Dental, Oral and Craniofacial Research

Research Article

ISSN: 2058-5314

De and remineralization cycles and fluoride effect on
microhardness and roughness of enamel surface
Junko Inukai1*, Ayaka Yanagida1, Shozo Tsuruta2, Sachiyo Takeichi1 and Toshimi Kosaka1
Department of Dental Hygiene, Aichi-Gakuin University, Junior College, Nagoya, Japan
Department of Dental Material Science, School of Dentistry, Aichi-Gakuin University, Nagoya, Japan

1
2

Abstract
The aim of this study was to evaluate how de and remineralization cycles with and without fluoride would affect the surface microhardness and surface roughness
of dental enamel. Fifty seven polished human enamel slabs were divided into 5 groups. The specimens of 4 experimental groups were exposed to one kind of
demineralized and 2 kinds of remineralized solutions in 2 types of de and remineralization cycles. The 2 kinds of remineralized solutions were artificial saliva with
and without fluoride. The specimens were immersed in 2 types of de and remineralization cycles for 4 times for 5 minutes, and 20 times for 1 minute, respectively. The
control group was polished and refrigerated in saline solution. After being immersed in these solutions, Knoop surface microhardness (SMH) and surface arithmetic
mean roughness (Ra) were measured. Statistical analysis of average SMH and Ra among 5 groups was carried out using 1-way ANOVA and Tuckey’s test. A 2-way
ANOVA was used to analyze average SMH and Ra with de and mineralization cycles and fluoride addition to remineralization solution as factors. Except for the
5-minute-cycle group remineralized with fluoride, SMH of all other 3 experimental groups had significantly decreased as compared to the control group. The results
of 2-way ANOVA for SMH showed that both 5- minute-cycle and those remineralized with fluoride were significantly higher than others. The results of 2-way
ANOVA for Ra showed that remineralization solution with fluoride significantly induced larger enamel crystal. Thus, longer de and remineralization cycles increased
SMH, remineralization with fluoride enhanced remineralization, and enamel crystal growth increased SMH and Ra. This study indicated that remineralized enamel
crystal was different from crystal before it demineralized and that fluoride played an important role in preventing enamel erosion.

Introduction
Dental erosion is known as the loss of tooth structure due to
chemical process without the involvement of bacteria, triggered by
extrinsic and intrinsic factors. Among all extrinsic factors, it is reported
that acidic foodstuffs and drinks are major etiological causes [1].
Therefore, many papers have studied the behavior of enamel erosion
with acidic drinks or solution in vitro. To better understand the
mechanism of dental erosion, most of these studies have utilized highly
controlled artificial conditions, such as long de or remineralization
time to study individual risk factors. Many studies have used different
immersion methods to reveal early signs of dental erosion. Lussi [2]
immersed enamel blocks in acidic drinks and solutions for 20 minutes.
Attein [3] let enamel samples to erode in beverage for 1, 5, and 15
minutes. In Eisenburger [4], the effect of remineralization time was
studied after enamel specimens eroded for 2 hours in citric acid which
were again remineralized for 1, 2, 4, 6, 9 and 24 hours respectively.
Barac [5] studied enamel samples which were first exposed to soft
drinks for 15, 30 and 60 minutes, and then left in filtered saliva until
the next immersion for 3 times per day for 10 days. However, de and
remineralization on enamel surface is a daily occurrence of cycles.
Although saliva has been the most important biological factor in the
prevention of dental erosion [6]; there are few in vitro studies which
reproduce the process of de and remineralization in oral environment
with saliva. While fluoride is thought to accelerate remineralization
[7], few studies have reported conclusive results on the influence of
CaF2-like, which is formed under high fluoride concentration, on the
prevention of dental erosion [8,9].
As enamel erosive demineralization begins with a partial loss of
enamel mineral, which causes an initial surface softening and roughness
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[10], measurements on surface hardness and surface roughness are
often used to determine erosive alterations of dental hard tissues [11].
Thus, in this study, we aim to evaluate how de and remineralization
cycles with and without high concentrated fluoride would affect Knoop
surface microhardness and surface arithmetic mean roughness.

Materials and methods
Preparation of enamel specimens
Eight carries-free human molars extracted for periodontal or
medical reasons were used. Soft tissue debris was removed from the
teeth and refrigerated in saline solution. After checking for damage
on the surface, 57 specimens were cut (3 × 3 × 2 mm) from the teeth
using a diamond disk and each specimens was embedded in acrylic
resin (Scandiquck, Scandia, Germany). These specimens were polished
by using polishing machine (Scandimatic universal 33035, Scandia,
Germany) with #800, #1000, #1200, #1600, #2000 and #2400 emery
paper disks and buff with 5.00, 0.30 and 0.05 μm Al2O3 suspensions
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(Guaranteed reagent, Refinetec, Japan). They were divided into 5
groups with same average surface microhardness. All specimens were
refrigerated in saline solution when not used for experiments.

the length of each indentation was measured with an optical analysis
system. The indentation lengths were used for the calculation of the
SMH value.

