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We studied the influence of corrosion in acidic beverages (white wine, pH ~3.5) on micromechanical properties of human 
teeth. Simultaneously, the effect of fluorine-containing mouthwash (pH ~4.4) and of artificial saliva (pH ~5.3) in terms of 
their protective action against corrosion, and the recovery of mechanical properties through fluoridation and re-calcification 
was studied. The influence of the solutions on Vickers hardness of dental enamel was monitored on the basis of results from 
the corrosion tests carried out under quasi-dynamic conditions. The tests were performed at the temperature corresponding 
to the temperature of human body (37°C). The measurements confirmed a significant deterioration of microhardness with 
prolonged exposure to white wine. The Vickers hardness decreased from 347 HV0.2 in un-corroded specimens to 186 HV0.2 
in samples corroded for 60 minutes in white wine. A recovery of Vickers hardness was observed after 60 minutes exposition 
time in the fluoridation solution, with the increase from 186 to 372 HV0.2. Similar effect was observed in the artificial saliva 
solution, with observed hardness increase from 186 to 320 HV0.2. Healing of corrosion-induced defects by the action of both 
solutions was observed by SEM, and associated with observed increase of hardness.

INTRODUCTION

 Teeth corrosion is multifactorial negative pheno-
menon, comprising mutual action of chemical, biological 
and behavioural factors, resulting in removal of minerals 
from the teeth surface [1, 2]. Dental corrosion may be 
caused by intrinsic or extrinsic agents. Intrinsic corrosion 
is associated with gastric acid, which may be present 
intra-orally following vomiting and gastroesophageal 
reflux [3]. Excessive consumption of acidic food and 
beverages are one of the most common extrinsic factors 
that cause dental corrosion [4, 5]. Chemical corrosive 
potential of corrosion components, e.g. acid drinks, 
depends from chemical factors such as pH, titration 
acidity [1, 6], content of minerals, cleanliness of teeth 
surfaces and chelation properties of calcium [7-9]. The 
pH value, content of calcium, phosphorus and fluorides 
in drinks determine the degree of saturation, while the 
driving force depends from the content of minerals [10]. 
The contents of calcium and phosphorus in beverages 
are therefore important factors of the corrosive potential, 
because they are responsible for concentration gradient 
between the tooth and the corrosion environment.
 Various acids, such as tartaric acid, malic acid, 
lactic acid, ascorbic acid, citric acid and phosphoric acid, 
which are a common component of beverages, including 
wine, have a strong destructive effect on the surface of 

