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Does the composition of toothpaste affect the tooth resistance to erosion/abrasion 

processes? 

A composição do creme dental afeta a resistência do dente aos processos de erosão / abrasão? 

¿La composición de la pasta de dientes afecta la resistencia de los dientes a los procesos de erosión / 

abrasión? 
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Abstract  

This study aimed to evaluate the tooth after brushing with toothpaste containing or not active compounds and with 

different fluoride concentrations after erosion to establish and compare the effectiveness of each dentifrice in its use. 

Enamel, E (n=36) and dentin, D (n=36) bovine specimens were treated with artificial saliva (AS - control), fluoridated 

dentifrice (FD), 8% arginine (AR), and calcium silicate (CS). The samples (n=72) were subjected to cycles of 

demineralization (orange juice) followed by remineralization (saliva) and then tooth brushing (AR, FD and CS). The 

above cycle was repeated 3/day for five days. Micro energy-dispersive X-ray fluorescence spectrometry (µ-

EDXRF), roughness testing and scanning electron microscopy (SEM) were performed. The mean of roughness values 

(Ra, μm) were E-AS, 0.20; E-FD, 0.15; E-AR, 0.18; E-CS, 0.18; D-AS, 0.31; D-FD, 0.30; D-AR, 0.37; D-CS, 0.44. 

The SEM images showed a clear loss of tooth substance in AS and FD treatments. A significant positive mineral 

variation was observed on the dentin after brushed with AR (p<0.05). The FD dentifrice minimized the erosive effects 

of the orange juice. Arginine and calcium silicate could improve dental protection by the deposition of a surface layer 

of deposits. Different active compounds resulted in diverse degrees of protection regarding the type of substrate. The 

high concentration of fluoride and the inclusion of active compounds improves the dentifrice protection level. 

Keywords: Compound; Dentifrices; Tooth abrasion; Demineralization; Fluorides. 

 

Resumo  

Este estudo teve como objetivo avaliar a estrutura dental após a escovação com dentifrício contendo ou não composto 

ativo e com diferentes concentrações de flúor após a erosão para estabelecer e comparar a eficácia de cada dentifrício 

em seu uso. Amostras de esmalte, E (n = 36) e dentina, D (n = 36) bovinos foram tratadas com saliva artificial (AS - 

controle), dentifrício fluoretado (FD), arginina 8% (AR) e silicato de cálcio (CS). As amostras (n = 72) foram 

submetidas a ciclos de desmineralização (suco de laranja) e remineralização (saliva) seguidos de escovação dentária 
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simulada (AR, FD e CS). O ciclo acima foi repetido 3/dia durante cinco dias. Foram realizados espectrometria de 

microfluorescência de raios X por energia dispersiva (µ-EDXRF), teste de rugosidade e microscopia eletrônica de 

varredura (MEV). A média dos valores de rugosidade (Ra, μm) foram E-AS, 0,20; E-FD, 0,15; E-AR, 0,18; E-CS, 

0,18; D-AS, 0,31; D-FD, 0,30; D-AR, 0,37; D-CS, 0,44. As imagens MEV mostraram uma clara perda de substância 

dentária nos tratamentos AS e FD. Uma variação mineral positiva significativa foi observada na dentina após 

escovação com AR (p <0,05). O dentifrício FD minimizou os efeitos erosivos do suco de laranja. A arginina e o 

silicato de cálcio podem melhorar a proteção dentária pela camada superficial de depósitos. Diferentes compostos 

ativos resultaram em diversos graus de proteção em relação ao tipo de substrato. A alta concentração de flúor e a 

inclusão de compostos ativos melhora o nível de proteção do dentifrício. 

Palavras-chave: Composto; Dentifrícios; Abrasão dentária; Desmineralização; Fluoretos. 

 

Resumen  

Este estudio tuvo como objetivo evaluar el diente después del cepillado con pasta de dientes que contenga o no 

compuesto activo y con diferentes concentraciones de flúor después de la erosión para establecer la efectividad de 

cada dentífrico. Se trataron muestras bovinas de esmalte, E (n = 36) y dentina, D (n = 36) con saliva artificial (AS - 

control), dentífrico fluorado (FD), arginina al 8% (AR) y silicato de calcio (CS). Las muestras (n = 72) fueron 

sometidas a ciclos de desmineralización (jugo de naranja) seguido de remineralización (saliva) y luego cepillado de 

dientes (AR, FD y CS). El ciclo anterior se repitió 3 /día durante cinco días. Se realizaron espectrometría de micro 

fluorescencia de rayos X de dispersión de energía (µ-EDXRF), pruebas de rugosidad y microscopía electrónica de 

barrido (SEM). La media de los valores de rugosidad (Ra, μm) fueron E-AS, 0,20; E-FD, 0,15; E-AR, 0,18; E-CS, 

0,18; D-AS, 0,31; D-FD, 0,30; D-AR, 0,37; D-CS, 0,44. Las imágenes SEM mostraron pérdida de sustancia dentaria 

en los tratamientos de EA y FD. Se observó una variación mineral positiva significativa en el grupo D-AR (p <0.05). 

El dentífrico FD minimizó los efectos erosivos. La arginina y el silicato de calcio podrían mejorar la protección dental 

mediante una capa superficial de depósitos. Diferentes compuestos activos dieron como resultado diversos grados de 

protección con respecto al tipo de sustrato. La alta concentración de flúor y la inclusión de compuestos activos mejora 

el nivel de protección del dentífrico. 

Palabras clave: Compuesto; Dentífricos; Abrasión de los dientes; Desmineralización; Fluoruros. 

 

1. Introduction 

Dental erosion is a multifactorial condition that results in the chronic loss of dental structure caused by the chemical 

dissolution of minerals by acids. Acids may have intrinsic or extrinsic origin without bacterial involvement (Kyaw et al., & 

Tagami, 2018; Maltarollo et al., 2020; ten Gate & Imfeld, 1996). 

