
DOI: https://doi.org/10.1590/1980-5373-MR-2021-0147
Materials Research. 2021; 24(5): e20210147

Nanometric Deposition of Fluoride Ions on Titanium Alloys and its Influence on In Vitro 
Bacterial Adhesion and Viability

Alexandre Barboza Lemosa , Carlos Nelson Eliasb , Rogério Rodrigues Bastosa ,  

Elizabeth Ferreira Martinezc* 

aFaculdade São Leopoldo Mandic, Divisão de Implantologia Oral,Campinas, SP, Brasil.
bInstituto Militar de Engenharia, Departamento de Ciência dos Materiais, Rio de Janeiro, RJ, Brasil.

cFaculdade São Leopoldo Mandic, Divisão de Biologia Celular, Campinas, SP, Brasil.

Received: March 25, 2021; Revised: June 29, 2021; Accepted: June 30, 2021

Bacterial colonization plays a key role on the pathogenesis of peri-implantitis and may be influenced 
by titanium surface topography. The aim of this in vitro study was to evaluate the influence of titanium 
topography after fluoride ions deposition in the bacterial colonization. Machined (M), double acid-
etched (DE) and double acid-etched surface with fluoride ions deposition (Nano F-) were analyzed 
by scanning electron microscopy, contact angle and roughness (Ra). Streptococcus mutans viability 
was quantified by Live/Dead Baclight bacterial viability kit. The mean Ra/contact angle values were 
0.20 μm/69.13°, 0.53 μm /92.82° and 0.56 μm/94.33° for M, DE and Nano F-, respectively. M surface 
presented significantly lower live bacterial counts when compared to the Nano F- surface (p=0.007). 
The dead bacteria count was higher on the Nano F- surface (p=0.001) than on the M and DE surfaces. 
Crystalline deposition of fluoride ions (Nano F-) promoted an increase in dead bacteria on the tested 
titanium surface.
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1. Introduction
The growing use of osseointegrated titanium implants to 

replace lost teeth secondary to periodontal disease and peri-
implant infections has led to the development of new types 
of surface treatment, not only to accelerate osseointegration 
but also aiming a reducing bacterial colonization at the 
implant surface1,2. Bacterial adhesion and colonization play 
a key role on the pathogenesis of peri-implant inflammation, 
which is regarded as one of the main causes of implant loss3.

The physicochemical characteristics of the titanium surfaces 
therefore significantly influence bacterial adhesion4,5. Changes 
to such characteristics may have a significant impact on the 
biofilm adhesion to this surface, since bacterial adhesion is 
dependent on surface roughness, chemical composition and 
surface energy6,7.

The incorporation of ions onto the surface of the implants 
aims to optimize osteoblast adhesion, as well as to produce 
an anti-bacterial surface8, similarly to what has been done 
with silver ions in a number of studies8-12. The antibacterial 
action of silver is not fully understood, though it is suggested 
that silver nanoparticles can penetrate the bacterial cell wall 
and act on the respiratory chain causing cell death11,12.

Other chemical modifications have been suggested, such 
as zirconia13,14, nitride15,16, magnesium17, with strontium, cobalt 
and fluorine18,19 and antimicrobials such as metronidazole20 
to reduce bacterial adhesion or viability. Besides these, 
fluoride ion deposition has been proposed due to its anti-

bacterial activity21,22. One of the major mechanisms of action 
of fluoride is acidification of the bacterial cell cytoplasm, 
reducing bacterial tolerance to their own acids, leading to cell 
death, just as fluoride has been widely used in dentistry with 
great effectiveness as an anti-cariogenic agent. The ability 
of fluoride to act as a transmembrane proton conductor is 
deleterious to many acid-sensitive cytoplasmic enzyme 
systems, as related to oral streptococci23.

Based on the influence of peri-implant infections in the 
long-term success of osseointegrated implants, this study aimed 
to evaluate bacterial adhesion and viability on crystalline 
deposition of fluoride ions deposition surfaces correlating 
them with the physical and topographical characteristics.