teeth [11-13]. The teeth corrosion in alcoholic beverages, 
such as wine, is especially a problem of sommeliers, who 
can taste as many as 200 wines a week. During tasting 
they hold wine in mouth for longer period of time, which 
is sufficient for chemical attack of tooth enamel as the 
wines have pH values between 3 - 3.8 [12, 14], while 
the critical point of enamel solubility is at the pH value  
of 5 - 5.7 [15-17]. 
 Softening of the enamel surface is an early mani-
festation of the corrosion process. Reduced surface 
hardness or decrease of wear resistance, which accom-
panies corrosion of the enamel surface by acid beverages 
can then result in excessive wear of teeth, and can be 
assessed using a physical measurement such as the 
hardness test. This effect is relatively fast, as shown by 
Lupi-Pegurier et al., who observed statistically significant 
decrease of surface microhardness of human teeth 
enamel already after 120 s exposure to red wine in-vitro 
[13]. A simulation of 10 one-minute episodes of wine 
tasting followed by scratch testing showed significant 
differences in both scratch depths and surface roughness 
due to enamel softening at an early stage of wine tasting 
[18]. Recent studied of enamel exposed to various organic 
acids by nanoindentation (such as citric acid at pH 3.2 
and 5.5 and acetic acid at pH 5.5) revealed decreasing 
hardness and Young’s modulus with exposure time, and 
crack generation along the hydroxyapatite rod boundaries 
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due to the exposure of enamel to acidic environments 
[19]. In the tooth enamel demineralized and significantly 
softened by corrosion in acetic acid solution at pH = 3 
only partial remineralization of the softened enamel 
surface layer can occur through subsequent exposure 
to saliva in-vitro, and some corrosion-induced defects 
remain unrepaired. As a result, the nanoindentation 
elastic modulus shows some improvement following 
remineralization, but hardness does not [20]. The results 
imply that long term or repeated exposure to corrosive 
liquids can result in gradual accumulation of corrosion-
induced damage. The wear mechanism of enamel was 
also found to change, from brittle fracture in intact 
enamel, to ploughing or shaving of the surface layer 
softened in acidic environments, generating a smooth 
surface with the progression of wear. [19, 21].
 Biological and chemical factors in the oral envi-
ronment influence the progress of dental corrosion. Saliva 
provides protective effects by neutralizing and clearing 
the acid. Saliva is also a source of inorganic ions, such as 
calcium and phosphate ions, which are the building blocks 
necessary for the remineralization process [22]. The 
degree of saturation of these ions differs from person to 
person, among various salivary glands, and with secretion 
rate. The dissolution and precipitation of tooth minerals 
depends on the pH and the concentrations of ions in the 
fluid phase surrounding the tooth structures [23]. For 
patients experiencing dry mouth, saliva substitutes are 
therefore often prescribed. One of the saliva substitutes 
available as an over-the-counter product is Biotene® 
Mouthwash (GlaxoSmithKline, USA). According to the 
manufacturer, the mouthwash contains calcium, xylitol, 
lactoferrin, and enzymes naturally found in human saliva 
to provide antibacterial protection [24].
 Suppression of tooth corrosion is possible also by 
proper mouth hygiene, with the use of fluorine-con-
taining toothpastes and mouthwashes. It is well esta-
blished that fluoride ions in the fluid phase surrounding 
the tooth structures shift the equilibrium in buccal 
cavity towards re-mineralization. Fluorides enhance 
re-mineralization of early carious lesions by adsorbing 
onto the partially dissolved crystal lattice, attracting 
calcium and phosphate ions to precipitate in the form of 
crystalline or amorphous calcium phosphate [25]. The 
amorphous calcium phosphate is biologically active, 
and is able to release calcium and phosphate ions to 
maintain the supersaturated state, thus enhancing the re-
mineralization process. 
 Among the most commonly used mouthwash agents 
are those produced by Elmex (GABA International AG, 
Switzerland). Due to its surface activity and slightly acidic 
pH, amine fluoride present in the mouthwash promotes 
the formation of calcium fluoride globules. These act as 
a fluoride deposit, which, according to the producer’s 
data, both protects the teeth against acid attacks and 
stimulates re-mineralization, providing protection from 
dentine caries [26]. Except of CaF2, also NaF and other 

fluorides, e.g. TiF4, and NH4F were reported to have the 
protective effect, and are used as a source of fluoride ions 
in commercially produced toothpastes and mouthwashes 
[27-29]. 
 The purpose of this study was to evaluate the effect 
of the early stages of corrosion in a white wine (pH 3.5) 
on the hardness of human teeth enamel, evaluated 
through determination of microhardness of corroded 
enamel. The protective and remineralization capacity 
of the commercial mouthwash (Elmex, pH 4.4) and of 
the moisturising mouthwash containing triple enzyme 
system found in natural saliva, thereinafter referred to 
as the oral rinse (Biotene®, pH 5.3), was also evaluated, 
in terms of change of Vickers hardness of the teeth 
treated by the two agents before and after exposure to 
white wine. 

