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ABSTRACT

In this study, titanium (Ti) was modified with biofunctional and novel surface by micro-arc oxidation
(MAO) and glow discharge plasma (GDP) and we tested the development of a three-species peri-
odontopatogenic biofilm onto the treated commercially-pure titanium (cpTi) surfaces. Machined and
sandblasted surfaces were used as control group. Several techniques for surface characterizations and
monoculture on bone tissue cells were performed. A multispecies biofilm composed of Streptococcus
sanguinis, Actinomyces naeslundii and Fusobacterium nucleatum was developed onto cpTi discs for 16.5h
(early biofilm) and 64.5 h (mature biofilm). The number of viable microorganisms and the composition
of the extracellular matrix (proteins and carbohydrates) were determined. The biofilm organization was
analyzed by scanning electron microscopy (SEM) and Confocal laser scanning microscopy (CLSM). In
addition, MC3T3-E1 cells were cultured on the Ti surfaces and cell proliferation (MTT) and morphol-
ogy (SEM) were assessed. MAO treatment produced oxide films rich in calcium and phosphorus with a
volcano appearance while GDP treatment produced silicon-based smooth thin-film. Plasma treatments
were able to increase the wettability of cpTi (p <0.05). An increase of surface roughness (p<0.05) and
formation of anatase and rutile structures was noted after MAO treatment. GDP had the greatest sur-
face free energy (p <0.05) while maintaining the surface roughness compared to the machined control
(p>0.05). Plasma treatment did not affect the viable microorganisms counts, but the counts of F. nuclea-
tum was lower for MAO treatment at early biofilm phase. Biofilm extracellular matrix was similar among
the groups, excepted for GDP that presented the lowest protein content. Moreover, cell proliferation was
not significantly affected by the experimental, except for MAO at 6 days that resulted in an increased
cell proliferative. Together, these findings indicate that plasma treatments are a viable and promising
technology to treat bone-integrated dental implants as the new surfaces displayed improved mechanical
and biological properties with no increase in biofilm proliferation.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

are also prone to microbial colonization [1]. The biofilm formed on
dental implants may damage the substratum to which the microor-

The oral cavity is colonized by different species of microorgan- ganisms are adhered and may also be responsible for early implant
isms, and as the teeth, all the materials used in oral rehabilitation failure caused by inflammations of peri-implant tissues. Around
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10% of dental implant late-failure is caused by peri-implantitis
[2,3]. The implant-abutment gap, poor oral hygiene, depth of peri-
implant sulcus and surface properties (i.e. roughness and surface
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free energy) of implant components are considered risk factors for
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peri-implantitis development [4,5]. Peri-implantitis can cause the
loss of osseointegrated implant due to the chronic inflammation in
supporting tissues [6,7]. Therefore, it is important to understand
the relationship between biofilm formation and implant surface
characteristics [8].

Biofilm formation on different substrata in the oral cavity
begins by the adhesion of primary colonizers as Streptococcus spp.
and Actinomyces spp. by interaction of the bacterial wall with
the saliva film formed on the substrate [9,10]. The first adhered
cells provide the link for the establishment of secondary col-
onizers by co-adhesion and co-aggregation of microorganisms,
favoring cell number increase and biofilm tridimensional organiza-
tion [11,12]. The composition of the pathogenic biofilm present in
peri-implantitis is similar to the biofilm in periodontitis, where the
genera Actinomyces, Streptococcus and Fusobacterium are reported
to be health, core and periodontitis associated species [7,13,14].

To enhance the success rate of dental implants, topographical
and chemical surface modifications have been widely studied with
the objective to increase the implant-bone contact, particularly in
low-density bone tissue areas [15-17]. It is imperative that such
surfaces control the proliferation of microorganisms to mitigate
early and late implant failures. The micro-arc oxidation (MAO) is an
emerging treatment technique to deposit an oxide layer on metals,
including titanium (Ti). MAO is performed in an aqueous electrolyte
coupled to the anode electrode, above the dielectric breakdown
voltage and is accompanied by micro plasma discharges to the
metal surface [18,19]. The oxide layer deposited on the metal con-
fers greater resistance to wear and corrosion, producing thermal
protection and having good adhesion to the material [20]. MAO
treated surfaces promotes the creation of micropores, which accel-
erates bone formation and improves implant-bone contact [21,22].
Recent studies have demonstrated beneficial effects of incorporat-
ing calcium and phosphorus on increasing the corrosion resistance
of Ti material [23], besides contributing to bone growth, calcifica-
tion of the bone matrix and cell differentiation [24,25]; however,
their effect on biofilm formation remains unexplored.

Another promising source of biomaterial surface treatment is
the glow discharge plasma (GDP). It is a type of non-thermal plasma
used to sterilize and to modify biomaterial surfaces at room tem-
perature and low pressure [26,27]. This treatment changes the
material surface and it is developed in atmosphere with high-
energy electrons, ions, ultraviolet photons and reactive species.
Besides being an efficient and economical method, GDP is attrac-
tive to promote treatment with depth limited to a few nanometers
of the surface, which can modify the surface while maintaining
the volume properties and metal function. Previous studies [28,29]
have shown that GDP reduced the adhesion of Candida spp onto
denture base acrylic resin in vitro. However, its influence on the
development of periodontopathogenic multispecies-biofilm is still
unknown.

