in a
ultispecies biofilm which are known to better resembles the

n vivo condition and is more  resistant to antibacterial thera-
ies due to its complex structure; (4) Verify the viability of cells

n light presence, independently if the light type is UV or vis-
ble; the viability must be evaluated to avoid confusion if the
acterial death is merely due to the light exposure or if it actu-
lly has an antibacterial potential (through cell viability test).
ollowing such steps, a consensus about the best protocol to
e applied clinically can be achieved.

.  Conclusions

n summary, the TiO2 films were successfully developed via
adiofrequency magnetron sputtering deposition in different
rystalline phases. The anatase and mixture phases showed
ffective antibacterial activity on the oral multispecies biofilm
odel, being a promising extra oral technique to reduce

iofilm on implant abutments surface. In a nutshell, our find-
ngs bring favorable results for the photocatalytic activity of
iO2 films in oral biofilm-associated disease and new insights
n the development of new protocols for the photocatalytic
ctivity of TiO2 in oral biofilm-associated disease.
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