ExpERIMENTAL

 Decontamination of intact caries-free human molars 
extracted due to orthodontic reasons (27 specimens of 
teeth in total were tested, originating from individuals 
of either gender and various age) was performed 
by immersion the teeth into 3 % hydrogen peroxide 
solution for 5 s [13, 30, 31] in order to minimize the 
risk of transmission of blood-borne pathogens [32], and 
stored in deionized water at the temperature of ~5°C 
[30, 31]. The specimens were embedded in a synthetic 
resin (Dentacryl/ VersoCit-2 Liquid) so that the lateral 
surfaces, which are most commonly affected by corro-
sion, were exposed. The exposed surfaces were ground 
and polished (Buehler Ecomet300/Automet 300) to 
0.5 µm finish. A care was taken to remove not more than 
1 mm of enamel, in order to avoid exposure of softer, 
and corrosion less resistant, dentine. After polishing, the 
specimens were stored in deionized water. Immediately 
before the corrosion tests the specimens were rinsed with 
alcohol to dry the exposed surface. 
 The surface hardness of enamel specimens was 
measured using a microhardness tester (WIKI 200) 
with a Vickers diamond indenter under a load of 200 gf 
(1.961 N) with 5 s dwell at the maximum load. Ten 
indents were carried out for each specimen. The load 
was selected because it provided the appropriate size 
of indentations for accurate measurement with the 
available equipment without disturbing the measured 
values by excessive crack formation. The baseline sur-
face microhardness before further corrosion/recovery 
treatment was determined for each specimen. 
 The corrosion tests were conducted in vitro, using 
white wine (pinot Blanc, year 2012, wine region Modra, 
Slovak Republic, pH 3.5) as the corroding agent. The 
polished enamel surface was exposed to 100 µl of 
white wine for 10, 20, 40 and 60 minutes in a climatic 
chamber (Angelantoni Discovery DY110) at 37°C and 
95 % relative humidity. The high relative humidity was 
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applied in order to prevent evaporation of the solution 
from the tooth surface. After each exposure time the 
microhardness was determined.
 The mouthwash Elmex (pH = 4.4) was tested for its 
capacity to influence the microhardness of the enamel, 
and to protect human teeth against corrosion. For that 
purpose three un-corroded specimens in parallel were 
individually exposed to 100 µl of the mouthwash for 10, 
20, 40 and 60 minutes in the climatic chamber under 
the same conditions as above, and microhardness was 
determined after every exposure. The specimen exposed 
to the mouthwash for 60 minutes was then corroded in 
the white wine for 10, 20, 40 and 60 minutes at 37°C, 
and the microhardness was determined.
 Both the mouthwash Elmex, and the oral rinse 
Biotene (pH 5.3) were tested for their capacity to recover 
the mechanical properties of human teeth enamel after 
corrosion. The specimens corroded for 60 minutes in 
white wine were exposed to the moutwash/oral rinse in 
the same manner as described above, and the recovery of 
mechanical properties was examined by microhardness 
testing. Before the tests the pH value of all used liquids 
was determined using the pH meter (pH 720, inoLab®).
 The surfaces of un-corroded, wine corroded, and 
mouthwash/oral rinse treated surfaces were examined 
by scanning electron microscopy (JEOL JSM-7600 F) 
and compositional analysis was carried out by SEM–
EDS. For SEM imaging all samples were gold sputter 
coated using a JEOL JFC-1300 „AUTO Sputter Coater“. 