Therefore, this study aimed to investigate the formation of
three-species biofilm composed of S. sanguinis, A. naeslundii, F.
nucleatum onto cpTi coated with MAO and GDP. The synthetized
coatings were characterized using different techniques, including
pre-osteoblastic (MC3T3-E1) monocultures.

2. Materials and methods
2.1. Experimental design

CpTi discs were randomly divided into four groups according
to the surface treatments: machined (M) and sandblasted (Sb)
(controls), micro-arc oxidation (MAO) and glow discharge plasma
(GDP) (experimental groups). Surfaces were characterized using
scanning electron microscopy (SEM) (n=1), energy dispersive spec-

troscopy (EDS) (n=1), X-ray diffraction (XRD) (n=1), atomic force
microscopy (AFM) (n=1), perfilometry (n = 10), wettability and sur-
face free energy (n=10). For biofilm assay, a three-species biofilm
composed by S. sanguinis, A. naeslundii and F. nucleatum was devel-
oped onto the cpTidiscs for 16.5 h (early biofilm) and 64.5 h (mature
biofilm) in a modified fluid universal medium (mFUM) with 0.15%
glucose and 0.15% sucrose containing 60% human saliva and 10%
horse serum. The number of colony forming units and the extra-
cellular matrix composition (proteins and carbohydrates) were
determined (n=12). SEM and Confocal laser scanning microscopy
(CLSM) were used to visualize biofilm organization (n=2). In order
to determine the impact of the experimental Ti treatments on
the biological properties of pre-osteoblasts, MC3T3-E1 were cul-
tured on Ti discs submitted to the experimental conditions, and
cell proliferation and morphology assessed by and the methyl thi-
azol tetrazolium (MTT) assay at days 1, 3 and 6 (n=3) and SEM at
days 2 and 4 days (n=2), respectively.

2.2. CpTidiscs preparation

CpTi discs (Grade Il - American Society for Testing of Mate-
rial) (MacMaster Carr) with 10 mm in diameter and 2 mm thickness
were ground with #320, #400, and #600 SiC abrasive paper (Car-
bimet 2, Buehler). The composition in wt% of cpTi was Ti (99.7), C
(0.006), Fe (0.12), O, (0.16), N2(0.004), and H; (0.0019) [30].

In this study, two control groups were used: machined (pol-
ished) and sandblasted. The sandblasting procedure followed
a previously described protocol [31]. Discs were blasted with
150-pm aluminum oxide (Al,03) particles (Polidental Industria
Comércio Ltd) at a distance of 50 mm, an angle of 90° and air pres-
sure of 0.45 MPa for 30 s[31]. Discs were ultrasonically washed with
distilled water for 15 min and allowed to dry at room temperature.
Subsequently, the surface of the discs were etched by a mixture of
0.1 mol/L of HCl and 8.8 mol/L of H,0, at a temperature of 80 °C for
20 min, then rinsed in distilled water, oven dried at 50°C for 12h
and finally heated in air at 400°C for 1h [32].

2.2.1. Surface modification by MAO

The machined discs were washed and degreased with ace-
tone following by rinsing with distilled water for 10 min each
in an ultrasonic bath and then dried in warm air. A DC power
supply (Plasma Technology Ltd) was used for MAO process. A
stainless steel beaker with re-circulating cooling system that main-
tained the temperature of the electrolyte at approximately 20°C
was used as the electrolytic container and cathode while the
cpTi discs was placed in the electrolytic cell as the anode. The
electrolytic solution was based on 0.3 M of calcium acetate (Ca
(CH3C0,),) (Sigma-Aldrich) and 0.02 M of glycerophosphate dis-
odium (C3H7Na,OgP) (Sigma-Aldrich). Treatment was carried out
for 10 min, voltage 290V, frequency 250 Hz and duty cycle (60%)
[33]. Afterwards, cpTi discs were washed with deionized water and
air-dried.

2.2.2. Surface modification by GDP

The cpTi discs were ultrasonically washed in distilled water and
detergent (Det limp 32, Chemco) for 15 min, rinsed in abundant
tap water, degreased with acetone for 15 min and then air dried.
Plasma treatments were performed in a custom-made glass reactor
from the Technological Plasma Laboratory (LaPTec; Sao Paulo State
University), further described elsewhere [34]. Prior film deposition,
discs were cleaned for 600s by plasma ablation in an atmosphere
composed of 0.5 x 102 Torr of the argon (50%) and H, (50%) mix-
ture. The system base and working pressure in those experiments
were 2 x 1072 and 3 x 102 Torr, respectively. Subsequently, the
plasma deposition was performed during 900 s in an atmosphere of
70% of hexamethyldisiloxane (HDMSO), 15% of O,, and 15% of argon
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by applying radio frequency (RF) signal of 13.56 MHz (100 W) at
the substrate holder and grounding the top electrode. The back-
ground pressure, gas pressure and working gas pressure were
maintained at 2 x 1072, 1.8 x 10! and 2 x 10! Torr, respectively.
Then, a final plasma surface treatment was conducted in pure oxy-
gen plasma and without exposing samples to atmosphere. For that,
7.5 x 10~2 Torr of oxygen was added to the reactor, producing a
working pressure of 9.5 x 10~2 Torr. The treatment plasma, which
last 300 s, was excited by applying RF signal of 13.56 MHz (100 W) at
the substrate holder while earthening the top electrode. The whole
procedure was performed 2 times and in both sides of the discs.

