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Abstract: Titanium plates treated in vitro with a mouthwash containing amine fluoride 

(100 ppm F−) and another containing zinc-substituted carbonate–hydroxyapatite have been 

analyzed by scanning electron microscopy and atomic force microscopy to evaluate the modi-

fication of the surface roughness induced by treatment with these two different  mouthwashes. 

The treatment with F−-based mouthwash produces a roughness characterized by higher 

peaks and deeper valleys in the streaks on the titanium bracket surface compared with those 

observed in the reference polished titanium plates. This effect causes a mechanical weakness 

in the metallic dental implant causing bacterial growth and therefore promotes infection and 

prosthesis contamination. However, the in vitro treatment with a mouthwash containing zinc-

substituted carbonate–hydroxyapatite reduced the surface roughness by filling the streaks 

with an apatitic phase. This treatment counteracts the surface oxidative process that can affect 

the mechanical behavior of the titanium dental implant, which inhibits the bacterial growth 

contaminating prostheses.
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Introduction
The use of titanium in dental implant materials is based on the low thermal conductivity 

of this metal, besides the fact that it doesn’t release toxic ions and has an appropriate 

elasticity module, which helps bone to heal when in close contact with the titanium 

implant surface.1

Titanium is highly ductile and resistant to cyclic forces in the oral environment. 

These cyclic forces, known as fatigue, are produced by masticatory movements, which 

are capable of causing internal microcracks in titanium-based implants.2 Titanium 

constantly undergoes mechanical and thermal stresses in an aggressive host oral 

environment.

Mouthwashes and toothpastes containing fluoride ions are among the most 

important products in the oral care market. In fact, fluoride has been considered 

the main method to reduce the enamel dissolution and prevent caries. Fluoride ions 

have the ability to interact with the hydroxyapatite crystals forming fluoridated 

 hydroxyapatite (Ca
10

(PO
4
)

6
(OH)F) or fluorapatite (Ca

10
(PO

4
)

6
F

2
). These minerals have 

greater lattice energy, higher crystallinity, and better resistance to dissolution than 

hydroxyapatite. Fluoride also increases the seeding rate of apatite crystals.1
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The in vivo treatment using fluoride toothpastes may lead 

to a partial substitution of the hydroxylic groups with fluoride 

ions in the native enamel hydroxyapatite.3,4

The bone-promoting activity of F− has been extensively 

documented in the literature.16 Titanium fluoride forms a stable 

layer on hydroxyapatite surfaces where titanium shares the 

oxygen atoms of phosphate, which becomes covalently bound 

to the hydroxyapatite surface. Fluoride is essential in this reac-

tion because it allows phosphate ions to react directly with 

titanium to form a firm and stable connection.1 The oxygen 

and phosphate in the tissue fluids may replace the fluoride 

and the phosphate becomes covalently bound to the titanium 

surface. Such a reaction may induce a bone formation where 

the phosphate in the bone is firmly (covalently) bound to the 

titanium implant. This process may catalyze bone formation 

and facilitate deposition of particularly well-mineralized bone 

tissue close to the implant surface.5,6

Oxidative processes can thicken and condense the 

titanium oxide layer on the surface, which improves the 

anticorrosion stability of the underlying titanium.7,8 On 

the other hand, reductive agents, such as fluoride (F−), may 

have the opposite effect and attack this layer.8 The corrosion 

process is caused by electrochemical reactions. Titanium 

is known to present high resistance to corrosion against 

attack by solutions containing strong mineral acids, such as 

hydrochloric acid or sulfuric acid. However, when titanium 

is placed in contact with a fluorinated medium at pH below 

3.5, its titanium oxide layer is damaged and degraded. This 

phenomenon is macroscopically visible by the loss of surface 

brightness.9,10 The fluorides may also cause corrosion, which 

increases roughness on the surfaces exposed to the oral cavity, 

making it easier for microorganisms to grow where they are 

protected from oral hygiene mechanisms (brushing, swal-

lowing, and flow of crevicular fluid).2,11,12

Anodic polarization and immersion tests indicated that 

the titanium corrosion in solutions containing F− depends on 

the concentration of hydrofluoric acid (HF). The passivation 

film on titanium was destroyed when the HF concentration 

in the solution was .30 ppm.