RESULTS

 The baseline microhardness of all nine tested tooth 
specimens showed only a slight variation, which fell 
well into the range of the scatter of experimental data, 
and ranged around 340 ± 7 HV0.2. The dependences 
of microhardness as a function of exposure time to the 
used liquid agents are summarized in Figure 1. Figure 1a 
shows the decrease of hardness of polished surfaces 
of two different teeth after various time of exposure to 
white wine at 37°C. Despite the fact the tooth samples 
originated from two different individuals, the influence 
of corrosion on hardness was comparable. After 60 mi-
nutes exposure to white wine the decrease of hardness 
was considerable, falling down to 190 HV0.2, which 
represented 45 % decrease in comparison to un-corro-
ded enamel. Figure 1b and c shows the influence of 
the exposure of enamel corroded 60 minutes in white 
wine to the fluorine-containing mouthwash and to oral 
rinse, respectively. In both cases extended exposure to 
the liquids led to gradual increase of surface hardness 
of the enamel. The effect was more pronounced if the 
fluorinating mouthwash was applied, with the hardness 
recovering back, and even slightly exceeding its original 
value (> 360 HV0.2). The oral rinse was less efficient, 
but some hardness recovery was still observable, 
achieving 320 HV0.2 after 60 minutes exposure.
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Figure 1.  Variation of enamel surface microhardness as a func-
tion of the exposure time; a) corrosion of the untreated enamel 
from 2 different teeth with white wine, b) recovery of surface 
hardness after 60 minutes corrosion by fluoridation in the 
mouthwash, c) recovery of surface hardness after 60 minutes 
corrosion by treatment in the oral rinse.
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 The application of the mouthwash had also positive 
effect on hardness of un-corroded teeth. The exposure to 
the mouthwash resulted in the increase of hardness of 
enamel from the original value 350 HV0.2 to 390 HV0.2 
after 60 minutes of the test (Figure 2a). The results also 
indicate that the fluorination protects the enamel surface 
against the corrosion attack by white wine. The exposure 
of fluorinated enamel to white wine solution also led to 
gradual decrease of hardness, which after 60 minutes at 
37°C dropped to 290 HV0.2 (Figure 2b). However, this 
represented only 25 % decrease in comparison to the 
fluorinated un-corroded surface and only 17 % decrease 
in comparison to the hardness of polished enamel before 
the treatment.
 The SEM micrographs of polished, corroded, and 
mouthwash or oral rinse treated surfaces of human 
enamel after corrosion are shown in Figure 3. The poli- 
shed surface in Figure 3a shows typical features charac-
teristic for enamel samples, e.g. regular rounded cross-
sections of hydroxyapatite (HAp) rods. The surface is 
homogeneous and contains nearly no pores or defects. 
The micrograph shown in Figure 3b represents an 
enamel surface corroded in white wine for 40 minutes 
at 37°C. The influence of corrosion is obvious. The 
hydroxyapatite rods are difficult to recognize, and the 
material contains numerous micrometre-sized pores as 
the result of selective dissolution of hydroxyapatite at 
the places with lowest durability, i.e. at the interfaces 
between individual rods. The corroded surface treated 
with oral rinse enriched besides the enzymes also with 
calcium ions, shows some features, which indicate 
healing of the surface as the result of deposition of 
new mineral phases (Figure 3c). The porosity was 
reduced, and the hydroxyapatite rods could be clearly 
distinguished again as the result of topotaxial growth 
of new mineral phases at the end of HAp rods. The 
corroded surface treated by the fluorinating mouth-
wash (Figure 3d) also showed some distinct features. 

First, the micrometer-sized pores all disappeared, and 
the HAp rods (although still clearly recognizable) 
were covered with a thin homogeneous layer of a new 
phase. Apart from that, the micrographs revealed nume-
rous globular precipitates, about 2.1 ± 0.1 µm in diameter, 
firmly attached to the surface. Similar features were 
observed also at the surfaces treated with the mouth-
wash prior to corrosion (Figure 4a). The surfaces were 
covered with a homogeneous layer of a new phase, so 
that the HAp rods were hard to distinguish. The number 
of precipitates attached to the surface was high, but the 
precipitates were smaller (approx. 1.3 ± 0.2 µm) than 
those found at the surface treated with the mouthwash 
after corrosion. The polished surface without any dis-
tinguished corrosion related features, such as edges or 
pores, favoured homogeneous deposition of the layer of 
mineral products, and longer time was needed to create 
the nuclei with critical size required for the formation 
and growth of globules. The fluorinated surface after 
40 minutes exposure in the white wine is shown in Figu-
re 4b. The HAp rods were easy to distinguish, and the 
number of globules decreased dramatically. The diameter 
of the remaining globules dropped to 0.6 ± 0.1 µm, as 
the result of their dissolution. The surface mineral layer 
almost entirely dissolved in the corrosion agent. 
 The changes in concentrations of calcium, phos-
phorus, and fluorine, as the main mineral components 
of human enamel in the course of demineralization 
and re-mineralization were monitored by SEM/EDS. 
Characteristic Ca and p contents in un-corroded enamel 
were 25.5 ± 1.4 at. % and 15.2 ± 0.7 at. %, respectively, 
which corresponds to the Ca/p ratio of 1.67 characte-
ristic for mineral hydroxyapatite. The content of fluorine 
was at the level of the detection limit of the method. 
The results of EDS analysis of the enamel treated prior 
to corrosion by the fluorine-containing mouthwash 
are summarized in the Table 1. The analysed areas are 
outlined and numbered in Figure 5. The enamel treated 
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Figure 2.  Variation of enamel surface microhardness as a func-tion of the exposure time; a) Increase of hardness of human enamel 
by fluoridation in the mouthwash, b) Decrease of hardness of fluorinated tooth by corrosion in white wine.
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Figure 3.  Scanning electron micrographs of human enamel: a) uncorroded surface after polishing, b) polished surface corroded 
for 40 min at 37°C in white wine, c) corroded surface after 40 min exposure to Biotene oral rinse, d) corroded surface after 40 min 
exposure to Elmex Mouthwash.