The source of extrinsic acids is mainly from diet containing acidic food (citrus fruits, grapes, sour apples, vinegar) and 

drinks (soft drinks, carbonated beverages, fruit juices, teas, wine) (Bartlett, 2006; Fita & Kaczmarek, 2016; Lussi & Jaeggi, 

2006) or acidic oral medication (Bartlett, 2006; Gomes et al., 2017, 2018). Intrinsic sources are mainly from acidic 

gastroesophageal reflux disease and vomiting (Fita & Kaczmarek, 2016; West et al., 2017). 

The change in people's lifestyle in recent years led to an increase in the consumption of acidic drinks, associating this 

fact to a higher prevalence of dental erosion (Ferreira et al., 2015). Due to the irreversibility of erosive tooth wear, preventive 

measures are essential (Ferreira et al., 2015).  

Usually, the clinical procedure used for the prevention and treatment of dental erosion involves the association of the 

restriction of contact with erosive agents and the use of products containing fluoride in its composition. Topical fluoride 

pretreatment is used in the prevention of erosion. However, fluoride is only partially efficient and requires an intensive 

fluoridation regime to achieve significant protection (Ganss et al., 2004). 

Measures to protect or to allow the increase in the tooth resistance after erosive conditions or mechanical impacts are 

relevant as hygiene measures. In this case, dentifrices containing different active agents may be helpful (de Queiroz et al., 

2021; Magalhaes et al., 2014; Nova et al., 2021). 

Current commercially available dentifrices based on formulae containing 8% arginine and calcium carbonate 

combined with sodium monofluorophosphate (MFP) were tested in dentin (Olley et al., 2012; Poggio et al., 2017; Poggio et 

al., 2014) and enamel erosion (Lombardini et al., 2014; Oliveira et al., 2019; West et al., 2017) and they offer some degree of 
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protection or remineralization.  

Oliveira et al. (2019) compared a dentifrice containing 1.5% arginine, 1450 ppm of fluoride, and sodium MFP in 

insoluble calcium to a conventional dentifrice containing 1450 ppm of fluoride and a dentifrice without fluoride. The authors 

concluded that arginine-based dentifrices increase the microhardness of sound and enamel carious lesions. 

Recently, a calcium-silicate dentifrice was described with indications for treatment of dental erosion. It consists of a 

specific association of calcium silicate and sodium phosphate salts with fluoride ions (Crastechini et al., 2018). Dentifrices 

formulated with combinations of SMFP, arginine, and calcium-silicate have been shown to provide some degree of protection 

against dental erosion (Sullivan et al., 2014; Sun et al., 2014; Wood et al., 2018). Sun and others (2014) showed that brushing 

with toothpaste formulation containing calcium silicate resulted in hydroxyapatite deposition on the surface of the 

demineralized enamel, both in vitro and in situ. Poggio et al. (2017) tested dentifrices based on calcium silicate and 

hydroxyapatite in dentin after demineralization in soft drink and found that those protective pastes showed less weight loss due 

to the acidic challenge. Wood et al. (2018) tested the effectiveness of calcium silicate phosphate toothpaste in reducing surface 

softening in the early stages of enamel erosion. The results showed that the specimens treated with the calcium silicate 

phosphate toothpaste softened less than those treated with other fluoridated or non-fluoride tooth-pastes (Wood et al., 2018). 

Thus, the current study aims to evaluate the tooth features after brushing with toothpaste containing or not active 

compounds and with different fluoride concentrations after erosion to establish and compare the effectiveness of each 

dentifrice in its use. The initial hypothesis is that significant changes in the eroded enamel and dentin surface would be 

observed between the treatments. 

 

2. Methodology  

2.1 Experimental design  

Twenty bovine teeth were selected to prepare enamel (E) and dentin (D) samples. Seventy-two bovine teeth samples 

were assigned to the following experimental groups: artificial saliva (AS - control), fluoridated dentifrice, 1100 ppm F (FD), 

arginine-based dentifrice, 1450 ppm F (AR) and calcium silicate-based dentifrice, 1450 ppm F (CS). The specimens were 

submitted to erosion (ERO) or erosion plus abrasion (ERO + ABR). The products, manufacturers, and components of materials 

used in this study are listed in Table 1. The factors studied were: type of dentifrice (3 types) and conditions (2 types: ERO and 

ERO + ABR). The inorganic content, surface roughness and morphology of the tooth were analyzed as response variables. 

 

2.2 Sample preparation 

The Ethics Committee of the Universidade do Vale do Paraiba approved this study (A02/CEUA/2016). Twenty sound 

permanent bovine incisors were selected and disinfected in aqueous 0.1% thymol solution (“Nostrafórmula” Compounding 

Pharmacy, São José dos Campos, SP, Brazil) (Soares et al., 2009). Forty bovine teeth were selected to prepare enamel and 

dentin samples. The roots were sectioned from crowns through the cementoenamel junction (labio-lingually and 

perpendicularly to the long axis) using a low-speed water-cooled diamond saw (speed of ∼ 400 rpm, mass of ∼ 100 g, 

Isomet1000, Buehler, Lake Bluff, IL, USA). Root dentin was sectioned again in the middle resulting in two specimens per 

tooth (n = 40, ~ 7 mm long, 7 mm wide, and 6 mm thick) (Nahorny et al., 2017). Next, the crowns were sectioned to obtain 

two enamel specimens per tooth (n = 40, ~8 mm long, 8 mm wide, and 4 mm thick) (Raimundo Nonato Silva Gomes et al., 

2017). All the 80 slabs were ground and polished to produce parallel surfaces (labial and lingual sites) with wet 600 and 1500-

grit silicon carbide paper (Arotec, Cotia, SP, Brazil) at 150 rpm (Metaserv 2000, Buehler, Lake Bluff, IL, USA). After each 

polishing step, the specimens were cleaned in an ultrasonic device with de-ionised water for 10 min. to remove any debris 

(Maxiclean 1450, Merse, Campinas, SP, Brazil). 

http://dx.doi.org/10.33448/rsd-v11i2.26243
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Table 1: Description of experimental groups with the products used and respective composition. 