2. Materials and Methods

2.1. Characterization of titanium surfaces
Commercially pure titanium (grade 4) discs measuring 

6 mm in diameter and 2 mm in thickness were provided by 
Conexão Sistemas de Prótese (Arujá, SP, Brazil) and divided 
into three groups, as previously described by Elias et al.24:

a)	 Machined (M): without any surface treatment 
(n=14);

b)	 Double-etched (DE): treated in acidic solutions 
containing HCl + H2SO4 at 50 oC for 25 min (n=14). 
After etching, the specimens were rinsed thoroughly 
with distilled water;*e-mail: elizabeth.martinez@slmandic.edu.br
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c)	 Deposition of fluoride ions (Nano F-): treated in acid 
solution as previously described (DE), followed 
by fluoride ion modification by immersion in NaF 
solution for 1 h at room temperature (n=14).

For the analysis of surface characterization, the ultrastructural 
morphology (SEM), roughness (Ra) and contact angle 
measurements of the different surfaces were determined. 
The values of semiquantitative chemical compositions 
(%) were obtained by fluorescence X-ray diffraction in a 
previous study24, with only 0.9 % fluoride ion observed on 
the Nano F- surface.

The ultrastructural morphology of the samples was 
evaluated on a field-emission guns scanning electron 
microscope (Quanta FEG 250; FEI Company, Eindhoven, 
the Netherlands). Three specimens from each surface were 
mounted directly on stubs and imaged at 1000X and 20000X 
magnification.

For the surface roughness (Ra) analysis, 4 specimens of 
each of the three surfaces was evaluated by using a stylus 
instrument (profilometer, Mitutoyo Surftest SJ-200, Japan). 
Four linear measurements were performed on each sample 
according to DIN ISO 1302 standards and the arithmetic 
average of the roughness profile (Ra) was calculated for 
each sample.

For the contact angle measurements (goniometer, First 
Ten Angstroms, FTA100), 1 μL of deionized water was 
dispersed on the sample surface and the internal angle between 
the drop of water and the titanium surface was calculated. 
Two measurements were performed on each sample, using 
the same 4 disks used for roughness measurement and the 
arithmetic average of each was calculated. For angles lower 
than 90º, the surface was considered hydrophilic and for 
angles greater than 90º, hydrophobic25.

2.2. Bacterial viability assay
An ATCC standard strain (American Type Culture 

Collection, USA) of Streptococcus mutans (ATCC 25175) 
was used. This microorganism was selected because it 
represents 45% of the bacterial species in the initial biofilm25,26. 
Cultures from a single colony were cultivated in sterile brain 
heart infusion broth (BHI; Himedia, Indian) at 37 °C for 
18 h, under microaerophilic conditions. After, the bacterial 
suspension was centrifuged at 2200 rpm at 18 °C for 5 min 
and the optical density of the suspensions was adjusted to 1.0 
at 540 nm, which corresponded to a microbial concentration 
of 12 × 108 cells/ml.

The bacteria were cultured on each sample (n=3 for each 
treatment) and incubated for 4 h at 37°C under microaerophilic 
conditions. After this incubation time, the samples were 
gently rinsed with sterile saline solution (0.9%) and for 
the viability and adhesion test, the BacLight Live/Dead kit 
(Molecular Probe, OR, USA) was used as described in a 
previous study5.

Samples were examined under a fluorescence microscope 
(Zeiss, Germany) at 400X magnification. The excitation/
emission wavelengths of SYTO9 and propidium iodide were 
480/500 nm and 490/635 nm, respectively. The live/dead 
stain was prepared by diluting 1 μl of staining component 
A (SYTO 9) and 1 μl of staining component B (propidium 
iodide) in 3 ml of distilled water. Seventy μl of the reagent 

mixture were dispensed to each surface, and specimens were 
incubated in darkness for 15 min at room temperature. A 
glass slide covered with component C (mounting oil) was 
positioned on the surface and stored in the dark at 4 °C until 
further processing.