Figure 4.  Scanning electron micrographs of human enamel: a) uncorroded surface after 40 min exposure to Elmex Mouthwash b) 
Elmex treated surface after 40 min corrosion at 37°C in white wine.
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before corrosion with the mouthwash contained in-
creased amounts of Ca (35 ± 2 at. %) and p (19 ± 2 at.%). 
Markedly increased content of fluorine (9 ± 2 at.%) was 
also detected in the mouthwash treated enamel, suggesting 
incorporation of fluorine into newly created mineral 
phase(s). The content of F in the globular precipitates 
formed at the enamel surface as the result of mouth-
wash treatment was markedly higher (up to 47 ± 4 at.%), 
with correspondingly lower contents of Ca (23 ± 1 at. %), 
p (5.6 ± 1.1 at.%) and oxygen (22 ± 3 at.%). The results 
of EDS analysis indicate that treatment with fluorine-
containing mouthwash results in precipitation of CaF2 at 
enamel surface, as suggested by the F/Ca atomic ratio 
close to 2. The apparent content of other elements (p, 
O, etc.) is the result of penetration of electron beam 
into underlying substrate. Subsequent exposure of the 
mouthwash treated teeth in white wine resulted in nearly 
complete dissolution of precipitated calcium fluoride. 

DISCUSSION

 Except of surface demineralization by bacterial 
acids excessive consumption of acidic food and beve-
rages is one of the most common factors that cause 
dental corrosion. The damage caused by alcoholic be-
verages like white wines is found mainly in special 
occupational groups like wine makers and wine tasters, 
but also in chronic alcoholics, where a prolonged contact 
of teeth with the wine is linked to tooth corrosion 
[31]. Mineral components of teeth, especially calcium 
and phosphorus, are released from the teeth enamel. 
Formation of cracks, pores and cavities can be also 
observed. However, the extent of corrosion caused 
by alcoholic beverages like white wines is usually far 
smaller than in the case of non-alcoholic carbonated 
drinks or fruit juices. This is attributed to two factors. 
First, wine usually does not contain any citric acid, which 
has strong chelating activity towards calcium, shifting 
the reaction equilibrium of HAp dissolution towards 
dissolved reaction products. Second, wine itself usually 
contains relatively high concentrations of calcium and 
phosphate ions, so that the corrosion solution is quickly 
saturated and re-precipitation of new apatite phases HAp 
at the corroded surface can be observed. Relatively high 
concentrations of Ca (78 ± 3 mg∙l-1) and phosphates 
(221 ± 6 mg∙l-1) were determined by ICp OES in the 
white wine used as a corrosion medium in this work. 
Despite this fact, marked influence of the exposure to 
white wine on micromechanical surface properties of 
enamel was observed. These results are in accord with 
extensive in vitro studies, clearly showing significant 
corrosive potential of various wines in terms of enamel 
demineralisation and release of calcium [31], as well as 
the clinical studies, which clearly show serious damage 
of human teeth by cumulative action of demineralization 
and excessive abrasion of enamel, likely related to 

Figure 5.  Scanning electron micrographs/ Energy dispersive 
spectroscopy: globular precipitates on the uncorroded surface 
exposure to Elmex Mouthwash. The rectangular areas outline 
the places where the surface was analysed by EDS (Table 1).