CONDITION GROUP PRODUCT ACTIVE INGREDIENT-BASIC COMPOSITION- 

ERO 
E-AS 

D-AS 

Control - Artificial saliva 

(“Nostrafórmula” 

Compounding Pharmacy, São 

José dos Campos, SP, Brazil) 

1.5 mmol L−1 Ca(NO3)2 H2O; 0.9 mmol L−1 Na2HPO4 

2H2O; 150 mmol L−1 KCl; 0.1 mol L−1 H2NC(CH2OH)3 

(TRIS); 0.05 mg mL−1 NaF. 

ERO + ABR 

E-FD 

D-FD 

Oral-B® Complete (Procter & 

Gamble do Brasil, 

Queimados, RJ, Brazil) 

Hydrated silica, Sodium fluoride (1100 ppm F). Sorbitol, 

aqua, disodium pyrophosphate, aroma, sodium lauryl 

sulfate, sodium hydroxide, alcohol, xanthan gum, sodium 

saccharin, polyethylene, glycerin, carbomer, poloxamer 

407, titanium dioxide, mica, limonene, cinnamal, blue 1 

lake, yellow 10 lake, polysorbate 80, iron oxides, sodium 

benzoate, cetylpyridinium chloride, yellow 5, benzoic 

acid. 

E-AR 

D-AR 

Colgate® Sensitive Pro-Relief 

(Colgate-Palmolive, São 

Bernardo do Campo, SP, 

Brazil) 

Arginine 8%, Calcium carbonate, sodium 

monofluorophosphate (1450 ppm F). Aqua, sorbitol, 

bicarbonate, sodium lauryl sulfate, aroma, sodium 

silicate, cellulose gum, sodium bicarbonate, titanium 

ioxide, potassium acesulfame, xanthan gum, sucralose. 

E-CS 

D-CS 

Regenerate® Enamel Science 

Advanced toothpaste 

(Unilever, Le Meux, France) 

Calcium silicate, Sodium monofluorophosphate (1450 

ppm F). Glycerin, PEG-8, hydrated silica, trisodium 

phosphate, sodium phosphate, Aqua, PEG-60, sodium 

lauryl sulfate, aroma/flavor, synthetic fluorphlogopite, 

sodium saccharin, polyacrylic acid, tin oxide, CI77891, 

limonene. 

Legend: ERO – erosion; ERO + ABR – erosion plus abrasion; E – enamel; D – dentin; AS – artificial saliva; FD – fluoridated 

dentifrice; AR – arginine; CS – calcium silicate. Source: Authors. 

 

In Table 1 it is important to observe the composition of each toothpaste as well as the fluoride concentration to later 

better understand the results. 

 

2.3 μ-EDXRF measurements 

The evaluation of the inorganic content of specimens was performed before (1st) and after treatments (2nd). The 

baseline inorganic composition (Ca and P weight percentages, wt %) of samples were evaluated by surface line mappings (n = 

72) before treatments for samples selection (1st). The inorganic composition of enamel and dentin specimens were previously 

measured by micro energy-dispersive X-ray fluorescence spectrometry (µ-EDXRF, model µ-EDX 1300, Shimadzu, Kyoto, 

Japan), to standardize the samples selected for the study (Table 1), as previously reported (Gomes et al., 2017). The line maps 

covered a central line of 300 × 1 points (steps of 20 μm, 10 s per point, 15 kV). Statistical analysis of  the results of this 1st 

analyses was performed by the Tukey-Kramer multiple comparison test using GraphPad Prism (GraphPad Software, San 

Diego CA, USA).  

To select the 72 samples with more homogeneous inorganic content, eight specimens that had values below or above 

the average of the Ca wt% (enamel: 35.2 ± 1.8 %; dentin: 22.4 ± 0.9 %) were excluded (Raimundo Nonato Silva Gomes et al., 

2018). After that, root dentin and enamel specimens were randomly allocated in eight groups (n = 72) of 9 samples (Table 1). 

After treatments, the µ-EDXRF measurements (2nd) were performed using the same parameters (n = 72).  

After treatments, elemental distribution area maps (n = 8) were obtained for a representative specimen of each group 

(enamel and dentin). The parameters used were as follows: area, 40 × 30 points; steps, 20 µm; voltage, 15 kV; incident beam 

diameter, 50 µm. After mapping, the data were processed using Shimadzu micro EDX MP ver. 1.03 (Shimadzu) and the 

resulted images composed a representative distribution of Ca and P elements throughout a selected area of the samples. 

Chemical images of saliva treated groups were used as control. 

The degree of protection against demineralization produced by the fluoride and laser treatments was estimated based 

on the differences between mineral treated content (MTC) (Ca or P) and baseline content (MBC) (as represented by the control 
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group) (Soares et al., 2018; Soares et al., 2019). The mineral variation (MV) was expressed as the percentage difference 

between the data collected before and after treatment, as follows: 

 

 

 

2.4 Erosion and abrasion cycles 

Samples from the control group were subjected to erosion in orange juice (ERO) followed by remineralization 

treatment with artificial saliva without the brushing process (Table 1) to characterize the erosive effect isolated, without the 

abrasion effect caused by brushing. Samples from the groups of tested dentifrices were subjected to abrasion (ABR) in the 

intervals of the demineralization-remineralization cycles (ERO) (Table 1).  

One complete demineralization-remineralization cycle consisted of immersing the sample in a sealed container with 3 

ml of orange juice (Del Vale Laranja Caseira, Leão Alimentos e Bebidas Ltda., Linhares, ES, Brazil, pH ~3.5), agitating with a 

magnetic shaker (C-MAG HS 7 IKAMAG, SOVEREIGN, São Paulo, SP, Brazil) for 10 minutes and 37ºC. The specimens 

were then rinsed with tap water for 30 s and immersed in 3 ml of artificial saliva for 60 minutes and 37ºC. These procedures 

were performed three times daily for five days.  

