
The aim of this study was to evaluate by atomic force microscopy (AFM) the early 
phases and evolution of dental enamel erosion caused by hydrochloric acid exposure, 
simulating gastroesophageal reflux episodes. Polished bovine enamel slabs (4x4x2 mm) 
were selected and exposed to 0.1 mL of 0.01 M hydrochloric acid (pH=2) at 37  °C using 
five different exposure intervals (n=1): no acid exposure (control), 10 s, 20 s, 30 s and 40 
s. The exposed area was analyzed by AFM in 3 regions to measure the roughness, surface 
area and morphological surface. The data were analyzed qualitatively. Roughness started 
as low as that of the control sample, Rrms=3.5 nm, and gradually increased at a rate of 0.3 
nm/s, until reaching Rrms=12.5 nm at 30 s. After 40 s, the roughness presented increment 
of 0.40 nm only. Surface area (SA) increased until 20 s, and for longer exposures, the 
surface area was constant (at 30 s, SA=4.40 μm2 and at 40 s, SA=4.43 μm2). As regards 
surface morphology, the control sample presented smaller hydroxyapatite crystals (22 nm) 
and after 40 s the crystal size was approximately 60 nm. Short periods of exposure were 
sufficient to produce enamel demineralization in different patterns and the morphological 
structure was less affected by exposure to hydrochloric acid over 30 s.
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Introduction
Dental erosion affects many adults and infants (1-

3). Its etiology is associated with population changes, 
especially those that result in a diet that includes substantial 
consumption of acidic foods and drinks (3-4). In addition, 
a large number of individuals have diseases like anorexia 
nervosa, bulimia and gastroesophageal reflux disease 
(GERD), which facilitate the contact of gastric juice with 
the oral cavity (5-7).

GERD involves passage of gastric contents into the 
esophagus that eventually reaches the oral cavity. The 
acidic stomach contents refluxed into the oral cavity can 
dissolve tooth structures and cause erosive tooth wear 
(6-7), and contact between the hydrochloric acid from 
the stomach and the oral cavity occurs for a few seconds, 
several times a day.

The erosive lesions are characterized by irreversible, 
localized and chronic loss of mineral tissue that is 
chemically removed from the tooth surface by acidic, 
alkaline and chelating substances without the involvement 
of bacteria (5). Clinically eroded teeth exhibit enamel 
areas with brightness loss, flat surface area, and wide and 
shallow lesions without sharp angles. In restored teeth, 
the restorations become prominent, protruding above the 
tooth surface. When erosion affects the dentin, dentin 
hypersensitivity may occur (8). 

Chemically, the erosive process involves hydrogen ions 
(H+) derived from weak and strong acids; these ions bind 
to carbonate and phosphate ions and remove these species 

from hydroxyapatite crystals (9). Water, carbonate and 
phosphate from the enamel are responsible for allowing 
acid diffusion into the dental substrate (9). In this way, 
the acidic substances start a demineralization process that 
leads to dental substrate softening and loss, especially if 
the acid exposure is long lasting and/or frequently repeated 
(10-14), as occurs in GERD. 

The methodology used in these studies (11,15-17) to 
perform the erosive process employs several acid solutions 
and different exposure times (60 – 750 s). However, it is 
still unknown the action acid in short periods of time and 
how it affects the erosive process development and the 
methodology employed in the assessments of preventive 
materials. Thus, the aim of this study was to evaluate the 
beginning and process of the evolution of dental enamel 
demineralization caused by hydrochloric acid exposure, 
which simulates gastroesophageal reflux episodes.

Material and Methods
Experimental Design

This in vitro study evaluated bovine dental enamel 
exposure to hydrochloric acid for different durations, 
in order to understand the early stages of the erosion 
process. This study had only 1 study factor, the exposure 
to hydrochloric acid at 5 levels: no exposure and exposure 
to hydrochloric acid for 10 s, 20 s, 30 s and 40 s. The 
experimental units were 5 fragments of bovine dental 
enamel, each of which was exposed at random to one 
of the 5 treatments. The variables were roughness, area, 
projected superficial area and surface morphology. All the 
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parameters were assessed using atomic force microscopy. 

Sample Preparation
Bovine teeth were cut at the cement enamel junction. 

The crowns were bisected longitudinally, and the buccal 
and lingual fragments were separated using a water-cooled 
diamond saw in a sectioning machine (Minitom, Struers 
A/S, Copenhagen, Denmark). The lingual fragment was 
discarded, and 5 enamel blocks of buccal specimens (4x4 
mm) were obtained. The specimens were flattened and 
polished with wet sandpaper (#600 and #1200-grit), felt 
discs and alumina suspensions (0.3 and 0.05 µm). After 
polishing, the specimens were divided into 5 groups (n=1) 
according to hydrochloric acid exposition time: no exposure 
(control), 10 s, 20 s, 30 s and 40 s.