A rough surface favors plaque accumulation13 in the peri-

implant crevices of the gingiva, which is an undesirable effect 

in this very sensitive region of the implant. Accordingly, to 

avoid pathogenic plaque accumulation,14 the neck (abutment) 

of an implant must be polished. It is very important to ensure 

that these surfaces receive continuous care.

Many studies shown the high risk for fluoride to produce 

fluorosis, especially in children, and bone diseases in 

the elderly.15–21 The European Food Safety Authority (EFSA) 

scientific panel has advised that there is a risk of fluoride 

intake from ingested oral care products and toothpastes that 

can be fluoridated with a maximum level of 1500 mg/Kg. 

The EFSA considers that the maximum fluoride intake should 

be 0.1 mg fluoride/kg/day in children aged 1–8 years which 

is equivalent to 1.5 and 2.5 mg fluoride per day in children 

aged 1–3 years and 4–8 years, respectively.22,23

Innovative commercial mouthwashes and toothpastes 

in the last decade have replaced fluoride with biomimetic 

hydroxyapatite nanocrystals as a remineralizing agent to 

avoid the dangerous effects of fluoride in human health, 

which have been ascribed to the amount of fluoride ingested 

daily.16

In the inorganic phase of bone and dental hard tissues, 

hydroxyapatite [Ca
10

(PO
4
)

6
(OH)

2
] (HA) has been widely 

studied as a bone filler, prosthetic coating, and implantable 

biomaterial in dentistry and orthopedic surgery because of its 

biocompatibility, bioactivity, and osteoconductivity.17

Biological HA is not stoichiometric according to the 

ideal formula Ca
10

(PO
4
)

6
(OH)

2
, but at low quantities Ca2+ is 

replaced by other ions such as Na+, K+, Zn2+, Mg2+, Sr2+, while 

PO
4

3− and OH− can be partially substituted by other anions 

like CO
3

2−, HPO
4
2−, P

2
O

7
4−, SiO

4
4−.17,24−26

Carbonate is the prevalent foreign anion present into bone-

hydroxyapatite structure and represents about 4–8 wt%.27,28 

The substitution of CO
3
2− groups into the PO

4
3− sites (type B 

carbonate apatite) is prevalent in children, while the carbon-

ate replacement to OH− groups (type A carbonate apatite) 

increases with the age of the individual.29

Biomimetic carbonate–hydroxyapatite nanocrystals 

(CHA) have been synthesized nearly stoichiometrically in 

bulk Ca/P molar ratio of about 1.7 and contains 4 ± 1 wt% 

of carbonate ions that replaced prevalently phosphate groups. 

Biomimetic CHA nanocrystals have been synthesized from 

20 nm to 100 nm (Figure 1) with both acicular and plate-like 

morphology to deliver drugs30–33 with a surface infused with 

amino acids and proteins.26,34–36

Biomimetic CHA (Figure 2) can aggregate in microsized 

crystal clusters that have a nanostructured surface area of 

about 80 m2/g and can be utilized as mineralized agents in 

toothpastes and mouthwashes.37

Only recently, a chemical–physical experimental 

approach has been followed to investigate in vitro37,38 and 

in vivo3,4 the capability of CHA nanostructured crystals to 

produce in vivo biomimetic mineral deposition on enamel 

and dentin surfaces through daily use.11

Demineralized enamel and dentine slabs have been 

treated in vitro with synthetic biomimetic hydroxyapatite 
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The aim of this work is to evaluate the action of a 

nanostructured CHA-based mouthwash on titanium implants, 

in comparison with a F−-based mouthwash.

In this work, we have performed an in vitro analysis on 

the effect of F− and CHA on the surface of titanium brackets, 

using scanning electron microscopy (SEM) and atomic 

force microscopy (AFM), which allows a direct quantitative 

characterization of the surface roughness.