Groups FD, AR and CS also underwent the same erosive (ERO) cycle of group AS. However, after each erosion step, 

the samples were subjected to the simulated brushing process (ERO + ABR). The brushed samples were immersed in saliva at 

each stage of erosion. After the simulated brushing, a new cycle of demineralization-remineralization was carried out, where 

remineralization was performed by immersion in saliva for 60 minutes at each cycle. 

For a controlled abrasion by simulated brushing, samples were mounted individually in acrylic base placed in an 

automatic brushing machine (MSEt, 1500 W, Marcelo Nucci ME, São Carlos, SP, Brazil) and subjected to 150 cycles of the 

abrasive challenge under a 200-g load at 4.5 movements per second and 37 ± 0.5ºC. The samples were brushed with a soft 

brush using the respective dentifrices of each group (Table 1) diluted in distilled water in the proportion 1: 3 by weight, thus 

reproducing the dilution that occurs by the saliva (Passos et al., 2013). The samples were stored overnight in artificial saliva at 

37ºC (Passos et al., 2013). 

 

2.5 Determination of surface roughness (Ra) 

A surface roughness tester (TR200, Qualitest International Inc., Ft. Lauderdale, FL, USA) was used to measure the 

average surface roughness (Ra) operating with a stylus contacting the specimen surface. Surface roughness was measured for 

each specimen with a 4 mm diamond stylus, 90° reading angle, 0.25 mm cutoff length, and a trace length of 1.25 mm (Soares 

& De Carvalho Filho, 2015). Tracings were performed in triplicate for each specimen. The average value of tracings for each 

specimen were calculated as the Ra measure. Then the average of nine Ra values per group was calculated (Soares et al., 2018; 

Soares & De Carvalho Filho, 2015). 

 

2.6 Scanning electron microscopy (SEM) analyses  

After treatments, the enamel (N = 4) and dentin (N = 4) samples were investigated by SEM. The samples were 

dehydrated using a graded series of ethanol (50%, 70%, 90%, and 100%) for 10 min at each step. After that, the samples 

received a thin layer of gold (10 nm) and were examined using a scanning electron microscope (SEM, EVO-MA10, Carl 

ZeissVR STM, Oberkochen, BW, Germany) with an acceleration voltage of 20 kV (Nahorny et al., 2017).  
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2.7 Statistical analyses 

The Ca and P weight percentages (wt %), the Ca/P molar ratio and Ra values were statistically analyzed using 

GraphPad Prism (version 5.01 for Windows, GraphPad Software, San Diego California USA). All statistical comparisons were 

performed with a significance level of α = 0.05 (95 % confidence intervals). A one-way ANOVA with Dunnett's post-test was 

performed to compare the control and other treatments. Bonferroni's multiple comparison test was used to evaluate significant 

statistical differences among the brushed groups (not including the control). 

 

3. Results 

3.1 μ-EDXRF surface line mapping 

The results of the μ-EDXRF measurements after treatments are summarized in Figures 1-3. Figure 1 and 2 shows the 

statistical comparisons between control (AS) and treatment groups (FD, AR and CS) and statistical comparisons between the 

fluoridated dentifrice (FD) and dentifrices with active compounds (AR and CS) for enamel and dentin, respectively.  

 

Figure 1. Enamel µ-EDXRF results. 

 

 

Mean and standard deviations (n = 9) of the average calcium (A), phosphorus weight percentage (wt%) (B), and Ca/P molar ratio (C) in the 

enamel obtained by µ-EDXRF after the treatments. Statistical comparisons (Dunnett’s multiple comparison test) were performed between the 

control (artificial saliva) and treatment groups (capped line at the top). Legend: E – enamel; AS – artificial saliva; FD – fluoridated 

dentifrice; AR – arginine; CS – calcium silicate. Source: Authors. 

 

Figure 1 describes the effect of treatments in the enamel mineral content with statistical significance. The mean 

(standard deviation) Ca/P molar ratio values for enamel were E-AS, 1.623 (0.032); E-FD, 1.589 (0.013); E-AR, 1.589 (0.013); 

and E-CS, 1.592 (0.019). The Ca/P molar ratio was significantly higher in E-AS than in E-FD and E-AR (p < 0.05, Fig. 1C).  
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Figure 2. Dentin µ-EDXRF results. 

 

Mean and standard deviations (n = 9) of the average calcium (A), phosphorus weight percentage (wt %) (B), and Ca/P molar ratio (C) in the 

dentin obtained by µ-EDXRF after the treatments. Statistical comparisons (Dunnett’s multiple comparison test) were performed: between the 

control (artificial saliva) and treatment groups (capped line at the top); between the fluoridated dentifrice and dentifrices with active 

compounds (Bonferroni's multiple comparison test, capped lines at the bottom). Legend: D – dentin; C - control; AS – artificial saliva; FD – 

fluoridated dentifrice; AR – arginine; CS – calcium silicate. Source: Authors. 

 

Figure 2 describes the effect of treatments in the dentin mineral content with statistical significance. Considering the 

dentin substrate, the Ca and P weight percentages were significantly lower for the control group (D-AS) than in the brushed 

groups (p < 0.001, Figure 2A, B). The mean (standard deviation) Ca/P molar ratio values for dentin were D-AS, 2.211 (0.060); 

D-FD, 1.810 (0.056); D-AR, 1.928 (0.051); and D-CS, 1.851 (0.072). The Ca/P molar ratio was significantly higher in control 

than in brushed groups (p < 0.001, Figure 2C). Among brushed groups, the Ca weight percentage was significantly lower in D-

FD than in D-AR (p < 0.05, Figure 2A). The P weight percentage was significantly lower in D-FD than in D-AR (p < 0.001, 

Figure 2B) and D-CS (p < 0.05, Figure 2B). The Ca/P molar ratio was significantly higher in D-FD than in D-AR (p < 0.001, 

Figure 2B) and D-CS (p < 0.05, Figure 2B). 
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Figure 3. Enamel and dentin mineral variation (%) after treatments. 