2.3. Surface characterization

The morphology of cpTi surfaces was observed with scan-
ning electron microscopy (SEM; JEOL JSM-6010LA, JEOL) and the
chemical composition was evaluated by energy dispersive spec-
troscopy (EDS) using a detector attached to the SEM. Surface
micrographs were recorded using secondary electrons detector and
beam energy of 5.0 and 10.0 keV. Three different regions were
selected to perform the EDS analysis. The phase composition of
the surfaces was determined by X-ray diffractometer (XRD; X’ Pert
Powder) using Cu-Ka radiation (A = 1,540598 A) at 45 kV and 40 mA.
Three-dimensional images (50 x 50 wm?) were taken to observe
the topographies and profile of all surfaces using atomic force
microscopy (AFM) (5500AFM/SPM, Agilent Technologies). A non-
contact mode was used and two distinct areas of the samples were
chosen for profile analysis. Gwyddion software was used for image
processing. The cpTi surface roughness (n=10) was determined by
profilemeter using a Dektak D150; Veeco system. Three line pro-
files of 500 wm in length were taken from different areas during
12 s on each disc and the average value was calculated. The aver-
age, Ry, root mean-square-average, Rq, average maximum height of
the profile, R, and maximum height, R, roughnesses were derived
from the acquired profiles.

The receptivity of the samples to water and diiodomethane
(n=10) was evaluated from sessile drop method. Measurements
were conducted at room temperature but with controlled humid-
ity in an automatic goniometer (Ramé-Hart 100-00; Ramé-Hart
Instrument Co, Succasunna, NJ, USA). With the water (polar compo-
nent) and diiodomethane (dispersive component) contact angles,
the surface free energy was determined. The contact angle was
calculated according to the Young equation:

Ysv=Ysl+Y1lv cos 6,

where ® = contactangle, Y =surface energy of solid in equilibrium
with vapor (sv), solid in equilibrium with liquid (sl), and liquid in
equilibrium with vapor (Iv). The relation between contact angle and
surface energy was evaluated through the Owens-Wendt method,
based on the contact angle of liquids with different polarities [35].
A total of 10 measurements were performed for each disc.

2.4. Biofilm assay

Prior to biofilm assay, discs were sterilized by gamma radiation
(14.5 +£0.05kGy) [36]. A three-species biofilm composed of S. san-
guinis 1AL 1832, A. naeslundii OMZ 745, and F. nucleatum OMZ 596
was developed on the cpTi discs to evaluate the adhesion of micro-
bial cells and the biofilm formed. The biofilm were grown on discs
in 24-wells cell culture plates supplemented with whole saliva and
blood serum in order to mimic a peri-implantitis condition [37].

2.4.1. Biofilm development
For the inoculum preparation, the microorganisms were indi-
vidually cultivated on Columbia blood agar (Difco Laboratories)

supplemented with 5% defibrinated sheep blood (CBA), and then
in fluid universal medium containing 0.15 % glucose and 0.15
% sucrose [38] supplemented with 67 mmol/L Sorensen’s buffer,
pH 7.2 (“modified fluid universal medium”, mFUM) in anaero-
bic atmosphere (10% H,, 10% CO, e 80% N;) at 37°C [39]. The
final culture of each microorganism was independently adjusted
to ODs50 1.0+ 0.05 [40]. The three-species inoculum was prepared
by mixing equal volumes of each density-adjusted culture. Prior
to the biofilm assay, a protein pellicle was formed on cpTi. The
whole unstimulated saliva was collected and donated from four
healthy volunteers who provided their consent and signature (reg-
ister number 030/2014). Saliva volumes were pooled, centrifuged
and the supernate was pasteurized and stored in polypropylene at
—20°C as describe by Guggenheim et al. [40] until the onset of the
biofilm assay. Discs were pre-incubated in 24-well culture plate
with a mixture of 85% unstimulated human whole saliva and 15%
horse serum at 37 °C for 4 h. The protein-coated discs were trans-
ferred to wells containing 0.2 mL of mixed-species inoculum and
1.8 mL of mFUM 0.3% glucose containing proportion of 30% mFUM,
60% saliva and 10% horse serum (3:6:1). The plates were incubated
anaerobically at 37°C for 16.5h and 64.5h. From 16.5h to 64.5h,
the biofilms were dipped in 0.9% NaCl solution three times a day
to remove non-adherent cells. The medium was changed at 16.5
and 40.5 h for a fresh mixture of mFUM 0.15 % glucose and 0.15 %
sucrose, saliva and serum (3:6:1), to encourage the biofilm growth,
removing the old medium with dead cells and not adhered to the
biofilm that may interfere with biofilm development. All assays
were performed independently at least 3 times in quadruplicate
(n=12).

