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Objective  The aim of this study was to assess the combined effect of 
erbium:yttrium-aluminum-garnet (Er:YAG) laser and mineralizing agents including 
casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) and fluoride in 
improving the resistance of demineralized dentin at new demineralization process.
Materials and Methods  One hundred and twenty healthy dentin surfaces were 
prepared and demineralized using acidic solutions. Primary microhardness was 
measured (h1), and samples were randomly divided into six groups. Each group received 
a different protocol as follows: Group A (control group): no additional treatment, 
Group B: applying a fluoridated gel, Group C: applying a CPP-ACP-containing cream, 
Group D: irradiation of Er:YAG laser, Group E: irradiation of Er:YAG laser combined 
with the application of a fluoridated agent, and Group F: irradiation of Er:YAG laser 
combined with the application of CPP-ACP-containing cream. Microhardness values 
were measured afterward (h2). Then, all the groups were re-exposed to acidic solution, 
and microhardness was measured for the third time (h3). The microhardness data were 
analyzed using analysis of variance and Scheffe’s post hoc test.
Results  Although application of mineralizing agents increased the microhardness of 
demineralized dentin in comparison with the control group, no significant difference 
was observed using two agents. Comparison of laser groups showed an increase in 
microhardness only after the irradiation of Er:YAG laser combined with the application 
of a fluoridated agent. Demineralizing process reduced the microhardness values in all 
the groups, but the application of a CPP-ACP agent caused the least reduction among 
the laser irradiated groups. Comparison of hardness changes at the beginning and end 
of the experiment did not show any significant differences between the groups.
Conclusion  Comparison of treatment modalities used in this study exhibited that 
fluoride had the greatest impact on dentin resistance. Laser irradiation on demineralized 
dentin did not increase the hardness or resistance to acidic attacks.
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Introduction

In tooth preparation, it is desirable to only remove infected 
dentin, leaving remineralizable affected dentin.1,2 Following 
this protocol, most of the tooth structure can be preserved 

during cavity preparation. However, it should be considered 
that the affected dentin has an intact collagen matrix and 
no bacteria, but it contains lower mineral content than 
normal dentin.1,2
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Reinforcing demineralized dentin such that it can 
tolerate higher levels of acidic challenges might prevent 
the extension of caries under restoration.3 There are some 
mineralizing agents mostly including fluoride and calcium/
phosphate compositions.4,5 One of these materials is casein 
phosphopeptide-amorphous calcium phosphate (CPP-ACP), 
a milk-derivative that maintains a supply of bioavailable 
calcium and phosphate ions for subsurface remineralization.6 
The use of such materials might compensate the lost mineral 
content of dentin.

On the other hand, laser irradiation is a new technology 
in the treatment of dental caries.5 In recent years, different 
types of lasers were assessed either for preventing or 
arresting tooth caries.5,7,8 Laser irradiation of dental 
hard tissues can cause different degrees of chemical or 
morphological changes, which depends on the absorption 
characteristics of the tissue and the type of laser.9 At 
high doses, the laser removes tooth structure, but it only 
changes the tissue at doses lower than 60 mJ10; for instance, 
it enhances enamel resistance against acid attacks.9 These 
changes occur while the possibility of heat damage to 
the adjacent tissue in short- and long-wavelength laser 
systems is negligible.10 Westerman et al11 and Powell et al12 
found that enamel and dentin surfaces treated with argon 
lasers had a higher resistance against demineralization in 
comparison with nontreated surfaces. Furthermore, other 
studies have shown that neodymium:yttrium-aluminu
m-garnet (Nd:YAG) laser has the ability to reinforce dental 
surfaces against acid decalcification.13,14 Furthermore, 
CO2 laser increases the resistance of enamel and dentin 
to caries, and diode laser promotes dentin hardness.15–17 
Erbium:yttrium-aluminum-garnet (Er:YAG) laser which 
was first licensed by the Food and Drug Administration in 
1997 to be applied on hard tissue has the ability of hard 
tissue ablation.10,18

Furthermore, there are various ideas about the auxiliary 
mechanisms associated with the application of minerals to 
enhance tooth mineralization. In some studies, it has been 
argued that laser radiation before or after fluoride application 
can increase fluoride intake and decrease solubility of the 
tooth in an acid solution. These studies suggest that laser 
radiation leads to more fluoride adhesion to deeper layers of 
dental hard tissue.8,15,16

Although many studies have evaluated the effect of lasers  
on acid resistance of enamel,10,14,16,18–20 there are very 
few studies considering laser radiation for reinforcing 
demineralized dentin.21–23 However, no studies have yet  
assessed the combined effect of Er:YAG laser and calcium- 
phosphate-containing materials on the reinforcement of 
demineralized dentin.