Six images were captured from randomly selected 
sites for each analyzed surface. To determine the viability 
of the adhered bacterial species for each type of surface 
treatment, the green and red zones were separately measured, 
representing live and dead bacterial cells, respectively. The 
bacterial cell count for each dye in relation to the total area, 
was performed on the ImageJ software (National Institute of 
Health, NIH, USA) and presented in arbitrary units (AU) and 
percentage for each surface. All images had a standard area 
of 97 µm2, totaling 582 µm2 for the 6 images analyzed. The 
experiments were carried out in triplicates for each surface.

2.3. Analysis of bacterial adhesion by SEM
S. mutans was seeded onto three samples of each different 

surface under the same aforementioned conditions and fixed 
with 2.5 % glutaraldehyde solution in 0.1 M cacodylate 
buffer (pH 7.2) for 1 h at 4 °C. The disks were then rinsed 
in the same buffer (0.05 M), post-fixed in 2 % osmium 
tetroxide for 1 h, followed by dehydration through a graded 
series of ethanol. The samples were mounted on stubs and 
placed on a sputter coater (Leica EM ACE600, Wetzlar, 
Germany) to receive an 8 nm platinum coverage prior to 
scanning electron microscopy analysis (Quanta FEG 250; 
FEI Company, Eindhoven, the Netherlands).

2.4. Statistical analysis
The statistical analyses were conducted at a 5% significance 

level on SPSS 20 (SPSS Inc., Chicago, IL, USA). Analysis 
between groups was performed using One-way (ANOVA), 
followed by the Tukey test. The correlation between the 
percentage live and dead bacteria as well as total bacterial 
cell counts was performed using the Pearson’s test.

3. Results and Discussion
Despite the high predictability of treatment with 

osseointegrated implants, biofilm formation on implant 
surfaces plays an important role on the progression of 
peri-implant infections1,2. Thus, the present study aimed 
to evaluate bacterial adhesion and viability onto a double 
acid-etched surface with fluoride ions deposition (Nano F-), 
compared to double acid-etched (DE) and machined (M) 
surfaces, correlating the findings with the physicochemical 
properties of these surfaces.

3.1. Characteristics of surface topography
The ultrastrucutral morphology of the surfaces is represented 

in Figure 1 by scanning electron micrographs. The M samples 
showed unidirectional grooves (Figure 1A, B), unlike the 
surfaces DE and Nano F-, which presented uniform roughness, 
with different sizes and sharp edges (Figure 1C, D, E, F). 
Nonetheless, the Nano F- surface showed a more uniform 
pattern and lower range of roughness than the DE, with 
approximate values ranging from 400 to 500 nm, being 
therefore regarded as nanometric (Figure 1E, F). Additionally, 
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at a high magnification (Figure 1F), it was evident the presence 
of nano roughness inside de microcavities, indicating the 
immersion in a solution containing fluoride ions.

The physicochemical characteristics of the samples 
were assessed to evaluate the influence of roughness and 
contact angle on bacterial adhesion and viability. The results 
showed that surface M presented lower values of roughness 
(0.20 ± 0.02 μm) in relation to surface DE (0.53 ± 0.07 μm) 
and Nano F- (0.56 ± 0.04 μm) (p<0.05). However, the rough 
surfaces (DE and Nano F-) were not significantly different 
(p=0.49) from each other. Similarly, the surface M had lower 
contact angle (69.13 ± 2.43°) than DE (92.82 ± 5.33°) and 
Nano F- (94.33 ± 4.55°), and the latter two did not differ 
significantly from each other (p= 0.61).

Despite the roughness values of DE and Nano F- surfaces 
were higher than the M surface, according Wenneberg and 
Albrektsson titanium surface classification27, the treated 
surfaces evaluated presented minimal roughness. A number 

of studies indicate that the greater the roughness, the greater 
the bacterial adhesion28,29; however, Busscher et al.30 stated 
that surfaces with roughness above 0.2 μm could be less prone 
to bacterial adhesion provided that modifications were made 
to the surface energy or chemical composition of this surface.