2.4.2. Biofilm analysis

Discs were transferred to cryogenic tubes containing 3 mL of
0.9% NaCl solution and sonicated at 7W for 30 s (Soniﬁer®, Branson
Ultrasonics Corporation) [41]. The resultant suspension was used
for biofilm analysis. For quantification of the colony forming units
(CFU), 0.1 mL aliquot of the suspension was serially diluted in saline
solution and plated in the following culture media: CBA (Difco
Laboratories) supplemented with 5% defibrinated sheep blood for
total microorganism count and CBA plus norfloxacin (1 mg/L), ery-
thromycin (1 mg/L), and vancomycin (4 mg/L) for F. nucleatum;
Mitis Salivarius Agar (Difco Laboratories) for S. sanguinis; Cadmium
Sulfate Fluoride Acridine Trypticase Agar (Difco Laboratories) for A.
naeslundii. CBA and CBA Plus plates were incubated anaerobically
for 72 h at 37°C, while CFAT and MSA plates were incubated in an
atmosphere of 10% CO, for 48 h at 37 °C. After obtaining the counts,
data were expressed as colony forming units per mL (Log;o CFU/mL)
[42].

The protein content of the pellicle (prior to biofilm assay)
(negative control) and the biofilm was determined using the bicin-
choninic acid technique (BCA Kit, Sigma-Aldrich). Bovine serum
albumin was used as standard [43]. A total of 150 nL of the
sonicated suspension was placed into 96-well cell culture plates
containing 150 pL of the mixture of BCA Kit reagents. The plate
was incubated at 60 °C for 60 min and the absorbance determined at
562 nm. The carbohydrate content of pellicle (prior to biofilm assay)
(negative control) and biofilm was determined by the phenol-
sulfuric method [44], using glucose as standard. A volume of 400 L
of the sonicated suspension was used to extract soluble and insol-
uble extracellular polysaccharides as described by Aires et al. [41].
The extracellular polysaccharides amount was calculated by the
sum of soluble and insoluble extracellular polysaccharides. Protein
and polysaccharide amounts present in the pellicle and biofilm was
normalized by log;o CFU. Data were expressed as fold over negative
control for each surface type.

The biofilm organization was examined by SEM (n=2). Biofilms
on discs were fixed for 2 h in Karnovsky’s Fixative solution (2.5%
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glutaraldehyde, 2% formaldehyde, 0.1 M sodium phosphate buffer;
pH 7.2), followed by dehydration in a series of ethanol washes. The
discs were then allowed to dry aseptically. The discs were mounted
on stubs, sputter-coated with gold and examined with a SEM (JEOL
JSM-5600LV, JEOL) at 15kV [45].

The biofilm structure was visualized by CLSM (n=2). The
biofilms were submitted to fluorescence in vitro hybridization
(FISH) with rRNA-specific oligonucleotide probes (Invitrogen,
Carlsbad, USA) for total biofilm (EUB 388- Alexa Fluor 488), F. nuclea-
tum (FUS664- Alexa Fluor 647), and A. naeslundii (ANA103- Alexa
Fluor 532) [46]. Each disc, covered with biofilm, was incubated in
hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl (pH7.5), 30% for-
mamide, and 0.01% SDS) with rRNA-specific probes at 5 pwg/mL for
180 min at 46 °C. Then, the biofilm was incubated in washing buffer
(20mM Tris-HCl (pH 7.5), 5mM EDTA, 112 mM Nacl, and 0.01%
SDS) for 15 min at 48 °C, and embedded upside-down in 10 L of
Mowiol on a coverslip. The biofilms were evaluated with a DMI
6000 CSinverted microscope (Leica Microsystems CMS, Mannheim,
Germany) coupled to TCS SP5 computer-operated CLSM system
(Leica Microsystems CMS, Mannheim, Germany) [46].