Preparation of De and remineralization solution

Arithmetic mean roughness (Ra) was measured by using Nano
Hybrid Microscope (VN-8010, Keyence, Japan) with Si catilever (scan
speed 0.9 μm/sec, measurement mode DFM-H, resolution pixels 512 ×
512). Ra measurements were performed on 3 areas randomly in each
specimens.

Demineralizing solution was prepared with acetic acid adjusted to
pH 3.5 in distilled water.
Artificial saliva containing 0.7 mmol/l CaCl2∙2H2O, 0.2 mmol/l
MgCl2∙6H2O, 4 mmol/l KH2PO4, 30 mmol/l KCl, 20 mmol/l Hepes,
pH7.0 [4] was used as remineralizing solution. Remineralizing solution
containing fluoride was prepared with the artificial saliva and NaF
adjusted to 225 ppmF.

De and remineralization (Figure 1)
The specimens of experimental 4 groups were repeatedly immersed
in 20ml demineralized solutions, 20ml distilled water and 20ml
remineralized solution at 25 °C by using tissue processor (EM TP, Leica
Microsystems, Japan). Group 1 (n=12) was exposed to demineralized
and remineralized solutions 4 times for 5 minutes respectively. Group
2 (n=12) was exposed to demineralized and 225ppmF fluoridated
remineralized solutions 4 times for 5 minutes respectively. Group 3
(n=12) was exposed to demineralized and remineralized solutions
20 times for 1 minute respectively. Group 4 (n=12) was exposed to
demineralized and 225ppmF fluoridated remineralized solutions 20
times for 1 minute respectively. Group 5 (n=9) was refrigerated in
saline solution as a control group of this study.

Measurements of microhardness and roughness
Before Knoop surface microhardness (SMH) measurements, the
specimens were rinsed with distilled water for 10 seconds, wiped with
absorbent paper and dried in air for 2 minutes. SMH measurements
were performed with Knoop diamond which has a load of 50g and
a dwell time of 15 seconds on a hardness tester (HM-101, Mitutoyo,
Japan). Indentations on each specimen were made randomly, and
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Figure 1. De and remineralization cycles of experimental 4 groups.

Dent Oral Craniofac Res, 2017

Results
Results of SMH
One-way ANOVA results of SMH showed the significant difference
in SMH among 5 groups (p < 0.001). Group 2 had the highest SMH
among the experimental groups and there was no significant difference
between group 2 and group 5 (control group) (Table 1). Except for
group 2 (p < 0.001), SMH of other experimental groups (group 1, 3,
4) decreased significantly as compared to the control group. SMH of
group 2 was significantly higher than group 3 (p < 0.01) and group 4
(p < 0.05). Two-way ANOVA results of SMH showed that both de and
remineralization cycles and fluoride addition were significant factors
(p < 0.05) (Table 2). SMH decreased significantly with 1-minutecycle of de and remineralization than 5-minute-cycle (p < 0.05),
remineralization with fluoride significantly inhibited the decrease of
SMH than remineralization without fluoride (p < 0.05).

doi: 10.15761/DOCR.1000S1007

Group 1 had the highest Ra and Group 4 had the lowest
(Table 3). One-way ANOVA results of Ra showed that there is no
significant difference among the 5 groups (p = 0.069). Tukey’s test
results of Ra showed no significant difference between each group.
Two-way ANOVA results of Ra indicated that fluoride addition to
remineralization solution was the only significant factor (p<0.05) (Table
4). Ra decreased significantly when specimens were remineralized with
fluoride than without fluoride (p < 0.05).

Discussion

Demineralization 1 min
20 times
cycles

Statistical analysis of average SMH and Ra of all 5 groups was
carried out using 1-way ANOVA and Tuckey’s test. In addition, 2-way
ANOVA was used to analyze average SMH and Ra of experimental
4 groups, with de and mineralization cycles and remineralization
solution with and without fluoride as factors. The statistical analysis
were performed using the statistical software SPSS statistics (IBM SPSS
Statistics version 23.0, IBM Japan, Japan) with p < 0.05 as a statistically
significant value.

Results of Ra

Demineralization 5 min
4 times
cycles

Statistical analysis

20 times
cycles

Many studies have demonstrated that demineralization of enamel
would results in a significant reduction in microhardness [2,3].
Knoop hardness values are most frequently used for brittle materials
or thin sections due to their relatively superficial indentations [12].
Therefore, Knoop surface microhardness has been used to evaluate not
only dental caries but also dental erosion. Furthermore, atomic force
microscopy (AFM) and nanoindentation, which is used to measure
surface roughness, have been used to study dental erosion [13,14]. To
measure early erosion, we used surface microhardness measurement
and surface roughness measurement in this study.
In this study, while the analysis of SMH in the present study affirmed,
de and remineralization cycles were significant factors, 5-minute-
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Table 1. The values of Knoop surface microhardness.
HK (Mean ± SD)
Artificial Saliva + 225 ppm F