 

Mineral variation (%) of the enamel (A) and dentin (B) (calcium – black bars and phosphorus – gray bars) assessed by µ-EDXRF after 

sample erosion-abrasion in the treatment groups (mineral treated content, MTC) compared to the baseline content (MBC) (as represented by 

the control group). Statistical comparisons were performed between the fluoridated dentifrice and dentifrices with active compounds 

(Bonferroni's multiple comparison test, capped lines at the top). Legend: FD – fluoridated dentifrice; AR – arginine; CS – calcium silicate. 

Source: Authors. 

 

Figure 3 describes the effect of treatments in enamel and dentin mineral variation (MV%) with statistical significance. 

Mineral variation was positive for phosphorus element in enamel (Figure 3A). The MV% for Ca and P content of dentin was 

positive after brushing (Figure 3B). AR treatment resulted in a significant positive phosphorus variation than in FD (p < 0.05, 

Figure 3B). 

 

3.2 μ-EDXRF surface area mapping 

Figures 4 and 5 show the results of μ-EDXRF microanalysis mapping of enamel and dentin after treatments. Surface 

area mappings by EDXRF provide the relative concentrations of the elements. A color scale represented the elemental 

concentrations in the distribution maps: dark blue and white represent minimum and maximum concentration values, 

respectively, in their component spectrum (Figures 4 and 5). After the erosion in the E-AS (Figures 4A, B) and D-AS groups 

(control) (Figures 5A, B), significant loss of inorganic content is noted compared to the groups brushed with dentifrices 

(Figures 4 and 5C-H), as evidenced by the dark blue spots in the images 
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Figure 4. μ-EDXRF microanalysis image of enamel groups. 

 

Representative images of Ca (A, C, E, G) and P (B, D, F, H) distribution at the enamel surface obtained by μ-EDXRF microanalysis. 

Treatment with artificial saliva and eroded (control) (A, B), erosion and brushing with FD (C, D), erosion and brushing with AR (E, F) and 

erosion and brushing with CS (G, H). The gradient in the intensity of the color scale indicates variations in the inorganic content, such that 

sites with high mineral contents are shown in red and orange while sites with low mineral contents are shown in cyan and blue. Control 

group images evidenced reduced mineral content (A, B). Legend: FD – fluoridated dentifrice; AR – arginine; CS – calcium silicate. Source: 

Authors. 

 

The image provided by the EDXRF analysis in figure 4 shows differences between control and treatments and no 

differences among treatments. Among the brushed groups, for the enamel samples, no significant differences were observed in 

the distribution pattern of the inorganic content along the surface (Figures 4C-H). 
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Figure 5. μ-EDXRF microanalysis image of dentin groups. 

 

Representative images of Ca (A, C, E, G) and P (B, D, F, H) distribution at the dentin surface obtained by μ-EDXRF microanalysis. 

Treatment with artificial saliva and eroded (control) (A, B), erosion and brushing with FD (C, D), erosion and brushing with AR (E, F) and 

erosion and brushing with CS (G, H). The gradient in the intensity of the color scale indicates variations in the inorganic content, such that 

sites with high mineral contents are shown in red and orange while sites with low mineral contents are shown in cyan and blue. Control 

group images evidenced reduced mineral content (A, B). Legend: FD – fluoridated dentifrice; AR – arginine; CS – calcium silicate. Source: 

Authors. 

 

The image provided by the EDXRF analysis in figure 5 shows differences between control and treatments and 

differences among treatments. In the dentin samples, significant differences in the patterns of chemical distribution of Ca and P 

content throughout the surface can be observed in the group D-CS as noted by the red and yellow spots in the images (Figures 

5 G-H). Brushing the dentin with FD dentifrice reduced its phosphorus content, as noted by the cyan spots in the images 

(Figures 5 D). 

 

3.3 Average surface Ra data 

The means and standard deviations of the arithmetic average of Ra (µm) in enamel for each group after erosive-

abrasive challenge were E-AS = 0.20 (0.04); E-AR = 0.18 (0.04); E-FD = 0.15 (0.03); and E-CS = 0.18 (0.05) (Figure 6A). 

Considering the dentin samples, the average of Ra were D-AS = 0.31 (0.03); D-AR = 0.37 (0.04); D-FD = 0.30 (0.04); and D-

CS = 0.44 (0.18) (Figure 6B).  
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Figure 6. Enamel and dentin surface roughness after treatments. 

 

Mean and standard deviation (n = 9) of the surface roughness (Ra, µm) of enamel (A) and dentin (B) specimens after treatments. The capped 

lines at the top indicate significant statistical comparisons between the control (artificial saliva) and treatment groups (Dunnett’s multiple 

comparison test). The capped lines at the bottom indicate significant statistical comparisons between the fluoridated dentifrice and dentifrices 

with active compounds (Bonferroni's multiple comparison test). Legend: E – enamel; D – dentin; C - control; AS – artificial saliva; FD – 

fluoridated dentifrice; AR – arginine; CS – calcium silicate. Source: Authors. 

 

Figure 6 represents Ra results and the significance for each substrate. The Ra values were statistically significantly 

lower after E-FD (p < 0.05) and statistically significantly higher after D-CS (p < 0.05) as compared to E-AS and D-AS, 

respectively (control, Figure 6A and B). The D-CS treatment resulted in Ra values statistically significantly higher compared 

to the D-FD (p < 0.05, Figure 6B). 