Thus, the aim of this study was to assess the combined 
effect of Er:YAG laser and mineralizing agents including 
CPP-ACP and fluoride in improving the resistance of 
demineralized dentin at new demineralization process. The 
null hypothesis is that neither the laser nor the mineralizing 
agents can improve the resistance of dentin for new 
demineralization process.

Materials and Methods

Study Design
One hundred and twenty caries-free human maxillary 
premolars, extracted for orthodontic reasons, were selected 
under a protocol approved by the Ethics Committee 
of Mashhad University of Medical Sciences (IR.mums.
sd.REC.1394.180). The teeth were stored in 0.5% thymol 
solution at 48°C and used within 1 month of extraction. All 
of the occlusal enamels were removed using a water-cooled 
low-speed diamond saw. Enamel removal was checked using 
a stereomicroscope. The teeth were mounted on pink acrylic 
resin using small plastic tubes, so that a flat dentin surface 
perpendicular to the long axis of the tooth was achieved.

The exposed dentin was polished with 400 to 1200 
grit SiC paper for 60 seconds under running water. To 
create artificial caries-affected dentin lesions, all the 
specimens were subjected to a pH-cycling procedure. 
The demineralizing solution contained 2.2 mM NaH2PO4, 
2.2 mM CaCl2, and 50 mM acetic acid, adjusted to pH 4.8, and 
the remineralization solution contained 0.9 mM NaH2PO4, 
1.5 mM CaCl2, and 0.15 mM KCl, adjusted to pH 7.0. For 
14 days, each specimen was cycled at room temperature 
for 8 hours in 10 mL of demineralizing solution and then 
for 16 hours in remineralizing solution. The solutions were 
renewed daily.24

The dentin surfaces were tested under 50 g loads for 
10 seconds with a micro-Vickers hardness tester (MH3 Model, 
Koopaco, Iran) to check the demineralization process. Three 
measurements were done for each sample, and the average of 
them was considered as surface hardness. Then, the samples 
were randomly divided into six groups receiving different 
surface treatments. Group A (control group): The specimens 
of this group received no additional treatment. Group B: In 
this group, 2% neutral sodium fluoride gel (Master-Dent®, 
DENTONICS, North Carolina, USA) was applied on the dentin 
for 1 minute. Group C: For the specimens of this group, a 
CPP-ACP-containing cream (MI Paste, GC, Japan) was applied 
on the surface for 1 minute. Group D: In this group, the dentin 
surface was irradiated with Er:YAG dental laser (Pluser, 
LAMBDA SPA, Italy) with spot size of 1 mm, wavelength of 
2940 nm, power of 0.40 W, frequency of 10 Hz, and energy 
output of 40 mJ. The laser was applied using a circular motion 
for 30 seconds with the beam directed perpendicular to the 
dentin surface from 5 mm distance with 0% water and 0% air. 
Group E: For the specimens of this group, first, 2% fluoridated 
gel was applied to the dentin surface for 1 minute; then, the 
Er:YAG dental laser with the same parameters of Group 
D was irradiated to the surface, while fluoride gel was in 
place. Group F: In this group, the Er:YAG laser with the same 
parameters of Group D was irradiated to the surface 1 minute 
after applying of CPP-ACP-containing cream.

Afterward, the Vickers microhardness test was performed 
for all the specimens (h2). To minimize the confounding 
effect of dentin site between different steps of measurement, 
we tried to select the micro-Vickers hardness test site as close 
to the previous site as possible.
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The third microhardness test (h3) was performed after 
the exposure of the surfaces to demineralizing solution. The 
microhardness data were used to compare the effectiveness 
of different treatment modalities.

Statistical Analysis
The microhardness data (h1, h2, and h3) were analyzed using 
SPSS (IBM Corporation, Armonk, New York, United States) 
software. The normality of the data was checked using the 
Kolmogorov–Smirnov test. The one-way analysis of variance 
(ANOVA) test followed by Scheffe’s post hoc test was used to 
compare the hardness changes of each group in different 
stages of the study (h1, h2, and h3) and to compare different 
groups in each step of the study. p < 0.05 was considered 
statistically significant.