Materials and method
In vitro test
We considered four types of titanium resulting from dif-

ferent processes: polished, blasted, machined, and acid-

etched. All samples were titanium grade plates 3 mm thick 

and 6 mm diameter. In vitro tests were carried out using 

six samples for each type of titanium. Polished titanium 

brackets were tested at room temperature in nanostructured 

microcrystal CHA-based mouthwash for comparison to 

an amine fluoride F−-based mouthwash with a pH ranging 

between 4.3 and 5.5. The stoichiometric composition of 

biomimetic CHA, which represents the active component 

in the used mouthwash, is Ca
(10-x)

 Zn
x
(PO

4
)

(6-y)
(CO

3
)

y
 (OH)

2
 

where x is 0.1 and y is 0.4.

Each plate sample was dipped in mouthwash for 

60  seconds, twice a day for 30 days to simulate a proper oral 

hygiene rinse. After each treatment, the titanium plates were 

washed under running water to replicate in vivo the usual 

teeth rinse procedure.

Morphological characterization
SEM observations were carried out by means of a Carl-

Zeiss EVO, 40 XVP (Oberkochen, Germany) equipped 

with an energy dispersive detector (EDAX) Inca 250 

(Oxford, UL), using secondary electrons at 25 KV and 

 different magnifications.

AFM was carried out directly on the titanium plate 

samples’ substrates. AFM imaging was performed on a 

Digital Instruments Nanoscope IIIa Multimode SPM (Digi-

tal Instruments, Santa Barbara, CA, USA). The advanced 

analog and digital circuit designs and innovative software 

and hardware provide superior multitasking control for 

scanning probe microscopes (SPMs).42,43  The samples in 

contact mode using a J scanner and silicon nitride tips 

(200 lm long with nominal spring constant 0.06 N/m).

Results
The surface morphologies of different polished, blasted, 

machined, and acid-etched titanium plates have been charac-

Figure 1 TEM image of biomimetic ChA nanocrystals.
Abbreviations: ChA, carbonate–hydroxyapatite; TEM, transmission electron 
microscopy.

Figure 2 TEM image of aggregated biomimetic ChA nanocrystals.
Abbreviations: ChA, carbonate–hydroxyapatite; TEM, transmission electron 
microscopy.

nanocrystals for a few minutes and the surfaces chemically 

and physically characterized. CHA induces surface remin-

eralization, which forms a biomimetic apatite coating on 

enamel and dentin surfaces. Enamel remineralization occurs 

quickly due to the specific chemical–physical characteris-

tics of innovative nanostructured hydroxyapatite particles, 

which closely resemble the natural hydroxyapatite present 

in enamel.39 Therefore, our experimental results suggest that 

the deterioration of teeth can be prevented.

CHA synthesized with tailored biomimetic character-

istics for composition, structure, size, and morphology can 

chemically bind themselves on the surfaces of hard tissues 

in teeth, filling in the scratches, and producing a bound 

biomimetic apatitic coating to protect the enamel surface 

structure.3,40,41

There are some commercial products for oral care, like 

toothpastes and mouthwashes, based on CHA, which come 

into contact with titanium prostheses.
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Figure 3 SEM images of the different polished, blasted, machined, and acid-etched titanium disk surfaces used in preliminary selection: (A) polished titanium surface, 
(B) blasted titanium surface, (C) machine-treated titanium surface, and (D) etched titanium surface.
Abbreviation: SEM, scanning electron microscopy.

terized by SEM and the images are reported in Figure 3A–D 

respectively.

Figure 3 shows that blasted, machine-treated, and acid-

etched titanium plates have an inhomogeneous surface, while 

the polished plate surface (Figure 3A) has low grooves and 

thus a smooth surface (Figure 3C). Polished titanium plates 

that have a homogeneous surface with a very small roughness 

appear to be the more suitable titanium plates to be utilized 

in this study.

Comparable samples of polished titanium plates have been 

surface characterized by SEM before and after a daily in vitro 

treatment with two different mouthwashes. A mouthwash con-

taining an amine fluoride (100 ppm F−) and another containing 

zinc-substituted CHA have been utilized to investigate their 

different effects on the titanium plate surface.