 

3.4 SEM analysis 

Figures 7 and 8 shows a typical SEM image obtained from the surface of an enamel (Figure 7) and dentin (Figure 8) 

at two different magnifications (1000 and 10,000). Morphological differences between groups considering the deposited layer 

for both enamel and dentin are observed, particularly in surface coverage (Figures 7 and 8). 
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Figure 7. SEM analysis of enamel surface. 

 

Representative SEM micrographs (1000) of enamel surface treated with artificial saliva and eroded (control) (A), erosion and brushing with 

FD (B), AR (C) and CS (D). After erosion and remineralization cycles, the enamel surface of the control group is significantly eroded 

(arrows) (A). The enamel surface is partially eroded on the FD group (arrows) (B). On the enamel surface of the AR group, a layer of 

material covers the surface with some agglomerates (arrows, 10,000) (C). The CS treatment resulted in a deposition of a globular layer on 

the enamel surface (D). Insets are observations at higher magnification (10,000). Scale bar: 40 µm in 1000, and 5 µm in 10,000. Legend: 

FD – fluoridated dentifrice; AR – arginine; CS – calcium silicate. Source: Authors. 

 

After erosion and remineralization cycles, the enamel surface of the control group is significantly eroded (arrows) 

(Figure 7A). The enamel surface is partially eroded on the surface of FD group (arrows) (Figure 7B). On the enamel surface of 

AR group, a layer of material covers the surface with some agglomerates (arrows, Figure 7C). The CS treatment resulted in a 

deposition of a globular layer on the enamel surface (Figure 7D). 
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Figure 8. SEM analysis of dentin surface. 

 

Representative SEM micrographs (1000) of dentin surface treated with artificial saliva and eroded (control) (A), erosion and brushing with 

FD (B), AR (C) and CS (D). After erosion and remineralization cycles, the dentin surface of the control group is eroded with partially opened 

tubules (A). The dentin surface shows opened tubules on the surface of the FD group (B). On the dentin surface of the AR group, a granular 

layer of deposits covers the surface with some occluded tubules (arrows, 10,000) (C). The CS treatment resulted in a partial deposition of a 

granular layer on the dentin surface with tubules partially occluded (arrows, 10,000) (D). Insets are observations at higher magnification 

(10,000). Scale bar: 40 µm in 1000, and 5 µm in 10,000. Legend: FD – fluoridated dentifrice; AR – arginine; CS – calcium silicate. 

Source: Authors. 

 

After erosion and remineralization cycles, the dentin surface of the control group is eroded with partially opened 

tubules (Figure 8A). The dentin surface shows opened tubules on the surface of the positive control group (Figure 8B). On the 

dentin surface of AR group, a granular layer of deposits covers the surface with some occluded tubules (arrows, Figure 8C). 

The CS treatment resulted in a partial deposition of a granular layer on the dentin surface with tubules partially occluded 

(arrows, Figure 8D). 
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Figure 9. Detailed SEM view of dentin treated with AR and CS dentifrices. 

 

Representative SEM micrographs (1000) of dentin surface subjected to erosion and brushing with AR (A) and CS (B). After erosion and 

remineralization cycles, the dentin surface of the AR group, a granular layer of deposits covers the surface with some occluded tubules and 

sites with a concentration of deposits as barriers (arrows) (A). The CS treatment resulted in occluded tubules and larger sites of barrier 

deposits (arrows) (B) than in the AR group. Scale bar: 40 µm. Legend: AR – arginine; CS – calcium silicate. Source: Authors. 

 

Figure 9 illustrates a view of the dentin surface of groups treated with AR and CS dentifrices and complement figure 8 

showing sites of deposits forming barriers (Figure9, arrows) with greater covering in CS (Figure 9B) than in AR (Figure 9A). 

 

4. Discussion 

Today, patients used, as a daily hygiene measure, dentifrices to protect the teeth against caries and to prevent dental 

erosion. There are many dentifrices options available on the market and, this can be a problem for patients to choose and use 

the product correctly.  
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Fluoride (F) present in dentifrices acts as a preventive-therapeutic agent (Tenuta & Cury, 2013), and previous studies 

reported that they must have at least 1.000 μg soluble F/g to be able to reduce mineral loss during the pH-cycling (Ortiz et al., 

2016). Sodium monofluorophosphate (NaMFP) and sodium fluoride (NaF) are the two most common sources of fluoride used 

in currently marketed fluoride dentifrices (Vogel et al., 2000). 

In the present study, a regular dentifrice with low cost and containing reduced F content was selected. The purpose 

was to simulate a limited protection condition to the patients, which can occur clinically using conventional dentifrices 

containing 1.000 ppm of fluoride. The reason for using this fluoride concentration is that the regular use of fluoridated 

dentifrices (FD) containing at least 1.000 ppm of soluble fluoride decreases dental caries prevalence and severity worldwide 

(Sanchez et al., 2018; Walsh et al., 2010).  

Also, we evaluated two types of active compounds contained in a dentifrice. These two brands of dentifrices were 

selected because they are available for sale in pharmacies and supermarkets and because they bring active compounds recently 

presented as effective in dental protection (Crastechini et al.,  2019; João-Souza et al., 2019; Lombardini et al., 2014; Olley et 

al., 2012; Poggio et al., 2014; Sanchez et al., 2018; Sullivan et al., 2014; Sun et al., 2014; Wood et al., 2018).  

With this type of comparison, the present study applied analytical tools to evaluate the performance of dentifrices with 

different concentrations of fluoride and types of fluoride release mechanism: NaMFP and NaF. These differences should be 

taken into consideration when interpreting the results. It is relevant to mention that the degree of protection obtained by 

dentifrices is related to the fluoride concentration and release mechanism. The fact that artificial saliva was used instead of 

human saliva implies that the MFP hydrolysis probably occurred in the demineralization solution and not artificial saliva. 