2.5. Biological assay

2.5.1. Cell culture

MC3T3-E1 cells were cultured in Minimum Essential Medium
Eagle — Alpha Modification (Alpha MEM: Gibco, Life Technologies)
supplemented with 10% fetal bovine serum (FBS) (Gibco, Life Tech-
nologies), penicillin (100U/mL), and streptomycin (100 mg/mL:
Gibco, Life Technologies) in a humidified incubator at 37 °C and 5%
CO, atmosphere. To determine the impact of Ti treatment on cell
proliferation, MC3T3-E1 cells were seeded at 3 x 104 cells/well in a
24-well plates (Corning Costar). After 24 h, medium was replaced
for Alpha MEM supplemented with 2% FBS plus antibiotics (day 0),
which was replaced every other day until the end of the experimen-
tal period. Proliferation rate was determined by the MTT assay at 1,
3, and 6 days. The MTT assay was performed following the manu-
facturer’s instructions. Briefly, medium was aspirated and replaced
by 900 p.L of Alpha MEM added with 100 p.L of MTT (5 mg/mL) (Life
Technologies) at 37 °C, and 5% CO; and incubated for 4 h, protected
from light. The supernatant in each well was gently extracted and
replaced with 2000 pL of absolute alcohol (Sigma-Aldrich). After
dissolution of formazan crystals, optical density of the solution
was read at 570 nm wave-length using an Elisa Reader (VersaMax,
Molecular Devices). Experiments were performed in triplicate and
the mean values of the three different readings were considered
for statistics. In order to determine the effect of the experimen-
tal Ti surfaces on cell morphology, MC3T3-E1 cells were plated
in duplicate at 2 x 10 cells/mL in 24-well culture plates in Alpha
MEM supplemented with 10% FBS and antibiotics, for 24 h to allow
cell adhesion on the discs. Then, medium was replaced for Alpha
MEM supplemented with 2% FBS plus antibiotics (day 0), which
was replaced every other day until the end of the experimental
period. Cell morphology was verified by SEM analysis at days 2 and
4, Briefly, culture medium was aspirated and the cells were fixed
with Karnovsky’s solution (pH 7.4) overnight at 4 °C and post-fixed
in 1% osmium tetraoxide in distilled water for 1 h at room temper-
ature. Then, they were dehydrated through a graded ethanol series
(35%, 50%, 70%, 90%, and 100%) at room temperature for 10 min
each. Finally, samples were critical-point dried (Denton Vacuum,
mod. DCP-1) and gold sputtered (Bal-Tec, mod. SCD 050).

2.6. Statistical analysis
One-way ANOVA was used to test the effect of different sur-

face treatments (4 levels) on the surface roughness (Ra, Rq, Rt, Rz),
wettability, surface free energy, number of colony forming units,

and protein and carbohydrate contents. Two-way ANOVA was used
to evaluate the effect of surface treatments (4 levels) and time (3
levels) on cell proliferation. Means were compared with the Tukey
Honestly Significant Difference (HSD) test. All tests were conducted
with a 5% significance level (SPSS v. 20.0; SPSS Inc).

3. Results and discussion

Different surface treatments have been proposed with the aim of
improving the biological response of dental implants [47,48]. The
chemical composition, topography and wettability of the treated
cpTi surface are directly related to the process of osseointegra-
tion and adherence of microorganisms [49-51]. These properties
may determine whether cpTi implants are successfully incorpo-
rated in living organisms and perform their intended function [52].
The chemical changes in the surface of treated cpTi implants may
come in contact with the body after the installation of the implant,
improving the interaction between the surface and the biological
environment [47].

3.1. Surface characterization

The SEM (Fig. 1a) micrographs and AFM (Fig. 1b) images show
the surface microstructure of the cpTi for controls and experimental
groups. M and GDP groups exhibited smooth and uniform surfaces
with longitudinal grooves as a result of the polishing procedure. Sb
group showed the formation of crystal-like structures with promi-
nent peaks and deep valleys (asterisk), while in surface treated
with MAO the presence of pores similar to volcanoes (arrow) was
observed. These results are in agreement with other studies [33,49].

The chemical composition of the cpTi surfaces was analyzed by
EDS (Figs. 1c). M group showed peaks of oxygen (0), carbon (C) and
titanium (Ti), which may be related to the formation of titanium
dioxide (TiO;) film. The presence of C is due to the atmospheric
adsorption during disc manipulation and has been considered an
inevitable contamination [53]. Its presence has also been correlated
with the ketones dissolvent used during fabrication process [54].
Peak of aluminum (Al) was noted in the Sb group as a result of
blasting process with Al, O3 particles. The acid etching after blasting
process tends to increase the bioactivity of Ti material by attracting
calcium ions to the surface, which provides better osseointegration
process [55]. The Al,03 layer and the increased content of C in this
group shadow the underneath layer of TiO, which may explain the
reduced content of Ti when compared to the M group. The presence
of sodium (Na) as a contaminant needs further investigation.

Incorporation of calcium (Ca) and phosphorus (P) was noted
on the oxide layer of the MAO-treated group. The Ca/P ratio was
close to the hydroxyapatite (1.67), an effective component for bone
growth [33,48,56]. In the GDP treated sample it is verified the pres-
ence of 30% of silicon (Si), 30% of oxygen (O) and 40% of carbon
(C), elements characteristic of the organosilicon precursor, HMDSO,
((CH3)3-Si-0-Si-(CH3)3) used during plasma polymerization [50].
The high C proportion (40%) indicates the formation of an organosil-
icon structure similar to that found in conventional silicone (50% C,
25% Si and 25% 03) [57]. The absence of Ti peak in the spectrum
of this sample indicates that the organosilicon film has thickness
higher than the average penetration depth of the beam eletrons
used for the EDS inpections.

In the XRD analysis (Fig. 2), all groups exhibited amorphous
phase, excepted MAO group where peaks of anatase and rutile were
noted. The reaction between hydroxyl ions (OH~) and Ti ions (Ti**)
are able to form anatase and rutile (TiO,) phases in the microdis-
charge channels [58]. Such crytalline structures are beneficial for
enhancing the nucleation and subsequent precipitation of hydrox-
yapatite, which may increase the bioactivity of the Ti surface [59].
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Fig. 1. a) SEM images, b) 2D and 3D AFM topography and c) Elemental composition (at.%) of the surface from EDS analysis for machined (M); sandblasted (Sb); micro-arc

oxidation (MAO); and glow discharge plasma (GDP) groups.