Table 1.  The results of EDS chemical analysis (at. %) of uncorroded enamel after treatment with fluorine containing mouthwash. 
The analyzed areas are outlined by rectangles and numbered in Figure 5. Symbol s represents the standard deviation of the 
analyzed value.

 Analysed O F Na Mg Al Si p S Ca Total
 area     Globular precipitates
 1 20.5 49.6 1.1 1.6 0.6 0.0 4.6 0.2 21.8 100.0
 2 22.8 46.3 1.2 1.6 0.5 0.0 5.1 0.2 22.4 100.0
 3 24.0 44.6 1.2 1.5 0.5 0.0 6.6 0.2 21.4 100.0
 4 20.1 45.9 1.0 1.5 0.5 0.0 6.6 0.2 24.2 100.0
 5 25.6 40.9 1.1 1.4 0.6 0.2 6.6 0.3 23.4 100.0
 6 16.9 51.0 1.1 1.7 0.6 0.0 4.4 0.2 24.1 100.0
 Mean 21.6 46.4 1.1 1.6 0.6 0.0 5.6 0.2 22.9 
 s 3.1 3.6 0.1 0.1 0.1 0.1 1.1 0.0 1.2 
      Smooth surface
 7 37.4 6.6 1.0 1.0 0.0 0.0 19.5 0.4 34.1 100.0
 8 37.4 11.0 1.0 1.0 0.1 0.0 17.4 0.5 31.6 100.0
 9 32.8 8.2 0.9 1.1 0.0 0.0 20.3 0.6 36.0 100.0
 Mean 35.8 8.6 1.0 1.0 0.0 0.0 19.1 0.5 33.9 100.0
 s 2.7 2.2 0.0 0.1 0.1 0.0 1.5 0.1 2.2 0.0
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hardness decrease as the result of demineralization as the 
critical pH value is exceeded [33]. Interestingly, Lupi-
pegurier et al. who measured the surface hardness of 
human enamel after prolonged exposure to wine suggest 
that the exposure to wine is innocuous for an immersion 
time of less than 120 s in vitro. [13]. However, their work 
does not take into account possible accumulation of 
corrosion damage after extended and repeated exposure 
of enamel to corrosive media. In the present study we 
therefore applied longer exposure times ranging from 
10 to 60 minutes, with regular influx of fresh corrosion 
medium in defined time intervals in order to eliminate 
possible saturation of the medium with products of HAp 
dissolution, particularly Ca and phosphate ions. The 
arrangement of the experiment thus simulated extended 
exposition and cumulative effect of the exposure to acidic 
environment. The results show remarkable decrease of 
microhardness of dental enamel already after 10 minutes 
exposure to white wine. The damage becomes more 
pronounced with prolonged exposure (decrease from 347 
HV0.2 in pristine enamel to 186 HV0.2 after 60 minutes 
exposure at 37°C). Apart from decrease of microhardness 
the Vickers hardness measurements revealed also diffe-
rent behaviour of indented surfaces in terms of their re-
sponse to indentation after the exposure to white wine. 
In the pristine, un-corroded samples, the indentation 
was always accompanied by formation of radial cracks 
originating in the corners of the residual imprint (Figu- 
re 6a) and, in some cases, microcraks in the close vicinity 
of the indent, following intergranular path among HAp 
rods (in the figure marked by arrows). The corroded 
samples exhibited purely plastic behaviour with virtually 
no cracking (Figure 6b), only exceptionally accompanied 
by development of lateral cracks and chipping of surface 
enamel layer adjacent to the indent. Higher extent of 
plastic deformation was explained by demineralization 
of the enamel surface, complete removal of the mineral 
hydroxyapatite, and related increase of the content of 