Results
The results of the study are presented in two sections.

Comparison of Nonlaser Groups
The means of microhardness values and the means of micro-
hardness changes in Groups A, B, and C are presented in 
►Tables 1 and 2 .

Kolmogorov–Smirnov test was not significant (p > 0.05) 
for microhardness values in nonlaser groups at the beginning 
of the study (h1); hence, these groups were considered 
homogeneous. The microhardness values increased after 
treatment modalities (h2) but decreased after the second 
demineralization protocol (h3).

One-way ANOVA and Scheffe’s post hoc tests were used 
for inter- and intragroup comparisons. Comparison of 
Groups A, B, and C showed that after applying fluoride and 
CPP-ACP in Groups B and C, dentin hardness of both groups 
increased (Δh2h1) and significant differences occurred in the 
surface hardness of Group A (control) with B (fluoride) and C 
(CPP-ACP) (p = 0.00).

Following demineralization of the samples in the next 
step, the Vickers microhardness was reduced in all the groups. 
However, at this stage, Δh3h2 was only significant between 
Group B (fluoride) and Group C (CPP-ACP; p = 0.025), and 
none of these two groups were significantly different from 
the control Group A. Most hardness changes were observed 
in Group C (Δh3h2 = –16.23). After accomplishing all the 
steps (Δh3h1), none of the three groups showed significant 
statistical differences (p > 0.05).

In the control Group A, no changes were observed in 
microhardness at the first stage of the experiment as this 
group (control) had not received any additional treatments. 
However, dentin demineralization led to a significant 
reduction in hardness in the later stages and in general 
(between the start and end of the study [Δh3h1]).

Regarding B (fluoride) and C (CPP-ACP) groups, the Vickers 
microhardness had significantly increased after the first 
stage, but the next demineralization caused a significant 
decline in hardness values. In general, the hardness of the 
two groups showed a significant decrease compared with 
the outset of the experiment (p < 0.001). The lowest degree 
of hardness reduction after demineralizing the samples was 
observed in Group B (fluoride; Δh3h1 = –7.75).

Comparison of Laser Groups
The means of microhardness values and the means of micro-
hardness changes in Groups D, E, and F are displayed in 
►Tables 3 and 4.

The Kolmogorov–Smirnov test reflected that the initial 
microhardness (h1) was not significantly different between 
the laser groups; hence, these groups were considered 
homogeneous (p > 0.05).

One-way ANOVA and Scheffe’s post hoc tests were used 
for inter- and intragroup comparisons.

Comparison of hardness changes following different 
treatment modalities showed a significant difference 
among the three groups, so that the use of laser in 

Table 1 Means of microhardness values in nonlaser groups

Groups Microhardness

h1 h2 h3

A (control) 45.92A,a 45.92B,a 33.92C,b

B (fluoride) 43.23A,a 46.92B,b 35.48C,c

C (CPP-ACP) 43.04A,a 46.75B,b 30.52C,c

Abbreviation: CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.
Different uppercase letters indicate significant differences in columns; different lowercase letters indicate significant differences in rows.

Table 2 Means of microhardness change (Δh) in nonlaser groups

Groups Microhardness change

Δh2h1 Δh3h2 Δh3h1

A (control) 0.00A –12.00A,B –12.00A

B (fluoride) 3.69B –11.44A –7.75A

C (CPP-ACP) 3.71B –16.23B –12.52A

Abbreviation: CPP-ACP: casein phosphopeptide-amorphous calcium phosphate.
Equal capital letters indicate differences in columns. 
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combination with fluoride led to increased hardness 
values, but the use of laser alone or combined with 
CPP-ACP reduced microhardness.

Following the next demineralization, Δh3h2 in 
Group F (laser plus CPP-ACP) was significantly different 
between Groups D (laser alone) and E (laser plus fluoride; 
p = 0.04 and p = 0.00, respectively), but after performing 
all the stages of the study, comparison of hardness changes 
(Δh3h1) showed no significant differences among the three 
groups (p > 0.05).

In Group D, a reduction in surface hardness was observed 
in the samples after laser radiation, and subsequently, 
the surface hardness decreased further after the second 
demineralization (p < 0.001).