Artificial Saliva
5-minutes-cycle

Group 1

96.95 ± 33.65a

Group 2

134.95 ± 37.10de

1-minute-cycle

Group 3

84.14 ± 20.37

Group 4

96.44 ± 41.11ce

Before exposure

bd

Group 5

169.10 ± 29.37abc

Same letters indicate significant difference among the groups.
abc: p < 0.001, d: p <0 .01, e: p < 0.05
Table 2. Two-way ANOVA tables for Knoop surface microhardness.
Degree
Mean
of
square
freedom

Source

Some of
square

Fluoride
addition

7589.7

1

7589.7

6.582

0.014

9.4

De and
remineraization
cycle

7900.8

1

7900.8

6.851

0.012

9.9

Fluoride
addition
× De and
remineraization
cycle

1980.3

1

1980.3

1.717

0.197

1.2

error

50739.1

44

1153.2

Total

68209.8

47

F value p value

Contribution (%)

79.5
100.0

Table 3. The values of surface arithmetic mean roughness.
nm (Mean ± SD)
Artifical Saliva + 225 ppm F

Artifical Saliva
5-minutes-cycle

Group 1

205.88 ± 46.62

Group 2

153.77 ± 71.91

1-minute-cycle

Group 3

177.31± 63.80

Group 4

139.26 ± 56.87

Before exposure

Group 5

144.12 ± 67.29

Table 4. Two-way ANOVA tables for surface arithmetic mean roughness.
Source

Some of Degree of
square freedom

Fluoride addition 24384.1

Mean
square

F value

p value

Contribution
(%)

1

24384.1

6.659

0.013

10.8

De and
remineraization
cycle

5564.2

1

5564.2

1.519

0.224

1.0

Fluoride addition
× De and
remineraization
cycle

593.1

1

593.1

0.162

0.689

-

error

161124.9

44

3661.9

Total

191666.3

47

88.2
100.0

cycle was most significant in inhibiting dental erosion. Despite of the
difference in cycles, group 1 and 2 with 4 cycles and group 3 and 4 with
20 cycles, the specimens had similar length of immersion in de and
remineralization solution. Dissolution is a process when ions separate
from crystal. In very dilute solution, the activity of an ion is similar to
its concentration, but as the soluble salt concentration increases, the
activity becomes significantly less than the concentration because of
ion interractions [15]. Therefore, the activity of ions and reaction of
dissolution of a 5-minute demineralization cycle is considered lower
than that of a 1-minute cycle in this study. Furthermore, contact with
acidic solutions firstly leads to dissolution of the enamel prism sheath,
then of the cores and finally of the interprismatic areas [3]. Our study
also suggested that the structure of enamel crystal changes accordingly
to the length of each cycle.
Newly precipitated crystal forms after remineralization, are usually
small and contain many defects, e.g. missing ions in the lattice, which
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make the crystal more soluble [15]. Over time, these more soluble
parts tend to re-form and the crystals grow to reach their maximum
natural size [15]. In this study, new enamel crystal formed after
5-minute remineralization cycle was harder than that of a 1-minute
cycle; suggesting that the enamel crystal might have grown larger and
became more insoluble.
CaF2 is a compound formed when the fluoride concentrations in
the solution bathing enamel are higher than 100 ppm, and acts as a pHcontrolled fluoride and calcium reservoir [9]. The dissolution rate of
CaF2 is limited by the adsorption of HPO42- that is lost under acidic pH,
thus allowing CaF2 to dissolve and fluoride and calcium to be released
[9]. Studies have demonstrated that applying fluoride formulations
with the sole purpose of enhancing the formation CaF2-like deposits to
prevent dental erosion will provide only a limited protective potential
against erosion [8]. On the other hand, the presence of small quantities
of fluoride solution in between the crystals is also likely to encourage
precipitation of fluor (hydoroxy) apataite and hence remineralization
[9]. With the addition of fluoride, the results suggested the formation
of CaF2 and free F- by CaCl2∙2H2O and NaF in remineralized solution.
On top of that, free F- reduced the solubility of enamel and enhanced
remineralization. Therefore, this study demonstrated a significant
influence of fluoride in SMH and Ra through remineralization.
Average Ra measured by using profilometer [5,12] or atomic
force microscopy [16] is a suitable evaluation for dental erosion at the
microscale and nanoscale. Enamel immersed in 500 ppm NaF solution
had an effect of reducing roughness significantly, and NaF has the ability
to smooth the surface of enamel [16]. The results in this study also
showed a reduced Ra in remineralized solution with fluoride; hence,
an indication of the ability of NaF to improve the nanomechanical
properties, which includes its ability to smoother the enamel surface.
However, the present study has two limitation. Firstly, only in vitro
study was conducted. Secondly, polished teeth were used in an attempt
to standardize specimens although it is noted that polished tooth
surfaces showed more pronounced enamel dissolution than natural
tooth [17]. Furthermore, this study could not reproduce a complete
erosive process in a complex oral environment.

Conclusion
Despite the limitations, our study was able to demonstrate
preventing enamel erosion with longer of de and remineralization
cycles as a cause to decrease SMH and remineralization with fluoride
as a cause decrease SMH and Ra. This study also indicated that
remineralized enamel crystal was a different form of crystal before it
demineralized and that fluoride played an important role in preventing
enamel erosion.
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