Erosive Challenge
After cleaning the enamel fragment surfaces, each 

specimen was exposed to 0.1 mL of hydrochloric acid (0.01 
M, pH 2) at 37 °C (18). The acid was applied to the enamel 
surface for predetermined periods of 10, 20, 30 and 40 s 
and then removed by deionized water. Then, the fragments 
were stored in deionized water for atomic force microscopy.

Atomic Force Microscopy (AFM)
The analyses were performed using an atomic force 

microscope (MultiMode 3; Digital Instruments Bruker, 
Santa Barbara, CA, USA; proprietary software: Nanoscope 
III 5.12b43) with a rectangular silicon cantilever, a spring 
constant of approximately 70 N/m, an oscillation frequency 
of 320 KHz. It was operated in intermittent contact mode 
(tapping mode), with a scanning frequency of 0.7 Hz 
per line and a 2 μm scale. AFM allows for the analysis 
of roughness, surface morphology and surface area in 3 
different points of specimens. For this study, the data were 
analyzed qualitatively.

Results
Table 1 lists the surface roughness values (Rrms and Ra) 

of the analyzed samples. Roughness starts as low as that 
of control sample, Rrms=3.5 nm, and increases gradually 
at a rate of 0.3 nm/s, until reaching Rrms =12.5 nm at 30 
s. After 30 s, the roughness rate decreased to 0.04 nm/s, 
reaching Rrms=12.9 nm at 40 s. The same behavior was 
observed for Ra (Table 1).

As regards the surface area of the fragments, a 
remarkable increase in the surface area was observed 
up to 20 s of exposure (SA=4.403 µm2, rate of 0.01395 
µm2/s). From 20 s to 40 s, surface area fluctuated around 
SA=4.40 µm2. 

In Figure 1, which presents the observed data for 
roughness and surface area, there is a rapid increase in 

surface roughness during the first 30 s of exposure to 
hydrochloric acid and a tendency toward stability after 30 s.

Figure 2 presents the nanostructure surface according 
to the length of exposure to hydrochloric acid. The presence 
of apatite crystals with an approximate diameter of 22 
nm was observed in the control sample; in the sample 
exposed to acid for 40 s, apatite crystals with diameters 
of approximately 60 nm were observed.

Discussion
Enamel is the exterior coating of the tooth, and 

its primary mineral component is hydroxyapatite 
[Ca10(PO4)6(OH)2, HAP]. As the most highly mineralized 
(>95 wt %) tissue in vertebrates, enamel is composed of 
numerous rod-like apatite crystals, which are bundled 
into ordered prisms (19). This compound is not stable 
and undergoes changes because of chemical interactions, 
such as calcium ion substitution by sodium, magnesium 
and potassium ions; the sodium ion is the most frequent 
participant in this substitution. The major change occurs 
when phosphate (PO4) is replaced by carbonate (CO3) 
because this replacement increases enamel’s solubility. 
Some hydroxyl ions (OH-) of hydroxyapatite are replaced 
by fluoride ions (F-), which generates fluorapatite, a more 
acid-resistant compound (9,20).

Erosion may occur by continuous layer-by-layer 
dissolution of the enamel crystals, leading to a permanent 
loss of tooth volume and a softened layer at the surface of 
the remaining tissue (21). To obtain insight into the early 
stages of enamel dissolution, it is important to quantify this 
erosion, and it is essential to obtain precise measurements 
of the material loss as a function of time. 

In the present in vitro study, AFM was used to investigate 
the surface alteration that occurs during the dental erosion 
process, which is produced by hydrochloric acid exposure. 
AFM was used to monitor and quantify the enamel surface 
mineral loss with high precision. AFM has previously been 
used to collect high-resolution images and to analyze the 

Table 1. Roughness values (Rrms and Ra), surface area (SA) projected 
area (PA) and ratio (SA/PA) of enamel fragments exposed to 
hydrochloric acid

Sample
Rrms 
(nm)

Ra 
(nm)

Surface 
area (SA) 

(mm2)

Projected 
area (PA) 

(mm2)

Ratio
SA/PA (%)

Control 3.5 2.6 4.124 4.000 3.1

10 s 6.9 5.3 4.284 4.000 7.1

20 s 9.7 7.4 4.403 4.000 10.1

30 s 12.5 9.6 4.389 4.000 9.7

40 s 12.9 10.4 4.430 4.000 10.8
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enamel surface. Thus, AFM has become an important source 
of new structural information (22).

The intensity of dental surface erosion depends on the 
immersion time, frequency and acid type (10-12). These 
acids may be of extrinsic or intrinsic origin; the intrinsic 
acids typically consist of hydrochloric acid from the 
stomach which contacts the oral cavity by GERD-induced 
reflux. This disease is a common condition, with a high 
prevalence, ranging from 10 to 20 percent of the population 
in Western countries (23). Literature (5,24) indicates that 
the prevalence of dental erosion in patients with GERD is 
approximately 47.5% (5).