Contact angle has been used to quantify surface free energy, 
where angles lower than 90° are considered hydrophilic, 
while surfaces with angles greater than 90° are regarded 
as hydrophobic and denote low wettability25. In the present 
study, the M surface was therefore considered hydrophilic, 
whereas the surfaces with roughness (DE and Nano F-), were 
considered hydrophobic. Such wettability values combined 
with surface topography are crucial for the selectivity and 
quantity of bacterial adhesion28,31.

3.2. Bacterial viability and adhesion assay
S. mutans was used because, according to the 

methodology found in two previous studies32,33 because 

Figure 1. Scanning electron microscope micrographs of M (A, B), DE (C, D) and Nano F- surfaces (E, F). Scale bar = 100 μm (A, C, E) 
and 5 μm (B, D, F). M = machined, DE = double acid-etched, Nano F-= DE with deposition of fluoride ions.
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this bacterial specie is an early colonizer of the surfaces 
of different biomaterials, including titanium25,34,35, and such 
early colonization provides favorable conditions for the 
apposition of further pathogens, including those related 
to periodontal and peri-implant disease3,13,36. In addition, 
S. mutans is the most prevalent species in biofilm25,26. 
Therefore, reduction in the number of early colonizing 
bacteria to a given surface is an important antibacterial 
strategy for implant maintenance33,37.

The representative data of the bacterial count (AU) and 
percentage of the areas with live and dead strains for each 
surface are presented in Table 1 and the respective images 
in Figure 2.

The results showed that the live bacteria adhesion was 
significantly influenced by surface treatments (p<0.05). In 
the M surface, the live bacteria count was significantly lower 

in relation to that verified on the Nano F- surface. On the 
DE surface, bacteria count did not differ significantly from 
the other surfaces. Similarly, the dead bacteria count was 
affected by the surface treatment and was significantly higher 
on the Nano F- surface, though no difference was observed 
between the DE and M surfaces (p=0.001).

The Pearson’s tests indicated a positive and moderate 
correlation between the percentage of area of live bacteria 
and bacterial count (p=0.002; r2 =0.538). For dead bacteria, 
a positive and strong correlation (p=0.001; r2 =0.96) was 
observed between the percentage of area colonized by the 
microorganisms and their total count (Figure 3).

In order to validate the quantitative data of bacterial 
count on different surfaces, Figure 4 illustrates the presence 
of bacteria in the deepest aspects of the rough topography 
on the treated surfaces, inside the microcavities.

Figure 2. S. mutans fluorescence microscopy micrographs on M (A), DE (B) and Nano F- (C) surfaces. SYTO9 (green) represented live 
bacteria; Propidium iodine (red) labeled dead bacteria and Merged (green + red) stained live and dead bacteria. Magnification 100X.

Table 1. Average (SD) values of the bacterial count (AU) and of the percentage of area (%) including live and dead bacteria, according 
to surface treatment. M=machined, DE=double acid-etched, Nano F-= DE with deposition of fluoride ions. Means followed by different 
letters within the same column denote a significant difference.

Surfaces
Live bacteria Dead bacteria

Count (AU) Area (%) Count (AU) Area (%)
M 3855 (965) b 8.34 (2.48) b 317 (83) b 0.68 (0.18) b
DE 4808 (666) ab 12.79 (1.55) ab 386 (76) b 0.75 (0.21) b
Nano F- 5564 (1529) a 11.76 (3.95) a 646 (167) a 1.95 (0.70) a
ANOVA p=0.007 p=0.004 p=0.001 p=0.001
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Hydrophobic bacteria colonize hydrophobic surfaces 
better and the same relationship is observed for hydrophilic 
bacteria and surfaces30. In the present study, S. mutans was 
used, which is considered a hydrophobic microorganism38,39. 
Therefore, a higher bacterial adhesion was expected on rough 
surfaces, which was indeed observed a smaller area of the 
hydrophilic polished surface was colonized when compared 
to the hydrophobic surfaces evaluated in this study, which 
may be related to the hydrophobic characteristics of the 
bacterial species.