Various surface parameters were used to quantify the surface
roughness of cp-Ti, including Ra, Rq, Rz and Rt. Ra is widely used for
the evaluation of the surface, and it serves as general guideline on
the surface texture; Rq is a quadratic roughess average; Rz reflects
outlying points because it averages only five highest peaks and five

deepestvalleys; Rtis the vertical distance between the highest peak
and the deepest valley in the evaluation lenghth [60]

The roughness patterns were slightly higher for the Sb and MAO
groups when compared to machined and GDP groups (p<0.05)
(Fig. 3). According to a recent study, the incorporation of calcium
as well as Al,03 particles can produce rough surfaces [33]. It has
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been suggested that the bond strength between the implant and the
surrounding bone tissue depends mainly on the bone contact area.
Thus the pattern and roughness of the implant may have a direct
effect on the stability of the anchoring in relative smooth surfaces,
enhancing the advantage of these coatings on metallic substrates
[25,59,61].

The surface properties of a material may depend on the type of
surface treatment, which can produce different textures, wetting
and surface energy values [62]. In this study, reduced water contact
angle (i.e. greater wettability) (p<0.05) was noted for all treated
groups, where the GPD group exhbited the lowest one (Fig. 4). As

a consequence, the surface free energy of GDP treated group was
the highest (p<0.05). According to the EDS results (Fig. 1c), the
GDP treatment resulted in a organosilicon film (SiOxCyH;) which
is essentially hydrophobic [50,57]. However, the post-deposition
treatement in O, plasma, removes C from the organosilicon sur-
face converting it into a SiOy rich surface [63], while keeping the
organosilicon nature of the underneath. Furthermore, O, gas pro-
duces active peroxide radicals under the action of plasmas which
promotes the bonding of C with O and OH~ ions [64], which plays a
role in increasing the surface free energy [29]. Increased wettabil-
ity and surface free energy are favorable for biocompatibility and
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cell surface interactions of the substrate with the biological envi-
roment [65,66], and favor differentiation and deposition of bone
matrix [51,67]. The structural SiOxCyH; to SiOx transformation is
also interesting if one considers that SiOx present higher hardness,
chemical stability and corrosion resistance than the organosilicon
structure.

3.2. Microbiological assay

3.2.1. Colony forming units

Biofilm formation in colony forming units of total microorgan-
isms and S. sanguinis, A. naeslundii e F. nucleatum species at 16.5h
and 64.5 h are observed in Fig. 5. The type of surface treatment did
not influence the biofilm formation onto cpTi (p>0.05, ANOVA);
excepted for F. nucleatum, where MAO exhibited the lowest counts
of such microorganism at 16.5h (p=0.001).

A previous study showed that crystalline rich TiO, layer pre-
sented reduction of microorganism adhesion [68]. Therefore the
presence of anatase in the cpTi surface may be the driven force
toward reduction of F. nucleatum adhesion in the MAO group. How-

ever, such trend was not observed for mature biofilm, corroborating
with previous studies that evaluated the development of other
microorganisms in MAO-treated surfaces [69,70]. We believe that
the catalytic effect of anatase in the MAO group interfered with F.
nucleatum growth in the early biofilm; however during the biofilm
development, the growth with the other two species might have
protected the bacterium against the catalytic effect. In addition, the
extracellular matrix may also play arole on the F. bacterium protec-
tion against the surface. Such issue deserves further investigation
to determine the influence of biofilm matrix on the catalysis of
anatase. Contradicting our results, Almaguer-Flores et al. [71]| noted
that the adhesion of Escherichia coli and Staphylococcus aureus was
slightly lower on the amorphous phases compared to their crys-
talline (i.e. rutile and anatase) counterpart of Ti material. Authors
explained that the predominant acidic nature of crystalline surface
displays positive charge sites that may electrostatically interact
with the net negative charge of the bacterial wall.

Another driven force toward similar CFU counts among
cpTi surfaces is the acquired pellicle. Previous studies on
poly(methylmethacrylate) [72] and rough Ti [73] surfaces showed
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that the acquired pellicle increases the surface free energy of such
materials. Therefore, this may equalize the differences among the
surfaces treatments tested in our study and the interaction between
the surface and the biofilm cells became similar among cpTi sur-
face. Further studies investigating the role of saliva + serum pellicle
on the surface free energy of coated cpTi are warranted.

The reduction of F. nucleatum adhesion in the MAO group is an
important finding once such microorganism is associated with peri-
odontitis on this biofilm model and involved in the co-aggregation
events that occur during the development and maturation of
biofilms; therefore, it may play an important role in the dynamic of
early biofilm growth [74,75]. However, the same was not observed
in mature biofilm. The constant growth with the other two species
and the presence of extracellular matrix might have protected F.
nucleatum against the catalytic effect of anatase in the MAO group.