Therefore, in the present study, gastroesophageal reflux 

episodes were simulated using hydrochloric acid (0.01 M, 
pH 2.0, 37 °C) (18). In the experiments, enamel fragments 
were exposed to hydrochloric acid for short periods of time 
and demineralization was observed to increase gradually as 
the exposure time increased; this finding is similar to the 
results reported in the literature (11-14). However, for the 
exposure period between 30 and 40 s, the hydrochloric acid 
erosion rate decreased by approximately 7.5 times compared 
with the rate observed during the initial periods. In the 
analysis of enamel fragments, a sharp increase in surface 
area was observed in the first 20 s of acid exposure; after 
this period, the rate of surface area increase decreased by 
approximately 10.3 times. 

Figure 1. 3D images of the enamel fragment surface (A-E) according to the length of hydrochloric acid exposure, illustrating the increased surface 
roughness of the fragments.

Figure 2. AFM image. A: hydroxyapatite crystals in the control group (Ø 22 nm); B: hydroxyapatite crystals in the 40 s group (Ø 60 nm).
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This trend is possibly due to the large number of 
hydroxyapatite crystals with small diameters, which provided 
a greater surface area and more rapid demineralization. 
As the smaller crystals were removed, the relatively large 
diameters of the remaining crystals and the larger spaces 
between them caused the demineralization and surface 
area rate to decrease. The exposed larger crystals have also 
been suggested to be more acid-resistant, which would 
affect the development process, as the enamel presents 
areas that are more easily demineralized (25,26). Apatite 
crystal structure heterogeneity (27) may also play a role 
in this trend, as well as the different crystal arrangements 
in the enamel (28-30).

This suggests that the demineralization pattern is 
cyclic: the initial demineralization rate is high and then 
decreases as demineralization progresses; however, after 
the elimination of larger hydroxyapatite crystals and the 
exposure of smaller crystals, the demineralization rate 
increases again. To understand this process are required 
studies that allow for insight into the continuity of the 
entire demineralization process and to monitor the entire 
process. However, in vitro studies present some limitation 
for not representing 100% of the oral conditions. In relation 
to the equipment, the acquisition of high resolution images 
was a very slow process. Moreover, the data apply only to the 
situation mediated by hydrochloric acid, as occurs in GERD.

Several studies have demonstrated that the early stages 
of erosion result in the softening of the enamel surface 
up to a certain depth (11,15-17); however, these studies 
of enamel exposure to acid solutions were performed for 
periods longer than 1 min. According to this study, it would 
not be effective because exposure times longer than 20 s 
do not demonstrate a real increase in the progression of 
the erosive process. 

In the present study, the enamel fragments were exposed 
to hydrochloric acid for short periods of time, ranging 
from 10 to 40 s. These exposures were sufficient to observe 
changes and superficial substrate loss, as such short periods 
of exposure to hydrochloric acid, which occur in situations 
like GERD, are sufficient to cause enamel demineralization 
and substantial loss of structure over time.

Resumo
O objetivo deste estudo foi avaliar os estágios iniciais e a evolução da 
erosão do esmalte dental causado pela exposição ao ácido clorídrico, 
simulando assim episódios de refluxo gastroesofágico, usando um 
microscópio de força atômica (AFM). Fragmentos de esmalte bovino 
planificados e polidos (4x4x2 mm) foram selecionados e exposto a 0,1 mL 
de ácido clorídrico 0,01 M (pH = 2) a 37 °C, utilizando cinco intervalos 
diferentes de exposição: sem exposição ao ácido (controle) e 10 s, 20 s, 
30 s e 40 s. Então, a área exposta foi analisada com AFM em 3 regiões 
diferentes para mensurar a rugosidade, a área da superfície e a morfologia 
superficial. Os dados foram analisados qualitativamente. Inicialmente, a 
rugosidade apresentou valor baixo como a amostra controle, Rrms=3,5 

nm, e aumentou gradualmente a uma taxa de 0,3 nm/s, até Rrms= 12,5 
nm a 30 s. Após 40 s, a rugosidade apresentou um incremento de apenas 
0,40 nm. Área de superfície (SA) aumentou até 20 s, e para exposições 
mais longas, a área de superfície manteve-se constante (30 s, o SA=4,40 
μm2, e em 40 s, a SA=4,43 μm2). Em relação à morfologia superficial, a 
amostra controle apresentou cristais de hidroxiapatita menores (22 nm), 
e após 40s o tamanho do cristal era de aproximadamente 60 nm. Períodos 
curtos de exposição foram suficientes para produzir a desmineralização 
do esmalte em diferentes padrões e a estrutura morfológica foi menos 
afetada pela exposição ao ácido clorídrico acima de 30 s.
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