Additionally, a positive correlation was also observed 
between roughness and contact angle when comparing 
machined and rough surfaces. It was expected, however, 
that rough surfaces would have shown lower contact angles 
aiming at a greater contact surface with body fluids and with 
plasma proteins40. In the present study, this relationship was 
not observed, which suggested the possibility of air bubbles 
being trapped inside the pores of the rough surfaces, preventing 
water penetration, thus altering the wettability angle.

An increase in the total number of bacterial colonies 
adhered to the roughest surfaces (DE and Nano F-) was 
observed when we compared to the machined surface 
(M), which was statistically significant (p=0.004), similar 
to Rodriguez y Baena et al.41 and Badihi Haulisch et al.42, 

however, demonstrated that rough surfaces presented lower 
colony counts. The results obtained by these authors may 
be associated to a short period of incubation (2 h) of the 
samples. In our study, however, no significant difference 
was detected between the two rough surfaces investigated 
(p=0.06), due probably to their roughness profiles being 
statistically similar.

One may therefore infer that rough surfaces are more 
difficult to decontaminate once colonized43. As observed in 
the present study using SEM, bacterial cells were housed 
deep inside the roughness pits, making it difficult to remove 
them and confirming the findings of a higher total number 
of mechanically retained bacteria into the DE and Nano F- 
surfaces29. The presence of roughness, however, is associated 
to higher levels of osseointegration than machined surfaces17 
which conversely reduces the risk of early bone loss and 
future bacterial colonization of the implant surface44.

Another factor that may affect bacterial colonization is the 
type of surface treatment. In the present study, DE surfaces 
were tested, which have been described to cause less bacterial 
adhesion when compared to sandblasted surfaces5,31,42,45.

Moreover, different chemical changes to the titanium 
surface by addition of a variety of ions have been described 
to favor osseointegration, also aiming at lower bacterial 
colonization45. Silver ions have been used in several studies 
on titanium surface treatments8-12. Despite the antimicrobial 
effectiveness of silver ions, at high concentrations, they may 
adversely affect host cell viability. Furthermore, anti-adhesive 
surfaces may also interfere with host cell adhesion and, 
consequently, implant integration with surrounding tissues46.

In the present study, the surface was modified through 
crystalline deposition of fluoride ions, creating nanometric 
roughness and altering the chemical composition of the 
surface. Fluoride has also been reported to increase the bond 
strength between titanium apatite coatings47 as well as the 
antimicrobial activity, inducing cytoplasmic acidification 
and consequently, bacterial death19,21,22.

Despite the antibacterial effects of fluoride ions are well 
described, there is currently a renewed interest in creating 
an implant biocompatible surface presenting an antibacterial 
effect. In the present study, a higher number of non-viable 
bacteria on the Nano F- surface was observed than on the M 
and DE surfaces. As the DE and Nano F- surfaces were not 
significantly different with regards to surface roughness and 
wettability, and the only aspect that differs between them 

Figure 4. Scanning electron microscopy of the bacteria on the different analyzed surfaces M (A), DE (B) and Nano F- (C). Bar = 1μm.

Figure 3. Scatter diagram of the percentage of area colonized by 
viable and non-viable bacteria as a function of bacterial counts on 
all surfaces.
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was their chemical composition, namely fluoride, it can be 
inferred that such ion had an important impact on bacterial 
viability, a fact corroborated by Yoshinari et al.45.

4. Conclusions
The results described herein show that the physicochemical 

characteristics of the implant surface, including roughness 
and chemical composition, influence bacterial colonization 
and viability. The deposition of crystalline fluoride ions 
(Nano F-) promoted an increase in dead bacteria on the 
tested titanium surface.
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