In Group E, laser radiation, while the fluoride gel 
was present on the surface, resulted in a slight but 
significant increase in the Vickers hardness, but again, 
demineralization caused a significant reduction in dentin 
hardness (p < 0.001).

While CPP-ACP existed on the surface, laser irradiation 
produced a significant decrease in surface hardness in 
Group F (Δh2h1 = –6.70; p < 0.001). In this category, the 
only treatment that resulted in surface hardening was laser 
radiation in the presence of fluoride gel (Δh2h1 = 2.80).

Discussion
Despite the importance of conservative dentistry in the present 
century, there are few studies in the field of reinforcing the 
demineralized dentin. Therefore, our study was conducted 
to evaluate the effect of Er:YAG laser irradiation and 
mineralizing agents on reinforcing demineralized dentin.In 
this study, five treatment modalities were compared; among 
them, the greatest impact was attributed to fluoride and  
CPP-ACP. This study showed that Er:YAG laser irradiation does  
not increase dentin surface microhardness and even decreases 
it in some stages.

Since the reduction in the mineral component of dental 
tissue in the caries process leads to reduced surface hardness, 
dentin microhardness is an accepted indicator for determining 
the amount of mineral matrix in a millimeter square dentin.25 
In the present study, microhardness measurements were 
used to estimate the amount of dentin mineral content 
and its resistance to acidic attacks.26 In addition, due to the 
difficulty in homogenization of dental samples with natural 
caries, a demineralizing solution made in laboratory based 
on the study by Kucukyilmaz et al was used in this research.24 
It should be noted that various protocols have been proposed 
for in vitro induction of caries lesions on dentin surface. 
Moron et al stated that the artificial caries lesions of dentin 
vary considerably from one model to another, which, in  
turn, may affect the processes of remineralization.27

The effect of fluoride and its role in the enhancement 
of remineralization and inhibition of demineralization 
have been proven.7,28 The mechanism of fluoride effect 
on enamel is relatively well known. After applying topical 
fluoride with high concentration, calcium fluoride (CaF2) is 
the main product deposited on the enamel surface and the 
subsurface layer of enamel caries lesion. Products with low 
fluoride concentration tend to precipitate as fluoroapatite 
(Ca10 (PO4)6F2). While fluoroapatite is bound to the crystalline 
enamel structure, most of the depositional calcium fluo-
ride deposited on the enamel surface is lost when exposed 
to alkaline solutions. Under demineralization conditions, 
which the pH of the environment reduces, if phosphate 
ions are present, the fluoride ion released from calcium 
fluoride will precipitate again in the enamel structure in 
the form of fluoroapatite.29 However, there are very few 
studies on the effect of fluoride on demineralized dentin.5,24

In addition to fluoride, the most commonly used product 
in this field, other compounds with similar applications 
have been marketed. The CPP-ACP-containing agents form 
an amorphous and permeable phosphate and calcium 
ion available to the tooth. These ions, after entering the 

Table 3 Means of microhardness values in laser groups

Groups Microhardness

h1 h2 h3

D (laser) 34.68A,a 33.18A,a 22.25A,b

E (laser + fluoride) 38.89A,a 41.69B,b 26.67B,c

F (laser + CPP-ACP) 35.37A,a 28.67A,b 22.58A,c

Abbreviation: CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.
Different uppercase letters indicate significant differences in columns; different lowercase letters indicate significant differences in rows.

Table 4 Means of microhardness change (Δh) in laser groups

Groups Microhardness change

Δh2h1 Δh3h2 Δh3h1

D (control) –1.50A –10.93A,B –12.43A

E (laser +fluoride) 2.80B –15.02A –12.22A

F (laser +CPP-ACP) –6.70B –6.09B –12.79A

Abbreviation: CPP-ACP, casein phosphopeptide-amorphous calcium phosphate.
Equal capital letters indicate differences in columns.
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tooth structure, increase the mineral content of the tooth  
structure and increase its resistance to acid attacks.30

Some studies proposed that Er:YAG laser with the ability 
of hard tissue ablation, if used simultaneously with fluoride 
compositions, could increase the penetration of ions into 
small spaces in the enamel and dentin. Furthermore, laser 
heat can create fine cracks and small spaces that facilitate 
fluoride penetration.15,16,31 It is suggested that the application 
of fluoride laser combination could transform hydroxyapatite 
into fluoridated hydroxyapatite and increase fluoride uptake 
in both enamel and dentin. This process might create a more 
resistant tooth structure against caries development.5,18,32