3.2.2. Composition of the extracellular matrix

The extracellular matrix is rich in various components where
the proteins and polysaccharides are important for the growth of
bacterial biofilm [76]. The quantitative analysis of total proteins and
carbohydrates extracted from the three-species biofilm matrices is
showed in Fig. 6.

The proteins content was affected by the surface treatment
(p=0.039, ANOVA). GDP treated samples had lower amounts of
protein when compared with M group (p =0.027). It has been sug-
gested that lower counts of proteins are related to the electrostatic
repulsion and that surfaces of SiOy are negatively charged [77]. This
may explain the reduction of protein content in the GDP group.

The amount of protein is a factor that is associated with the
pathogenicity of the biofilm [78]. Proteins secreted from bacterial
biofilms can contribute to the stability of the biofilm, regulating
the functions of the host tissue in a manner that is detrimental
to the pathogenesis of periodontal disease [79,80]. The bacterial
species used in this study are associated with periodontitis and
peri-implantitis diseases [81,82] and includes early settlers as S.
sanguinis, secondary colonizers as A. naeslundii and late colonizers
as F. nucleatum. These species were selected for producing the nat-
ural dynamics of subgingival biofilm formation in in vitro model
[83,84]. The F. nucleatum microorganism plays an important role in
the development of periodontopathogenic biofilm as it binds with
late colonizers (i.e. acting as a bridge between the early coloniz-
ers and the late-colonizing pathogen) producing co-aggregation of
different species [85,86].

In this study, salivary pellicle was formed onto cpTi surfaces.
The pellicle is involved in non-covalent interactions such as elec-
trostatic forces, hydrogen bonding and van der Waals forces, which
results in the selective adsorption of salivary proteins [6,87]. This

event is important for bacterial colonization by providing binding
sites for adherence of microorganisms [88]. Saliva was centrifuged
and pasteurized to remove cells, cellular debris and bacterial pro-
teins, reducing the total amount of protein; nevertheless, protein
composition is maintained [40]. To simulate the gingival fluid, a
medium containing saliva and blood plasma was used. When the
blood plasma is in contact with implant surfaces there is a rapid
adsorption and the ion plasma proteins forms a protein layer on the
surface that is regulated by a dynamic and complex process [87].
Blood plasma feeds the subgingival plaque by exudate crevicular
fluid, rich in protein sources, providing nutrients for subgingival
bacteria [89,90]. In summary, the lack of difference compared to
control groups for MAO and the lower content of protein for GDP
versus control show that the plasma treated surfaces at least did
not increase the biofilm virulence.

The carbohydrates content was not affected by the surface treat-
ment (p=0.065, ANOVA). Although it has been reported that the
substrate type could influence the carbohydrates production by
affecting the microbial metabolism [91], in this study, no differ-
ence was found. It is known that S. sanguinis and A. naeslundii are
able to synthesize soluble and insoluble glucans and fructans in the
presence of sucrose, respectively [92,93]. Once the culture medium
used during the experiment had the same concentrations of glu-
cose and sucrose, and all groups had similar CFU for all bacteria
species, no difference was expected. Additionally, these data con-
firm that the plasma treated surfaces were not able to induce a
higher extracellular polysaccharide formation, with no increase in
biofilm virulence.

3.2.3. Scanning electron microscopy

The observation with SEM revealed notable differences in the
initial structure of biofilms according to the material surface. After
16.5h, bacterial population was formed onto the cpTi surfaces
(Fig. 7a). Bacterial were arranged either as short streptococcal
chains or as multicellular aggregates (asterisk). Fusiform rods, sug-
gestive of F. nucleatum or A. naeslundii could be recognized inside
the biofilms (arrows). The MAO surface exhibited the most concen-
trated bacterial cells, different from other surfaces that had spread
throughout the surfaces of the discs. After 64.5h, no difference
in biofilm architecture was observed among groups (Fig. 7b). The
biofilm covered the entire disc surface, channels were noticed and
were filled with an amorphous extracellular material, forming a
crater-like architecture, mimicking a honeycomb (Fig. 7b).

3.2.4. Confocal laser scanning microscopy
The images obtained by CLSM show the three-species biofilms
formed on the cpTi surfaces for 64.5 h (Fig. 7c-d). It was possible
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Fig. 7. SEM and CLSM images. Biofilm structure by SEM images in a) early biofilm formation at 16.5h and b) mature biofilm formation at 64.5 h. Bacterial biofilms were
arranged either as short streptococcal chains or as multicellular aggregates (asterisk). Spindle-shape rods, suggestive of F. nucleatum could be recognized inside the biofilms
(arrows). CLSM images show (c) z-stack slices of the biofilms next to the treated surfaces: S. sanguinis (green), A. naeslundii (red), and F. nucleatum (blue). It is possible
to observe black spaces due to the surface treatment: Sb group, irregularities due to the sandblasting procedure (arrows); and MAO group, circular spaces because of the
“volcanos” of the MAO treatment (arrows). 3D CLSM images reconstruction (d) of the three-species biofilm developed onto the surfaces after 64.5 h show a spatial mixture
of all the species. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to observe that all the three species were able to grow together as
biofilm. However, it was not possible to visualize an effect of the
different surfaces evaluated on the bacterial organization within
the biofilms. All the species interacted to each other in all biofilms,
and no organization as cluster for any species were observed. The
different colors observed in images are due to the rRNA probes
used for FISH. A universal probe was used to label all cells in green
(mainly S. sanguinis), and specific probes for F. nucleatum (blue)
and A. naeslundii (red), in order to visualize the species, mainly on
the surfaces. When the images were merged, orange and yellowish
areas occurred due the staining overlap.