It is known that NaF does not require a hydrolysis step to release fluoride, thus, in a clinical situation, larger amounts 

of such labile fluoride sources as CaF2 or cellular cation-bound fluoride may form in plaque, salivary precipitates and oral 

mucosa (Vogel et al., 2000). Considering the dentifrices containing NaMFP, the advantages of its mechanism are the fact that 

occurs a specific effect of the MFP ion to reduce enamel solubility and a synergistic effect of the MFP ion with calcium and 

phosphate (Vogel et al., 2000). 

Differences in the composition and active ingredients may result in different levels of protection (Faller, Eversole, & 

Tzeghai, 2011). The constant evolution and research in the dentifrices field resulted in a new dentifrice containing calcium 

silicate, sodium phosphate, and fluoride (Ionta et al., 2019). The manufacturer proposed that this dentifrice could be used with 

the proposal to regenerate the enamel lost due to erosive acids. 

Previous studies evaluated the effect of the calcium silicate dentifrice on teeth and reported different results (Ionta et 

al., 2019; Joiner et al.,  2014; Parker et al., 2014; Sun et al., 2014; Wood et al., 2018). This formulation of dentifrice represents 

a new option of enamel protection. However, caution has to be taken when extrapolating these results to clinical conditions. 

Arginine based dentifrices were also introduced as a possibility to protect teeth against erosion and caries (Aguiar et 

al., 2017; Oliveira et al., 2019; West et al., 2017). Despite the positive results obtained with arginine addition, stannous 

fluoride (SnF2) based dentifrices showed superiority for protecting human teeth against the initiation and progression of dental 

erosion (West et al., 2017). 

The chemical, mechanical and morphological analysis performed indicated that, under the experimental conditions, 

the enamel and dentin eroded and brushed with dentifrices (ERO + ABR), showed significant differences in those features 

when compared to that found in the control group, which was only subjected to erosion (ERO). The differences found in the 

chemical composition (Figures 1-5) and the abrasion pattern between enamel and dentin (Figures 7-9) are related to the 

chemical composition and morphological structure of both substrates and differences in toothpaste composition.  

The significant changes in Ca/P molar ratio of unprotected enamel after abrasion (E-AS, control group) in comparison 

to the other treatments (E-FD and E-AR) (p<0.05, Figure 1C) is a result of the relevant chemical dissolution of enamel 
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inorganic components by the acids contained in the orange juice (citric acid) and its pH (~3.5). SEM micrographs confirmed 

this result, showing a significant eroded surface in group E-AS with greater porosities in enamel than in the other treatments 

(Figure 7A). Previously, our group describe the same surface features, where the SEM analysis revealed a nonuniform loss of 

enamel structure and the presence of craters and surface irregularities at multiple points after erosion by orange juice (Soares et 

al., 2018). 

Dentin showed more relevant chemical and morphological changes after erosion-brushing than in enamel samples 

(Figures 1-9). Those changes are a result of differences in chemical composition and morphological features of both substrates. 

Enamel is a highly mineralized tissue, with the inorganic portion being predominant (~96% nonstoichiometric form of 

hydroxyapatite). A tubular structure forms the dentin architecture, which contains more organic material (collagen) and is more 

soluble than enamel (Gomes et al., 2019; Lussi et al., 2011; Shellis et al., 2010).  

Gomes et al. (2019) reported morphological and chemical differences between enamel and dentin brushed with a 

conventional fluoridated dentifrice after chemical erosion by acidic medicaments, showing a severe inorganic material loss in 

dentin after abrasion by brushing in a compromised substrate. The study suggested that brushing adds to the erosion caused by 

respiratory medicaments and that fluoridation by a conventional dentifrice has a very limited protective role. However, in the 

present study, two dentifrices contained active compounds were tested (arginine and calcium silicate) with positives results in 

terms of enamel and dentin protection.  

The present study suggests that brushing with dentifrices containing active compounds had a positive effect on enamel 

features and composition. However, in the control group (without brushing), a reduced protective effect was obtained. The µ-

EDXRF area mapping images also highlighted the difference in the contents between enamel and dentin and among groups 

(Figures 4 and 5). 

SEM micrographs revealed a very compact, thick and uniform surface layer on enamel brushed with AR dentifrice 

(Figure 7C) in comparison to the control and FD dentifrice (Figure 7A, B). This layer remained after erosive cycles with 

orange juice. Our results are in agreement with the study of Lombardini et al. (2014), which showed that Colgate Sensitive Pro 

Relief promoted enamel remineralization, thus preventing the erosion produced by a soft drink (Coca Cola). In contrast, the 

enamel without brushing showed significant exposure of enamel deep layers, with craters and porosities (Figure 7A), and the 

enamel brushed with a conventional dentifrice showed an intermediary level of porosities (Figure 7B), demonstrating thus the 

importance of using effective hygiene products in the daily routine. The enamel brushed with a dentifrice containing calcium 

silicate resulted in a deposition of a globular layer on the enamel surface which seems to protect the enamel during the erosive 

cycles (Figure 7D).  

Previous studies explained that the mechanism of action of this dentifrice for repair and protection of enamel is 

derived from the deposition of hydroxyapatite (Crastechini et al., 2019; Parker et al., 2014; Sun et al., 2014). Besides that, the 

fluoride present in this dentifrice promoted the formation of calcium fluoride deposits on the enamel surface (Crastechini et al., 

2019; Featherstone et al., 1982). Oliveira et al. (2019) study showed that arginine-based dentifrices increase the microhardness 

of sound and demineralized bovine enamel surfaces and reported that the mechanism involved was the presence of free 

calcium ions in the oral environment make the saliva super-saturated and favor remineralization, despite the negative charge in 

demineralized hydroxyapatite crystals.  