organic component of the enamel. The SEM imaging 
confirmed serious damage of enamel surface as the 
result of corrosive action of white wine (Figure 3b). The 
surface contained numerous micrometer-sized pores as 
the result of selective dissolution of hydroxyapatite at 
the places with the lowest durability, i.e. at the interfaces 
between individual HAp rods.
 In terms of corrosion protection, saliva has a strong 
buffering capacity, which helps to neutralize the action 
of acids and increases the pH in buccal cavity [25]. 
If production of saliva is insufficient (dry mouth symp-
toms), corrosive potential of acid drinks is enhanced. 
Additional protection by artificial means is then often 
advertised, e.g. by mouthwashes often referred to as 
“moisturizing relief or stimulation products”. Objective 
evaluation of the corrosion protection action of a selected 
commercial product was one of the goals of this work. 
The moutwash Biotene® was selected for the purpose 
of this study because it contains protein and enzymatic 
components that are not available in other common 
saliva-like solutions. Casein phosphopeptide component 
of the moutwash stabilizes amorphous calcium phos-
phate at the enamel surface and binds onto adsorbed 
macromolecules of biofilm on the tooth surface where it 
serves as a reservoir for calcium and phosphate ions [34]. 
Clinical studies also found that Biotene® mouthwash, 
toothpaste, and chewing gum relieve the symptoms of 
xerostomia (dry mouth syndrome) in head and neck 
cancer patients [35]. However, Tantbirojn et al. observed 
negative influence of a long term exposure (24 h and 
48 h) of the Biotene® oral rinse on the surface hardness 
of bovine enamel [24]. The authors attribute the effect to 
several factors, including removal of the original enamel 
surface by polishing during sample preparation, lack of 
saliva in the experiment, which could buffer the action 
of Biotene (it should be kept in mind that the pH value 
of Biotene was determined to be 5.297 ± 0.003, which is 
below the critical threshold for HAp dissolution), and the 

Figure 6.  Vickers hardness indentations: a) uncorroded surface after polishing, b) polished surface corroded for 40 min at 37°C in 
white wine.

b)a)
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fact that bovine, instead of human enamel was used for 
the study. Other authors also report that artificial caries 
lesions formed in bovine tooth enamel were twice as deep 
as those formed in human teeth [36]. Our experiments 
indicate positive influence of the Biotene® oral rinse on 
microhardness of corroded human enamel after short 
term exposure (maximum 60 minutes) to white wine. 
The hardness of enamel increased from 186 HV0.2 in 
corroded enamel to 320 HV0.2 after 60 minutes treatment 
in Biotene® at 37°C. The treated surface shows creation 
of new mineral phases of similar chemical composition 
as the original, un-corroded surface. The hydroxyapatite 
rods could be again clearly distinguished and porosity 
was reduced after the Biotene® treatment as the result 
of topotaxial growth of newly formed apatite mineral 
phases at the end of HAp rods. 
 The mouthwash Elmex was selected for the expe-
riment as one of the most frequently used fluorinated 
over-the-counter products. According to the producer’s 
data the mouthwash contains olaflur (amine fluoride) and 
sodium fluoride (0.025 % F), which activates formation 
of a protective film at dental necks, increasing the caries 
protection. The application of the mouthwash on polished 
un-corroded surfaces resulted in a measurable hardness 
increase from the original 350 HV0.2 to 390 HV0.2 
after 60 minutes exposure (Figure 2a). The surface of 
treated enamel was covered with a homogeneous layer 
of a new, Ca-, p- and F-containing phase. Fluorine was 
detected both in the surface layer, and in the globular 
precipitates attached to the enamel’s surface. The content 
of fluorine in the surface layer (8.6 ± 2.2 at. %) suggests 
fluoroapatite formed by incorporation of fluorine into the 
structure of hydroxyapatite or a mixture of fluoroapatite 
with calcium fluoride are the main components of the 
precipitated layer. High contents of both calcium and 
fluorine (46 ± 4 at. %) and the F/Ca atomic ratio close 
to 2 in globular precipitates identify them as calcium 
fluoride. The hardness of corroded human enamel 
increased after treatment with the mouthwash from 186 
HV0.2 to 372 HV0.2 after 60 minutes exposure at 37°C.
 The mechanism of action of fluorine on mechanical 
properties – especially hardness - of enamel (and hydro-
xyapatite in general) is not quite clear. Literature survey 
reveals that the F content in enamel typically ranges 
between 0.01 and 0.07 wt. % [37-40]. The results of 
studies of mechanical properties of sintered HAp and 
F-substituted HAP obtained from natural or artificial 
sources are ambiguous. They generally show decrease 
of hardness with increasing F content [41]. However, 
F was found to impair sintering of hydroxyapatite, 
with resulting higher porosity of the sintered material. 
Decrease of hardness can be thus attributed to lower 
relative density of sintered materials, not to structural 
changes of HAP caused by incorporation of fluorine. 
Another study concluded that the hardness remains 
unaffected until 80 % replacement of hydroxyl groups 