3.3. Cell culture analysis

In order to determine the impact of Ti surface treatment on cell
biology in vitro, the MTT assay has been extensively used as a stan-
dard technique. This method evaluates the capability of viable cells

in converting the water-soluble tetrazolium salts to the insoluble
formazan crystals via the activity of mitochondrial dehydrogenase
enzymes, and allows one to determine the impact of an experi-
mental condition on the proliferation/metabolic rate of the cells
[94,95]. In the current investigation, cell proliferation was similar
among the experimental groups throughout day 3 (p>0.05) indi-
cating no cytotoxicity of the plasma surface groups. In contrast,
at day 6, cell proliferation was significantly increased for MAO
(p<0.0001) (Fig. 8a). We speculate that the presence of Ca and P
may have been the driven force toward such result [96]. In addi-
tion, we found that cell proliferation rate was similar between GDP
and the control groups throughout the experiment (p > 0.05), indi-
cating that plasma treatments may be can be used to modify Ti
implant surfaces with no negative effect on cell biology.

In the present study, we used SEM analysis to determine
whether cell morphology was affected by the experimental treat-
ments. In general, it was found that regardless of the experimental



A.O. Matos et al. / Colloids and Surfaces B: Biointerfaces 152 (2017) 354-366 363

a)
1.4 4 —_—— M *
1 |—e—Sb
124 |—a—MAO
. 1 |—v— GDP
E 1.0
o
< 4
w0
ili 0.8
b -
= 0.6
(]
g .
T 0.4
© %
0.2 ® & *
. L 4
0.0 T T T I I
Day 1 Day 3 Day 6
b)
Day Y] Sh MAO GDP
2
4
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compared to other groups. (p <0.05, ANOVA followed by the Tukey’s HSD test). b) SEM observation of MC3T3-E1 cell in all studied groups at days 2 and 4. F: Filopodia and L:

Lamellipodia.

surface, cells were able to adhere to the discs with no relevant dif-
ferences atday 2 (Fig. 8b).In contrast, at day 4, SEM analysis showed
that the MAO surface resulted in a greater cell density as compared
to all the other groups leading to wider areas of cell-to-cell contact
than other treatments. At higher magnification, well-defined cell
with Filopodia (F) spread and grew in the form of thin membranes,
exhibited also lamellipodia (L) that are part of the cytoskeleton
which involves transport phenomena, traffic and cell division, sug-
gesting a cell response on plasma treated surfaces [97].

3.4. Clinical implications, limitations and future scope

The increase in surface roughness can increase the surface area
and thereby increasing bacterial colonization [2,6,81]. Surfaces
with high surface energy and wettability are also facilitators for
enhancing bacterial adhesion [81,98]. The most important finding
in the current study is that although the MAO treatment promoted
greater wettability and roughness than control machined group,
no increased bacterial formation was noted. Another interesting
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outcome relies on the GDP surface. Such non-thermal plasma treat-
ment was able to increase the wettability and surface free energy of
cpTi while maintaining the levels of biofilm formation as controls.
Therefore, such plasma treatments may reduce the osseointegra-
tion period while not increasing the peri-implantites risk.

It is difficult to simulate the real in vivo conditions, even using
human saliva and horse serum, as this study was carried out under
laboratory conditions. Additionally, even though we used a multi-
species biofilm to simulate a condition of peri-implantites, such
disease is more complex in nature. Other microbe species such
as Porphyromonas gingivalis, Campylobacter rectus, Aggregatibacter
actinomycetemcomitans, Prevotella nigrescens, Prevotella interme-
dia and Tannerella forsythia are very common in patients with
peri-implantitis. Therefore, further in situ and in vivo studies are
warranted to demonstrate the influence of such plasma treatments
on the control of oral biofilm formation.

4. Conclusions

Following conclusions are drawn from this study

e Plasma treatments increased the wettability of cpTi. GDP treat-
ment enhanced the surface free energy while maintaining the
surface roughness properties of cpTi. MAO treatment was able to
increase the surface roughness of cpTi and to create anatase and
rutile crystalline structures.

In terms of viable microorganisms cell, surface treatment did not
influence the early (16.5 h) and mature (64.5 h) biofilm formation
onto cpTi, excepted for F. nucleatum, where MAO exhibited the
lowest counts of such microorganism at 16.5 h.

¢ The composition of the three-species biofilm extracellular matrix
was similar among groups with the exception of GDP that had the
lowest content of proteins.

Experimental treatments did not negatively impact on pre-
osteoblasts biology.

In a nutshell, the surface treatment of titanium implants with
plasma technology is a viable and promising strategy to extend
the longevity of dental implants. The treated surface exhibit
improved surfaces characteristics while maintaining the bacterial
proliferation under control.
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