In the present study, Er:YAG laser was irradiated from the 
5-mm distance of the demineralized dentin surface in short 
pulse mode with the wavelength of 2940 nm, frequency 
of 10 Hz, power of 0.40 w, and energy of 40 mJ without 
air and water as a circular motion for 30 seconds. Previous 
studies have claimed that after laser irradiation with these 
parameters and without air and water, laser-induced heat 
melts the dental tissue and converts it to a phase that is more 
acid resistant. Since Er:YAG laser has a low penetration depth, 
there is no risk to the pulp and tissue around the teeth.26

In this study, after initial demineralization (h1), the 
groups were divided into two general classes without laser 
and with laser application. The initial microhardness was 
similar between the groups of each category.

In nonlaser groups, fluoride and CPP-ACP led to a similar 
effect on demineralized dentin microhardness. Although 
the application time of these two compounds was short 
(1 minute), they could significantly increase dentin hardness. 
This finding is consistent with other studies, showing that 
the use of mineral compounds increases the hardness of the 
dental substrate by deposition on the surface.4,5,33

Dentin hardness, which was thus reinforced, was 
significantly reduced after exposure to demineralization 
solution, and the hardness was comparable to that of the 
control group, which had not received any kind of treatment. 
The addition of fluoride ions and calcium compounds with 
a 1-minute application time might be only a superficial 
precipitate, and absorption of minerals might not occur 
in deep dentin. We believe that if fluoride was added in a 
durable chemical reaction to dentin structure (similar to the 
pulp defense against stimuli leading to sclerosing dentin),  
the results would be expected to vary and an increased 
resistance to caries process would be possible.

Whether the increase in the fluoride application time 
or its application along with other methods could cause 
deeper penetration or stimulate the formation of chemical 
bonds between mineral ions and dentin substrate remains 
nebulous. This process is similar to the role of a live pulp in 
deposition of calcium and phosphorus in dentin. Following 
the current study, further studies are recommended to 
measure deep hardness or to use methods for measuring the 
dentin mineral content after similar treatments.

Another issue studied in this research was the effect of 
Er:YAG laser alone or with the use of mineralizing compounds 
on the dentin microhardness. Some studies have shown 
that the use of Er:YAG laser with some specific radiation 

characteristics can have a positive effect on the hardness of 
the surface or deep dentin.21,28

In the present study, microhardness evaluation showed that 
the Er:YAG laser alone with the parameters used in this study 
could not improve the hardness of demineralized dentin, and 
hardness of the dentin that was exposed to laser radiation 
significantly decreased during the second demineralization. 
In other words, according to our findings, Er:YAG laser alone 
does not lead to increased dentin resistance to caries. Many 
studies have also shown similar results following Er:YAG 
laser application on dentin hardness or dentin reinforcement 
against chemical demineralization.22,26,34,35

In a study by Malkoç and Sevimay, the use of three 
compounds including oxalate, resin, and glutaraldehyde 
with Nd:YAG laser did not change the dentin calcium–
phosphate ratio, while following the laser radiation without 
any additional treatment, the dentin calcium–phosphate 
ratio decreased.36 However, in our study, the combination 
of Er:YAG laser with mineralizing compounds resulted in 
different findings, so that laser irradiation in the presence of 
fluoride increased dentin microhardness, which is probably 
due to the effect of fluoride on dentin. On the other hand, laser 
irradiation surprisingly reduced hardness when CPP-ACP 
was on the dentine surface. Probably, the deposition of this 
compound at the surface creates a soft unstructured layer, 
and the hardness number is related to this surface layer. To 
clarify these findings, more investigations are recommended 
to study different compounds or hardness of deeper areas.

Conclusion
Comparison of treatment modalities used in this study 
exhibited that applying the fluoride gel has the greatest 
impact on dentin resistance against acidic challenges. 
Er:YAG laser irradiation on demineralized dentin did not 
increase the hardness or resistance to acidic attacks. All in all, 
although some of the treatment modalities used in this study 
slightly enhanced dentin hardness, they were not effective  
in increasing resistance against the second demineralization.
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