with fluoride ions, after which the hardness increases 
rapidly. The elastic modulus increases linearly with 
the content of fluoride anions. Fluoride incorporation 
enhanced fracture toughness, which reached a peak of 
1.8 MPa∙m1/2 for a 95 % dense sintered pellet with 60 %
of hydroxyl groups replaced by fluoride anions [42]. 
Mechanisms of the increase of hardness of human 
teeth enamel observed in this study cannot be thus 
directly related to incorporation of fluorine into the HAP 
structure or precipitation of F-containing phases. The 
hardness increase of corroded enamel after its exposure 
to fluorine-containing mouthwash was rather attributed 
to precipitation of secondary phases, which filled the 
surface pores created by the corrosion process, and by 
the change of the contact area under the indenter due 
to formation of globular CaF2 precipitates. However, 
the study confirmed protective action of fluoridation 
against corrosive effect of white wine. These results 
are in accord with previously published data, which 
reported on the protective action of various fluorine-
containing agents (pastes, varnishes or gels) against 
corrosion induced by coca cola drinks both in primary 
and permanent teeth [3, 43]. The protective effect of 
fluoride is mainly attributed to the formation of a CaF2 
like layer on the tooth surface, which acts as a fluoride 
reservoir. During an acidic attack, fluoride released from 
the CaF2 deposit can be incorporated into the mineral by 
forming fluoroapatite or fluorohydroxyapatite resulting 
in a decreased susceptibility to further dissolution. The 
CaF2 layer might also act as a mechanical or diffusion 
barrier preventing the contact of acid with the underlying 
enamel or as a mineral reservoir which, when attacked 
by the corrosive medium, releases metallic ions thus 
leading to a buffering or depletion of hydrogen ions from 
the acid [44].

CONCLUSIONS

 An in-vitro evaluation of the influence of a selec-
ted type of white wine on surface microhardness of 
human tooth enamel was carried out. The capacity of 
two different over-the-counter products, the fluorine 
containing mouthwash Elmex, and the oral rinse 
Biotene® advertised as the “artificial saliva” in terms of 
re-mineralisation and recovery of the surface mecha-
nical properties was also tested. The surface hardness 
decreased markedly with the time of exposure to white 
wine. The decrease was attributed to dissolution of 
hydroxyapatite and related demineralization of the ena-
mel. Both the fluorine containing mouthwash and the 
oral rinse exhibited remarkable capacity in terms of 
surface re-mineralization, surface hardness recovery 
and, in the case of the Elmex mouthwash, also the ability 
to form fluorine containing layer of surface precipitates 
with protective capacity against corrosion in white wine.
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