In the present study, it seems that the presence of a more homogeneous and thicker layer of deposits found in E-CS as 

illustrated by SEM micrographs (Figure 7D) compared to E-AR treatment (Figure 7C) resulted in the significant differences 

found in the Ca/P molar ratio between control and the AR dentifrice (Figure 1C). Considering the E-FD group, the significant 

difference in Ca/P molar ratio regarding the E-AS group was probably due to the absence of a deposits layer, as shown by 

SEM micrographs (Figure 7B). The most effective treatment in enamel resulted in a thicker and homogeneous layer of deposits 
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covering the surface. When the incident x-rays interact with the surface, a smaller amount of x-rays pass through this thicker 

layer, resulting in smaller amounts of backscattered x-rays. As a consequence, reduced calcium and phosphorus weight 

percentages were found. Thus the Ca / P molar ratio was higher than in the other two dentifrices (without significance) when 

compared to the positive control (Fig 1C). 

The erosion in dentin specimens without brushing with dentifrices resulted in a significant loss of calcium and 

phosphorus element and a higher Ca/P molar ratio than in brushed groups (Figure 2). This result indicates that brushing the 

exposed dentin areas with a fluoridated dentifrice containing at least 1100ppm of fluoride helps protect the substrate from loss 

of minerals and dental structure. However, the dentifrice without active compounds (D-FD) and low-F content resulted in 

lower mineral levels (Ca and P) and higher Ca/P molar ratio in dentin than the other dentifrices (D-AR and D-CS) (Figure 2). 

This result agrees with a previous systematic review study reporting that the regular use of fluoridated dentifrices containing at 

least 1000 ppm of soluble fluoride is one of the main reasons for the decrease in dental caries prevalence and severity 

worldwide (Walsh et al., 2019). 

These significant changes in the Ca/P molar ratio between brushed groups and control and between the D-FD group 

and the other dentifrices indicated that the original ratio between organic and inorganic components was modified (Figure 2C) 

(Malkoc et al., 2011; Soares et al., 2013). The practical result of this type of change is that permeability and solubility 

characteristics of dentin changed (Malkoc et al., 2011; Soares et al., 2013). Such a level of change in the proportion of 

inorganic and organic components can be observed in surface micrographs obtained by SEM analysis (Figure 8). Opened 

dentin tubules were found in the dentin of groups D-AS and D-FD (Figures 8A, B). The brushing of dentin with dentifrices 

containing active compounds (D-AR and D-CS) resulted in the presence of a granular layer of deposits covering the surface 

(D-AR, Figure 8C) and some occluded tubules (D-CS, Figure 8D). This result agrees with the µ-EDXRF results showing that 

the inorganic composition of dentin was different from the control and D-FD group, which had lower mineral levels of Ca and 

P (Figure 2). Our results agree with Berkathullah, Farook, and Mahmoud (2018) study, where they found high Ca peaks in 

EDX spectra after treatment with an arginine-based dentifrice, which possibly is due to the formation of calcium-containing 

precipitates covering almost all the entire dentinal surfaces and occluding dentin tubules. 

The visible layer of deposits after dentin brushing with AR dentifrice (Colgate Sensitive Pro-Relief, containing 

arginine and calcium carbonate) observed in the SEM results of the present study (Figure 8C) is a result of deposition of 

calcium and phosphate dentin like minerals, which promotes a natural obliteration mechanism of dentin tubules (Berkathullah 

et al., 2018; Petrou et al., 2009). 

The data obtained by roughness complemented the µ-EDXRF and SEM analysis with different results between groups 

considering enamel or dentin. The group E-FD, which was brushed with a conventional dentifrice, showed statistically 

significant lower Ra values than in the control group (E-AS) (Figure 6A), and this result was probably due to the absence of a 

protective layer on enamel after cycles or brushing and erosion (Figure 7B). Considering the dentin substrate (Figure 6B), 

higher Ra values found in AR and CS groups indicated the deposition of a granular layer covering the surface (Figures 8C, D). 

The presence of deposits on the dentin surface CS group (Figures 8 D) indicates a positive effect in the dentin tubule 

obliteration even after erosion-abrasion episodes. The clinical significance of these results is the possible protection in the case 

of patients with dentin hypersensitivity.  

Complimentary SEM micrographs of AR and CS evidenced deposits forming barriers covering dentin tubules in 

higher extension in CS than in AR (Figure 9). This result agrees with the roughness data (Figure 6B) and µ-EDXRF chemical 

images (Figure 5 E-H). João-Souza et al. (2019) study found similar results, where the dentifrice containing calcium silicate 

and sodium phosphate (Regenerate®) acts by forming hydroxyapatite, depositing particles of calcium silicate on the dentin 

surface and covering the opening of the dentinal tubules. 
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The limitations of this study are the use of bovine teeth and the impossibility of direct measure of Ca and P ions 

release by µ-EDXRF. However, the results are representative since these limitations could be minimized. The bovine teeth 

have been largely adopted as a substrate for in vitro dental erosion experiments due to its advantages like the facility to obtain 

in large amounts, among others properties (Ionta et al., 2019; Oliveira et al., 2019; Soares et al., 2018; Soares et al., 2019). The 

levels of Ca and P ions that remain on the surface after treatment and erosion can be determined indirectly by µ-EDXRF 

(Soares et al., 2018; Soares et al., 2019). 

 

5. Final Considerations 

Different active compounds resulted in a variable degree of surface covering regarding the type of substrate. Thus, the 

initial hypothesis that there are significant differences between the dentifrices mode of action regarding the inhibition of 

enamel and dentin demineralization can be accepted. 

Brushing with a dentifrice containing at least 1100 ppm of fluoride is relevant to minimize the erosive effects of acidic 

foods and drinks. Active compounds like arginine and calcium silicate in dentifrices could improve the protection by the 

mechanism of deposition of a surface layer like deposits. µ-EDXRF technique combined with SEM was viable to perform a 

detailed surface profile of brushed-eroded enamel and dentin, showing that the composition of the dentifrice and the type of 

substrate influence the obtained results. 

Additional studies are necessary to evaluate the tooth chemical resistance, hardness and other properties of enamel 

and dentin subjected to different dentifrices with different active ingredients.  
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