After the in vitro treatment with the two different 

mouthwashes, SEM analysis of the titanium plates showed 

an appreciable difference between the plates treated with 

amine F−-based mouthwash (Figure 4A) and those treated 

with the CHA-based mouthwash (Figure 4C). In fact, the 

surface roughness present on titanium surface increases 

after the treatment with amine F−-based mouthwash 

compared to that observed on the reference titanium plate 

(Figure 3A).

Contrarily, the CHA-based mouthwash seems to cover 

valleys and grooves present on the titanium surface, which 

appreciably reduces the roughness present on the reference 

titanium plates.

The EDAX elemental analysis performed on the surface 

of the titanium after treatment with a fluoride rinse showed 

only one peak related to titanium (Figure 4B). If the EDAX 

was performed after treatment with CHA-based mouthwash, 

the same survey grade showed peaks attributable to the cal-

cium and phosphate ions present in the right stoichiometric 

molar ratio of hydroxyapatite, 1.7 (Figure 4D).

For more detailed results, the titanium brackets treated 

with the two different mouthwashes were investigated by 

AFM microscopy.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

310

Lelli et al

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2013:8

400.0 nm

0.0 nm

10 µm

400.0 nm

0.0 nm

400.0 nm

0.0 nm

10 µm

10 µm
10 µm

10 µm

10 µm

10 µm

4

6

8

2

8
642

8
6

4
2

2

4

6

8

2

4

6

8

10

8

6

4

2

8

6

4

2

A

B

C

8
10 µm

10 µm

8

6

4

2

6
4

2

Figure 5 AFM analysis on titanium disks with 10 × 10 µm section: (A) reference 
titanium plate, (B) titanium plate treated with F−-based mouthwash, (C) titanium 
plate treated with CHA-based mouthwash.
Abbreviations: AFM, atomic force microscopy; ChA, carbonate–hydroxyapatite; 
F−, fluoride.
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Figure 6 AFM analysis on titanium disks with 100 × 100 µm section: (A) reference 
titanium plate, (B) titanium plate treated by F−-based mouthwash, (C) titanium plate 
treated by CHA-based mouthwash.
Abbreviations: AFM, atomic force microscopy; ChA, carbonate–hydroxyapatite; 
F−, fluoride.
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Figure 4 SEM images of titanium surfaces after mouthwash treatments: (A) titanium surface treated F−-based mouthwash, (B) elementary analysis with EDAX probe on 
titanium surface treated with F−-based mouthwash, (C) titanium surface treated with CHA-based mouthwash; (D) elementary analysis with EDAX probe on titanium surface 
treated with CHA-based mouthwash.
Abbreviations: ChA, carbonate–hydroxyapatite; EDAX, energy dispersive detector; F−, fluoride; SEM, scanning electron microscopy.
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Table 1 AFM analysis of different titanium disks, 10 × 10 µm 
section

10 × 10 μm sections Root mean  
square (Rq)

Highest  
peak (Rp)

Deepest  
valley (Rv)

Polished titanium disk  
(reference)

93 nm 350 nm −140 nm

F−-based mouthwash  
treated disk

92 nm 460 nm −230 nm

CHA-based mouthwash  
treated disk

56 nm 300 nm −120 nm

Abbreviations: AFM, atomic force microscopy; ChA, carbonate–hydroxyapatite; 
F−, fluoride.

Table 2 AFM analysis of different titanium disks, 100 × 100 µm 
section

100 × 100 μm Root mean  
square (Rq)

Highest  
peak (Rp)

Deepest  
valley (Rv)

Polished titanium disk  
(reference)

280 nm 700 nm −740 nm

F−-based mouthwash  
treated disk

460 nm 840 nm −940 nm

CHA-based mouthwash  
treated disk

235 nm 620 nm −520 nm

Abbreviations: AFM, atomic force microscopy; ChA, carbonate–hydroxyapatite; 
F−, fluoride.

Titanium plates treated with the two different mouthwashes 

were investigated using titanium sections of different 

dimensions. We have examined titanium plate sections of 

10 × 10 µm and 100 × 100 µm wide. Figures 5 and 6 show 

AFM images obtained on the surface of 10 × 10 µm and 

100 × 100 µm sections, respectively. In fact, in the 10 × 10 µm 

samples, AFM measures the surface  nanoroughness with 

high accuracy, while in the 100 × 100 µm samples, it is 

possible to evaluate the roughness extension with high 

accuracy.

In Figures 5A and 6A, the AFM images of the titanium 

reference surface are reported, in Figures 5B and 6B, the 

AFM images of F− mouthwash-treated titanium surface 

are reported, while in Figures 5C and 6C, the AFM images 

show the effect of CHA mouthwash on the titanium surface. 

The numerical analysis carried out on the AFM images is 

reported in Tables 1 and 2. The root mean square (Rq), 

highest peak (Rp), and deepest valley (Rv) were measured 

on 10 × 10 µm sections of reference titanium surface 

and after treatment with mouthwashes containing F− and 

CHA (Table 1). The Rq, Rp, and Rv were measured on 

100 × 100 µm sections of reference titanium surface and 

after treatment with the mouthwashes containing F− and 

CHA (Table 2).

Discussion
A morphological characterization was performed on the 

surface of polished, titanium brackets after in vitro treatment 

with mouthwashes containing amine F− and CHA. Titanium 

plates treated with the two different mouthwashes were 

analyzed by SEM and AFM using titanium sections of two 

different dimensions (10 × 10 μm and 100 × 100 μm) for a 

well-defined highly accurate evaluation of the modification 

of surface nanoroughness and its extension (respect the value 

Rq, Rp and Rv reported in table 2) induced by the treatment 

with the two different mouthwashes.

The treatment with the F−-based mouthwash induces a 

roughness characterized by streaking with higher peaks and 

deeper valleys on the titanium bracket surface compared 

with those observed in the reference polished titanium plates. 

Contrarily, the treatment with the CHA-based mouthwash 

induces a roughness characterized by streaking with 

smoothed peaks and less deep valleys on the titanium bracket 

surface compared with those observed in the reference 

polished titanium disc. These findings can be explained 

by the hydroxyapatite deposition filling the streaks on the 

titanium surface and therefore reducing surface roughness. 

The EDAX analysis revealed the presence of calcium and 

phosphorus in a molar ratio of 1.7, which was characteristic 

of the CHA present in the mouthwash.

The increased roughness induced by the in vitro 

treatment with the mouthwash containing amine F− 

(Tables 1 and 2) modify the mechanical behavior of the 

titanium brackets, which promotes a mechanical weakness 

of the metallic dental implant. The increased depth of the 

streaks encourage bacterial growth promoting infection 

and prosthesis contamination and mobility.44 Contrarily, 

the in vitro treatment with the CHA-based mouthwash 

reduces the surface roughness by filling in the streaks 

(Tables 1 and 2). This hydroxyapatite deposition protects 

against the surface oxidative process, which can damage 

the mechanical behavior of the titanium brackets. The 

depositation of hydroxyapatite coating on titanium surface 

is able to prevent the bacterial growth contaminating the 

prosthesis. Furthermore, when bacterial plaque, by its 

acidity, solubilizes the zinc-substituted CHA present on 

the titanium implant.40,41,45 On one hand, our data shows 

that the presence of F− in mouthwashes should be avoided 

to prevent any degradation of the metallic dental implant 

and subsequent contamination with bacteria. On the other 

hand, the CHA-based mouthwash prevents the degradation 

of the metallic dental implants and the formation of bacterial 

film.
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Conclusion
The morphological characterization of the surface of polished 

titanium brackets after in vitro treatments with a mouthwash 

containing an amine F− and another containing CHA showed 

that the presence of F− in a mouthwash induces mechani-

cal weakness in the metallic dental implant and bacterial 

contamination. The presence of zinc-substituted CHA in a 

mouthwash prevents the deterioration of the metallic dental 

implant and contamination with bacteria.
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